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Abstract

Many neurological disorders affecting the central nervous system exhibit alterations in
glutamatergic synapse function. One such disorder is Alzheimer’s disease (AD), which affects 5 % of
the world’s population. With an aging population and a lack of disease-modifying therapeutics, the
prevalence of this disease is only expected to increase. Therefore, it is essential that we gain a
greater understanding of AD pathogenesis in order to develop successful therapeutics. In AD,
synapse loss is the best correlate of cognitive decline, and evidence from rodent studies suggests
that this is preceded by synaptic dysfunction, primarily manifesting as alterations in glutamatergic
synaptic plasticity. The advent of induced pluripotent stem cell (iPSC) technology has made it
possible to investigate disease pathophysiology in patient-derived cells. Biochemical alterations in
line with AD pathology have been described in AD-patient iPSC-derived neurons, but changes in
synaptic transmission are yet to be investigated. The functional properties described for iPSC-
derived neurons are often immature, and it is unclear whether they exhibit the pre- and post-
synaptic properties required for the induction and expression of glutamatergic synaptic plasticity.
A limited number of reports have described synaptic plasticity-like phenomena in iPSC-derived
neurons. However, these studies use non-physiological methods, often show poor reproducibility
and lack direct evidence for an activity-dependent change in synaptic efficacy.

The objective of this thesis was to determine methods to enhance neuronal maturity, and to
generate a well-characterized platform for the study of physiological forms of synaptic plasticity.
To this end, I first used whole-cell patch clamp electrophysiology to extensively characterize the
functional properties of healthy control and familial AD patient iPSC-derived cortical neurons and
found them to be immature. From several strategies tested, only the co-culture of iPSC-derived
cortical neurons with rat astrocytes was found to robustly enhance intrinsic neuronal maturity and
produce modest increases in excitatory synaptic transmission. Taking an alternative approach, |
refined a transcription factor-based neuronal differentiation protocol and found that the
exogenous expression of neurogenin-2 in iPSC-derived neural progenitor cells generated highly
active excitatory synaptic networks.

Physiological synaptic plasticity assays require the isolation and manipulation of monosynaptic
connections. Dual-patch recordings in the neurogenin-2 iPSC-derived cortical cultures revealed a
low probability (10 %) of detecting an excitatory monosynaptic response. However, the expression
of the optogenetic tool, channelrhodopsin-2 (ChR2), in a subset of neurons enabled the generation
of light-evoked monosynaptic responses, which were three-fold more frequent. Excitatory
monosynaptic responses exhibited similar properties to connections in rodent cortex, and
demonstrated robust expression of functional synaptic AMPA and NMDA receptors. Monosynaptic
connections failed to exhibit spike-timing dependent plasticity or classical long-term potentiation
(LTP) using a pairing-protocol, and similarly, no changes were exhibited in spontaneous excitatory
synaptic transmission following a chemical LTP protocol. However, prolonged optogenetic
activation of pre-synaptic ChR2-expressing neurons for 2-4 days during cell culturing induced an
activity-dependent potentiation of spontaneous excitatory current amplitude. This was primarily
expressed by a subset post-synaptic neurons with mature intrinsic properties and thereby suggests
that the degree of neuronal maturity is likely to be critical factor when exploring synaptic plasticity.
This work provides a foundation for future investigations into synaptic plasticity and extends the
range of experimental assays that can be applied to human iPSC-derived cortical neurons for the
study of excitatory synaptic transmission.
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I: Introduction

The dysfunction of synaptic transmission is an important factor in many neurological disorders. This
dysfunction can manifest at any stage of life, for example during development in disorders such as
autism, or during aging as in neurodegenerative conditions like Alzheimer’s disease (AD) [1]. If we
are to advance our understanding of such neurological disorders, it is imperative that we develop
experimental methods and models that give us access to the key cellular processes underlying
disease progression. AD is the most common cause of dementia, which is characterized by memory
impairment and cognitive dysfunction, and in many cases is accompanied by other psychiatric
changes such as anxiety, depression and delusional episodes [2, 3]. AD affects approximately 5 %
of the world’s population and also represents one of the leading causes of death amongst adults
over the age of 65 [4]. Furthermore, the global impact of this disease is only set to rise due to an
increase in both the total number and the proportion of the population that are aged over 60 years
as a result of increased life expectancy and declining birth rates [2]. AD has been extensively
modelled in animals, which have provided the foundation for the majority of drug development
strategies [5]. However, 99 % of AD therapeutics entering clinical trials fail, and no current AD
treatments are able to modify disease progression, which suggests that pre-clinical research in a
more human-relevant system could provide valuable insights into AD pathogenesis and enable the
identification of potential targets for use in drug discovery [6, 7]. The worldwide prevalence of AD
and lack of successful pharmacological and therapeutic interventions highlight the necessity to
develop new methods to investigate human-specific processes involved in AD pathophysiology,

which will be the focus of this thesis.

1.1. Alzheimer’s disease

AD was first described by Alois Alzheimer in 1906, and is a neurodegenerative disease leading to
progressive cognitive decline over decades. AD is characterized by the specific pathological

hallmarks of extracellular amyloid plaques, which are insoluble deposits comprised mainly of
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amyloid-beta (AB) 42 peptide, and intracellular neurofibrillary tangles, which are aggregates of
hyperphosphorylated tau protein. The main hypothesis proposes that accumulation of AP is the
disease trigger leading to downstream alterations in tau protein, synapse dysfunction and
ultimately death of predominantly cholinergic and glutamatergic neurons [8]. The exact
mechanisms linking AB to pathogenic alterations in tau are yet to be established, however there is
considerable evidence that tau is essential for AB-mediated synaptic dysfunction and neuronal
toxicity [9-11]. AB induces pathological hyperphosphorylation of tau that subsequently causes tau
aggregation, mislocalization to somatodendritic regions and the formation of neurofibrillary tangles
[12, 13]. Pathogenic tau hyperphosphorylation impairs the binding and stabilization of microtubules
by tau, which can cause disruption of axonal transport and subsequent neuronal dysfunction [12].
APB has been shown to affect synapse function by altering NMDA receptor regulation and this can
result in the activation of signalling pathways leading to excitotoxicity, which is one mechanism

thought to be involved in neuronal death in AD [14-17].

The development of neurofibrillary tau tangle pathology follows a predictable pattern, first being
observed in the transentorhinal area, spreading through the limbic cortex and hippocampus, then
into the neocortex [18, 19]. However, the deposition of amyloid is often diffuse and does not follow
that of neurofibrillary tangles [18, 19]. The extent of tau tangle pathology has been shown to
correlate more closely with disease severity than amyloid plaque burden [20]. Aged, non-demented
control individuals can show similar levels of amyloid pathology as AD patients suggesting that
plaques alone are not sufficient to cause cognitive dysfunction [21]. This may seem contradictory
to the leading hypothesis, however studies suggest that it is soluble AB oligomers that are the toxic
species, rather than the insoluble aggregates [22]. In support of this, a study in human post-mortem
tissue demonstrated that the ratio of soluble AR oligomers relative to plaque density was more
highly correlated in AD patients than in non-demented controls with amyloid pathology, and was

sufficient to separate the disease and control groups [23].
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The greatest risk factor for AD is age, with less than 4 % of patients being under the age of 65,
compared to 81 % that are over 75 years of age [24]. In the majority of cases there is no known
cause of the disease, but in a small proportion (around 1% of cases) there is a known genetic
mutation [25]. These mutations cause early-onset AD (EOAD; before the age of 65) and are largely
autosomal dominant and highly penetrant. They have been identified in the genes encoding
presenilin 1 (PSEN1), presenilin 2 (PSEN2) and amyloid precursor protein (APP) (see
http://www.molgen.vib-ua.be/ADMutations [26]), which are involved in the generation of AR
peptides. APP is a widely expressed transmembrane protein involved in signalling, although its
specific function remains unclear. APP can be processed through the constitutive non-
amyloidogenic pathway or the non-amyloidogenic pathway, depending on whether it is first
cleaved by a- or B-secretase, respectively (Figure 1.1a). This initial cleavage event produces C-
terminal fragments that are subsequently cleaved by y-secretase, aCTF to p83, or BCTF fragments
to AB [27]. The y-secretase mediated cleavage can generate AB fragments of varying lengths
depending upon cleavage site [28]. The shorter AB40 is the predominant species produced,
however, it is AB42 which is the more hydrophobic and aggregation prone form [29]. The mutations
in APP are clustered around the cleavage sites where they are thought to affect catalytic processing,
and therefore AP production [30] (Figure 1.1bi). Individuals with trisomy 21 (Down Syndrome) are
highly likely to develop Alzheimer’s disease, and often by the age of 40, which may largely be due
to overexpression of APP that is located on chromosome 21 [31]. Meanwhile, presenilin is part of
the y-secretase complex and, in comparison to APP, mutations in presenilin are distributed across
the protein and may result in impaired protein function [30, 32] (Figure 1.1bii). These AD-
associated mutations largely result in either increased production of AB42, or alterations in the
ratio of AB42:40 [30, 33]. Despite a key role for tau in AD, no mutations have yet been associated
with this disease. Instead, tau mutations have only been identified in relation to frontotemporal

dementia [34].

-21-



3
b
)
o

=

B-secretase

AB

y-secretase K EXTRACELLULAR

y-secretase

INTRAGELLULAR

sAPPa
X a-secretase
CTFa

4 &
S X

APP AICD
4 -
- Ll
non-amyloidogenic pathway amyloidogenic pathway
bi APP i PSEN1

AEDEOE® S @ Mo @00,

f.‘ 0, Cﬁj@\ < Q

®

e - e e . m opw o)

Boo0 0000 Hsbds @ 2
- ° Jol
¢ ®,

- Ty L

HODEOOEEREREDEE" @, ¢
%
?_v: = L ‘_'Y_:{g

EoTCEE000E 000N o gl f
2C ol Sodcs 0 G
= u“oeia 0 Onilli= o
o P Bool )

HEOEHDEOVEREIEE o e |

SO0 C 2 OROS

& ] o}

“eoere EOEEOCOEG,- (O] BeEOm “&),
s o R W0 = O
®- o @
. of

WREE0OED “Ceceespeeneoede,.
BEOh G000 0 OO 9
Pt e o, AACOOHEEEOORE.
»,Y!'yr;_)’ruj{!?;rmczlullan ]
Hoosol O - &
HHIREC. 65 Uy RO OOIREOOE, e
L Ty o)
(;\’t INTRACELLULAR 2 )} @
O Nt (& oo
@ s R—— O Y o
O = 080 00Ge006000 0G0 0600,
“EOE® BG) cramies
© Pathogenic © Non-pathogenic Protective O unclear

Figure 1.1. APP and PSEN1. (a) Schematic of the processing of APP. The non-amyloidogenic
pathway involves the sequential cleavage of APP with a-secretase, to generate the soluble APPa
(sAPPa) fragment and C-terminal fragment-a (CTFa), and then y-secretase to generate the p3
peptide and the APP intracellular domain (AICD). In the amyloidogenic pathway, APP is first cleaved
by B-secretase, to generate sAPPB and CTFpB, and subsequently by y-secretase to generate AB and
the AICD. (b) Diagram showing the amino acid sequence for (i) APP and (ii) PSEN1. The fAD-
associated mutations (red), non-pathogenic mutations (green), protective mutations (yellow) and
mutations with unclear effects (blue) are highlighted on the sequence. The primary cleavage sites
on APP are depicted in purple. Figure adapted from [35].
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Late-onset AD (LOAD), diagnosed after the age of 65, is sporadic in nature and accounts for the vast
majority of cases. However, the clinical presentation is highly similar to EOAD and evidence suggests
that they are likely to converge upon the same pathological mechanisms [36]. Through genome-
wide association studies (GWAS), the greatest genetic risk factor for LOAD has been identified as
the ApoE4 allele [37]. There are three different isoforms of Apolipoprotein E (ApoE), E2, E3 and E4,
which differ by only two single nucleotide polymorphisms, which are unique to humans. The
majority of individuals are ApoE3/E3, however those that carry the ApoE4 allele have twice the risk
of developing AD. This increases to five-times for E4 homozygotes, and ApoE4 carriers are likely to
develop the disease at earlier ages [25, 38]. Conversely, ApoE2 is considered to be protective by
lowering the risk of AD relative to the other alleles [39]. ApoE is a protein involved in the transport
of cholesterol and other lipids for processes such as neuronal growth and repair. ApoE has also
been shown to bind AB, and studies have found that the ApoE isoforms differentially affect the
production, clearance efficiency and degradation of AP peptides [40-42]. A number of other AD
genetic susceptibility factors have also been identified through GWAS studies [37, 43]. They have
been associated with a range of functional roles which include the endosomal pathway, the
immune system, lipid metabolism, axonal transport and cytoskeletal architecture, which are

processes that can affect AB generation, trafficking and clearance [43].

There are currently only a small number of approved treatments for AD, which can provide some
alleviation of symptoms but are unable to modify disease progression [6]. These drugs inhibit
acetylcholinesterase to increase the levels of synaptic acetylcholine, or antagonise the NMDA
receptor to protect against excitotoxicity. Meanwhile, there are a number of different strategies
being used in the development of disease-modifying therapeutics. These approaches are largely
based upon the amyloid hypothesis and therefore have focussed upon the generation of
pharmacological compounds and immunotherapies that are designed to affect the production,

deposition or aggregation of AB or tau protein [6].
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1.2. Animal models of Alzheimer’s disease

Animal models expressing familial AD (fAD) mutations have provided important insights into
disease pathogenesis. However, animal models have struggled to recapitulate all aspects of disease
pathology observed in humans. Mice expressing human APP (hAPP) containing fAD mutations can
generate considerable amyloid-pathology and functional deficits, but lack neurofibrillary tangles
and major neuronal loss [44]. The introduction of human APP with multiple fAD-associated
mutations can accelerate pathology in transgenic mice, which demonstrate increased production
of AB peptides, amyloid plaques and age-dependent memory impairment [45]. Furthermore, the
age of amyloid pathology development correlates with the degree of APP overexpression [45].
Unlike humans, transgenic mice expressing fAD mutations in presenilin do not develop marked
neuropathology, although have shown elevations of AB42 peptide and neuronal loss that increase
with age [46, 47]. However, the introduction of presenilin mutations to transgenic mice expressing
mutant APP has enabled the generation of age-dependent memory impairment and acceleration
of amyloid pathology [46, 48, 49]. However, transgenic mice expressing mutations in PSEN1 and/or
APP do not exhibit tau pathology. In order to produce pathological changes in tau in mice,
researchers have had to introduce tau mutations, which are associated with frontotemporal
dementia (FTD), not AD. When expressed alone, tau mutations result in neurofibrillary tangle
formation and significant cognitive deficits, but in the absence of amyloid pathology, consistent
with a FTD [50]. To generate tau pathology in addition to amyloid plaques, researchers have had to
introduce tau mutations on top of fAD mutations in APP and PSEN1/2 [51]. The triple transgenic AD
mouse model overexpresses P301L mutant human tau, hAPP with the Swedish mutation, and
M146V mutant presenilin, and has been the most successful model to recapitulate AD pathology
[51]. These mice generate age-dependent tau-tangle pathology in a distribution pattern akin to
human AD patients, which develops after the deposition of amyloid plaques. The functional deficits

in these mice occur before major pathology, but are associated with increased soluble AR levels
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and intracellular AR immunoreactivity [51]. However, the pathology is not as extensive as that

observed in humans and only minimal neurodegeneration occurs [52].

Itis evident that researchers have been forced to take a combinatorial approach by multiple mutant
transgenes in order to create more robust phenotypes and capture a more complete AD pathology
in mice. However, these genetic alterations do not occur in human AD patients and the mutant
transgenes are often expressed at non-physiological levels, therefore transgenic mouse models are
not truly representative of fAD and cannot provide a model of sAD. Key genomic differences
between rodents and humans are likely to contribute to their ability to capture human AD
pathology. For example, mice and rats have a different AP sequence to humans and lack
comparable post-translational modifications, which results in a peptide of higher solubility than
human AB [53]. In adult humans six tau isoforms are expressed: ON3R, 1IN3R, 2N3R, ON4R, 1N4R,
2N4R, with 3R and 4R expressed with approximately equal abundance [54]. In contrast, mouse and
human tau share only 88 % sequence homology, and adult mice express only 4R isoforms and
exhibit differences in subcellular tau distribution [52, 55]. The impact of these differences in tau is
evident in humanized tau mice, which generate age-dependent tangle pathology only when human
tau is expressed in the absence of mouse tau [56]. In contrast to mice, rats express 6 different tau
isoforms that are highly similar to those found in humans. Although 4R tau is nine-fold more
abundant than 3R tau in rats, compared to the 1:1 ratio observed in humans [57]. Interestingly, a
transgenic rat that overexpressed the APP Swedish and presenilin AE9 mutations was able to
generate significant age-dependent cognitive deficits associated with amyloid deposits,
neurofibrillary tangles and neuronal loss without the expression of mutant tau [58]. A further
confounding factor in rodent models of AD is the short lifespan of rats and mice. However, there
has been evidence that another member of the rodent family, the degu, could exhibit spontaneous
AD-like pathology when raised in captivity, which increases the mean lifespan from <1 year to 5-8

years [59, 60]. This phenotype may also result from a greater similarity in the amino acid sequence
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of AB, which differs by only 1 residue, in contrast to mice and rats which differ by 3 residues,
compared to human AB [59]. Whilst degus could present a promising rodent model of sAD, the
development of AD pathology appears to be limited by laboratory breeding and extensive neuronal

loss has not been observed [59-61].

The role of ApoE has also been explored in combination with other AD rodent models. ApoE mice
expressing transgenes of different human isoforms can exhibit functional alterations alone, but
crossing them with AD-mouse models has provided the opportunity to investigate the interactions
between ApoE and AB [62] ApoE knockout mice expressing mutant V717F APP showed significantly
fewer amyloid deposits, whilst soluble AP in younger animals was unchanged [63]. Lentiviral
delivery of the different ApoE isoforms to the hippocampus of this mutant APP mouse differentially
altered the levels of AB and amyloid deposits, with ApoE4 producing the greatest level of pathology,

whilst the delivery of ApoE2 resulted in reduced amyloid burden [64].

It is evident that rodent models of AD can provide valuable insights into AD pathogenesis. However,
such models have failed to recreate a complete Alzheimer’s disease like phenotype using human
AD-relevant approaches, which is a likely result of species-specific differences. Therefore,
researchers have also explored the ability of other species to exhibit AD- like pathology. Rabbits
share the same AP sequence and AD-like pathology can be induced by a high-cholesterol diet [65].
Dogs are more cognitively advanced than rodents and aged animals can spontaneously generate
amyloid plaques, but do not exhibit tau tangles. Non-human primates are our most closely related
species and do spontaneously develop neurodegeneration and cognitive deficits that are associated
with amyloid plaques, and in some cases tau pathology [66]. Nevertheless, there are no animal
models that have been able to generate qualitatively comparable AD-pathology to humans, which
are able to capture the variations in the distribution of pathology across the brain and at a cellular

level, and the biochemical properties of amyloid and tau aggregates [5, 66]
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1.3. Alzheimer’s disease and synapses

The extent of synapse loss has been identified as the best correlate of disease severity [67]. Cortical
biopsies from patients with EOAD have shown a 25-35 % decrease in the total density of synapses
and a 15-35 % decrease in the number of synapses per neuron [68]. Studies have also demonstrated
a 25 % decrease in the immunoreactivity of the pre-synaptic protein synaptophysin in patients with
early AD [69]. The extent of the synaptic loss associated with cognitive impairment has been found
to correlate with total AB in post-mortem AD patient cortical tissue [70]. In transgenic animal
models, similar synaptic deficits have also been observed that present before plaque generation,
but correlate with the levels of soluble AB [71]. This has provided further support for AB as a
causative factor in synapse loss. There is also mounting evidence, primarily from studies using
rodent tissue, that AB can induce synaptic dysfunction before synapse loss occurs [72-74]. Most
notably, many rodent models of AD have demonstrated alterations in synaptic plasticity [51, 75,
76]. This includes long-term potentiation (LTP), which causes a persistent increase in synapse
efficacy and is considered to be the cellular basis of memory [77] (see section 1.7 for a review of

synaptic plasticity).

Transgenic mice that express mutant human APP demonstrate a range of age-dependent synaptic
deficits, although there are some discrepancies between studies that are yet to be understood. The
synaptic deficits identified include impaired basal excitatory transmission, and deficits in the degree
and maintenance of LTP, which have been primarily assessed in the hippocampus [72, 75, 78, 79]
but also in the cortex [80, 81]. These deficits were often associated with poorer performance in
memory-related behavioural tasks [72, 75, 78, 79]. In contrast, mice expressing presenilin
mutations have demonstrated facilitated LTP whereby the magnitude or persistence of the
potentiation is enhanced [51, 82-84]. This has also been associated with pre-synaptic changes in
neurotransmitter release probability [51]. In addition, mutant presenilin has been shown to confer

increased vulnerability to glutamate-mediated excitotoxicity [83]. It is thought that these effects
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may be attributed to a role of presenilin in intracellular calcium regulation via modulation of
endoplasmic reticulum calcium stores [83, 85]. However, when the presenilin mutation (M146V) is
combined with mutations in tau and APP, in a model that more closely recapitulates human AD
pathology, there are age-dependent impairments in basal excitatory synaptic transmission and

hippocampal LTP [51].

It is clear from studies of knock-out mice lacking APP or presenilin that these proteins have
important roles in synaptic transmission, plasticity and neuronal viability. In the hippocampus of
mice lacking APP, neurons show a decreased dendritic length and deficits in LTP [86]. Knockout of
presenilin 1/2 is embryonic lethal, likely due to its role in Notch signalling during development [87].
However, mice with a conditional postnatal double knockout of presenilin 1/2 in the forebrain
exhibited mild memory impairments and a significantly reduced magnitude of LTP [88]. Later
studies determined that it was pre-synaptic presenilin expression that was critical for LTP induction
[89]. Normal basal transmission was not altered in these mice, although there were alterations in
the relative levels of post-synaptic glutamate receptors. Furthermore, older mice also developed

hyper-phosphorylated tau and exhibited considerable neurodegeneration [88].

Meanwhile, the application of exogenous AP, either in vitro or in vivo, consistently results in
impaired LTP in rodents [9, 74, 90, 91]. Focal injections of synthetic AB into the dorsal dentate gyrus
of the rat has led to the deposition of amyloid and neuronal atrophy around the injection site. When
assessed functionally 4 weeks following injection, this resulted in a significant reduction of both
baseline synaptic transmission and the magnitude of LTP [90]. Similarly, the acute application of
synthetic human AB in vitro onto rodent hippocampal slices impairs LTP, although does not affect
basal synaptic transmission [9, 73, 92]. These effects of AB1-42 could also be reproduced by the
shorter, non-fibril forming, but toxic AB25-35 fragment [73, 92]. The aggregation state of synthetic
AB peptides can be difficult to define and may not accurately mimic physiologically occurring AB

species [93, 94]. Therefore, researchers have explored the use of naturally occurring AB species.
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Human AP oligomers can be secreted by cell lines expressing human APP and exhibit similar
properties to the soluble species found in AD patient tissue [95]. In rats, the injection of cell medium
derived from mutant hAPP expressing cells has been shown to inhibit LTP in vivo [96]. The enzymatic
degradation of AR monomers did not relieve the effect, thereby implicating oligomeric forms as the

toxic species [96].

Rodent models have also provided insights into the mechanisms by which AB causes synaptic
toxicity and have implicated tau as the key mediator. The exposure to AB fibrils for 1- 4 days causes
degeneration of cultured rodent neurons, which can be abolished by the knock-out of tau protein
[10]. Furthermore, in rodent hippocampal slices the AB-mediated impairment of LTP is blocked by
the absence of tau [9]. Pharmacological inhibition of GSK3pB, a kinase that can mediate AB-induced
tau hyperphosphorylation, was sufficient to rescue the LTP impairment in wild type tau-expressing
mouse tissue [9]. Similarly, hAPP mutant mice showed reduced learning deficits, despite
comparable amyloid pathology, and protection against excitotoxic insults following the in vivo
knockout of tau [11]. A study comparing the protein components of the human and mouse cortical
post-synaptic compartment has shown differences in both the composition and relative abundance
of proteins in the post-synaptic density between the two species [97]. Whilst = 1500 post-synaptic
proteins were identified in each species, 30 % of proteins were non-overlapping and only present
in either humans or mice. Furthermore, many well-characterized post-synaptic proteins were
expressed at several-fold greater abundance in mouse, than in humans [97]. As a result, the
processes that occur at human cortical synapses following exposure to pathological levels of AB

may differ from those observed in rodents.

The study of cortical tissue from Alzheimer’s disease patients has been limited to post-mortem
samples, which not only largely represents the end-stage of the disease, but prohibits functional
assessment. Meanwhile, live resected neuronal tissue can occasionally be obtained from patients

during surgery for neurological conditions such as epilepsy or brain tumours. However, to my
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knowledge, the assessment of neuronal function in resected tissue from AD patients, or the
evaluation of AB-induced functional effects in resected tissue from individuals without dementia,
has not been performed. As a result, researchers have used non-invasive methods to explore LTP-
like phenomena (see section 1.7) in healthy control subjects and AD patients. Such methods cannot
directly assess changes in synaptic function however, the electrical readout in response to electrical
stimulation protocols suggest that underlying changes in synaptic efficacy do occur. In line with
rodent models of AD, these studies have demonstrated a specific impairment of LTP in the cortex
[80, 98-100]. Comparatively, long-term depression (LTD), which causes a persistent reduction in

synaptic efficacy, appears to be unaffected [98-100].

1.4. Induced pluripotent stem cell (iPSC) technology

The development of human induced pluripotent stem cell (iPSC) technology has marked a new
chapter in research. This is particularly evident for the field of neuroscience [101] and is likely to be
due to the scarcity of neurological tissue, which is also primarily acquired post-mortem and thus
offers a limited insight into early stages of disease pathogenesis. Preceding the development of iPSC
technology, embryonic stem cells (ESCs) were the only mammalian pluripotent cell type identified.
Human ESCs have been used for disease modelling of a relatively small number of monogenetic
disorders that can be identified through pre-implantation genetic screening or that have been
generated using gene editing techniques [102-105]. Comparatively, the generation of human iPSCs
has enabled the exploration of disease pathogenesis in human cells that have been derived from
patients with a detailed clinical history, which could be used to associate iPSC-derived cellular
phenotypes with the characteristics of disease presentation or progression. Furthermore, patient-
derived iPSCs can provide the opportunity model a wide range of disorders, from monogenic

diseases to sporadic or polygenic disorders.
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ESCs and iPSCs are pluripotent stem cells, which are able to undergo unlimited proliferation and
possess the ability to differentiate into any cell type in the body. ESCs are derived from the inner
cell mass of the blastocyst, which forms early in mammalian development [106]. In the developing
embryo, ESCs differentiate into the three germ layers (endoderm, mesoderm and ectoderm), which
ultimately generate all the tissues in the body [106]. In 1981, the first established embryonic stem
cell lines were isolated from mouse blastocysts and successfully maintained in culture [107]. Nearly
twenty years later, the isolation of the first human ESC lines was reported and two of these lines,
H1 and H9, are often considered to be the “gold standard” human stem cell lines for differentiation
studies [108]. However, the ethical issues surrounding the generation of these cell lines limits the

routine and widespread use of human ESCs.

It is now more than 10 years since Yamanka and colleagues discovered that differentiated, somatic
cells could be converted back into an embryonic-like state by the delivery of just four key
transcription factors: Oct3/4, Sox2, c-Myc, and KIf4 [109]. They initially started with 24 candidate
genes that were involved in pluripotency or associated with tumorigenesis and when delivered in
combination to mouse fibroblasts could generate stem-cell like colonies. Through the assessment
of colony-formation after the withdrawal of individual genes, these were narrowed down to just 4
genes that were sufficient and necessary to generate and maintain ESC-like characteristics in
culture. The pluripotent nature of these cells was assayed by teratoma formation in which they
were able to generate cells from all three germ-layers [109]. The iPSCs clustered with ESCs in their
global gene expression, and also separated from their parental fibroblasts [109]. Having performed
their initial experiments using mouse fibroblasts, they later demonstrated that iPSCs could also be
generated from human fibroblasts (Figure 1.2) [110]. Since these seminal papers, iPSCs have also
been derived from a number of other somatic cell types, which are largely acquired by invasive
methods, such as blood cells [111] and dental pulp stem cells [112]. The initial generation of iPSCs

relied on transgene delivery and integration via retrovirus [109], but this approach carries the risk
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Figure 1.2. Overview of iPSC technology. Fibroblasts can be cultured from skin biopsies acquired
from patients or healthy control individuals. For reprogramming, the four Yamanaka factors
(Oct3/4, KIf4, Sox2 and c-Myc) are delivered by virus to the cultured fibroblasts. This results in the
generation of colonies of iPSCs, which can be isolated and expanded. The iPSCs are pluripotent stem
cells and can be differentiated into any cell type in the body, for example, cardiomyocytes, neurons,
adipocytes, or pancreatic B-cells.

of transgene reactivation and tumorigenesis in the case of transplanted cells [113]. More recently,
non-integrating methods of transgene delivery have been developed. The most successful and
efficient is the use of the RNA-based Sendai virus, which enables the expression of exogenous genes

at high-levels, and has since been commercialised into reprogramming kits that can be applied to

many different cell types [114].

Human iPSCs and ESCs are often assumed to possess comparable properties, but differences in
transcriptomic profiles, epigenetic signatures and differentiation capacity have shown that these
cell types are not equivalent [109, 115-120]. iPSC lines have shown varying degrees of incomplete
reprogramming, evident from differentially methylated regions, and do not exhibit epigenetic
modifications comparable to ESCs [115]. Furthermore, iPSCs have also been shown to retain
epigenetic signatures present in the somatic donor cells from which they were derived [121]. This
so-called “epigenetic memory” has been implicated in the variable differentiation potential of iPSC
lines, such that iPSCs derived from the same donor cell type cluster together at a transcriptomic
level, and more readily differentiate into the same cell type from which they were derived [116,
117]. A study has reported that background genetic variability between individuals generates the

greatest difference in transcriptional profiles between cell lines [122]. To overcome this obstacle,
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studies investigating monogenetic diseases are now taking advantage of gene editing technologies
to generate isogenic cell lines, which differ only by the presence or absence of a mutation relative
to the parent cell line [123]. This approach should enable a more precise investigation of the
contribution a specific mutation has in disease pathogenesis, and control for individual-specific

genetic variation.

Regardless of the issues iPSCs can present, these cells offer a unique opportunity to investigate
disease pathogenesis in familial and sporadic disorders in a human system, and also provide a
human-specific platform for drug discovery and assessment of toxicity. The “3 pillars of survival”
describe three key elements that are fundamental for the success of a candidate drug in clinical
trials. The first pillar; exposure to the target site of action, requires a whole-organism approach to
determine the pharmacokinetics of the drug and in the case of neurological disorders, blood-brain
barrier penetration [124]. However, the other two pillars; target binding and functional efficacy
could be assessed in an in vitro human system [124, 125]. One possibility is the use of resected non-
pathological human brain tissue, however, this is a limited resource, has a finite lifespan and is
obtained from patients with neurological conditions with unknown consequences on neuronal
physiology. Comparatively, human iPSC-derived neuronal models have the potential to overcome
these limitations and following further development and optimisation could be a valuable resource
for drug discovery [125]. An example of the promise that iPSCs may offer comes from a study of
amyotrophic lateral sclerosis (ALS). Motor neurons were generated from ALS patient-derived iPSCs
and demonstrated a hyperexcitable phenotype associated with alterations in the activity of a
subtype of potassium channels. The authors were able to correct the phenotype with an already
approved antiepileptic drug, which subsequently resulted in phase Il clinical trials to assess its
efficacy in ALS [126, 127]. Whilst completed in February 2018, the results are yet to be reported
(ClinicalTrials.gov Identifier: NCT02450552). Although primarily using human ESC-derived cells,

researchers are also exploring the potential for cell transplantation therapy. To date, a small
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number of cell transplantation therapies have entered the early stages of clinical trials, which
primarily assess safety and side effects of the treatment [128]. Specifically, transplantation of
autologous or allogeneic iPSC-derived cell types may be able to circumvent the problem of
transplant rejection, which is associated with a lack of histocompatibility [129]. Indeed, the first
iPSC based transplantation therapy was performed in Japan in 2014 to one patient with wet acute
macular degeneration [130]. Two years after the surgery no adverse effects were reported and
there was no indication of graft rejection, despite the absence of immunosuppressive treatment,
and the patient’s corrected visual acuity had neither been improved nor worsened. This study
shows that cellular transplantation therapies may be feasible, although future assessments will

determine whether this treatment provided any clinical benefit [130].

1.5. The differentiation of human iPSCs into cortical neurons

The dysfunction of cortical excitatory synaptic transmission is thought to be involved in many
neurological disorders, such as autism and schizophrenia. Specifically in AD, the cortex exhibits
extensive degeneration, and the density of synapses in this region inversely correlate with disease
severity [68, 131]. There are now a multitude of published protocols generating cortical neurons
from stem cells. These have adopted two main strategies: 1) to mimic the developmental cues that
occur during in vivo generation of the cortex, or 2) to force the expression of transcription factors

that are switched on during cortical differentiation.

Development of the cortex

In the developing embryo, the ectoderm goes through a process of infolding, known as neurulation,
in order to generate the neural tube structure that subsequently differentiates to form the entire
central nervous system [132]. The notochord, a temporary structure derived from mesoderm,
secretes the factors noggin, chordin and follistatin. These factors act to inhibit the formation of

epidermis from ectoderm by antagonizing bone morphogenic protein (BMP) signalling and allowing
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the cells to differentiate down the “default” pathway to neuroectoderm and then proliferative
neuroepithelium [132, 133]. Before each end of the neural tube closes, the rostral end undergoes
rapid expansion and division to form the forebrain, midbrain, hindbrain and ventricles. The
telencephalon, the most anterior part, goes on to form the cortex [134]. The neuroepithelial cells
of the telencephalon first divide symmetrically to form the ventricular zone (VZ), and then
asymmetrically to generate neurons. During neurogenesis the neuroepithelial cells undergo
changes in morphology to become radial glia. These cells express the transcription factors Pax6,
Foxgl and Emx1/2, and extend a long apical process to the pial surface, along which newborn
neurons migrate [135, 136]. In addition to neurons, radial glia generate two populations of
progenitor cells that reside above the VZ in the sub-ventricular zone (SVZ). These are known as
intermediate progenitor cells (IPCs) that express Thr2, but not Pax6, and outer radial glia (0RG)
[135, 136]. The cortex is a laminar structure that is formed in an inside out fashion. Initial pioneer
neurons, predominantly Cajal-Retzius cells, migrate and occupy the space between the VZ and the
pial surface to generate layer I, also known as the preplate. Subsequently, newly born neurons
generate layers VI-Il between the VZ and the preplate, starting with the deep layers first and the
upper layers later [135, 136]. These neurons that populate the cortical plate are solely excitatory
and glutamatergic in nature. The bulk of evidence suggests that cortical GABAergic interneurons
are generated more ventrally in the ganglionic eminences and migrate tangentially into the cortex
[137]. However, there are reports that a population of interneurons may also be generated in the
human cortex [138]. After a period of neurogenesis, the progenitor cells switch to gliogenesis to

produce the astrocytes that reside in the cortex [136].

Directed differentiation of iPSCs into cortical neurons using patterning factors

Early studies that attempted to initiate neural differentiation from human stem cells started with
the formation of embryoid bodies (EBs). The formation of EBs, which are 3D aggregates of

pluripotent stem cells, causes the initiation of spontaneous differentiation. Zhang et al., (2001)
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described the generation of proliferative nestin-positive neural stem cells, organized into rosettes,
when EBs derived from human ESCs were cultured in suspension in the presence of FGF2 [139].
Dissociation into an adherent culture and withdrawal of FGF2 stimulated the differentiation into
mainly glutamatergic MAP2/Tuj-positive neurons and GFAP-positive astrocytes when cultured for
longer periods [139]. A similar approach was also developed in a mouse ESC system, termed the
serum-free embryoid body (SFEB) protocol [140]. This study utilised Wnt and Nodal antagonism
during the early stages to drive a more efficient neural differentiation. The use of the patterning
factors Wnt3a and Shh to drive dorsalization for Pax6-positive cells or ventralization for
Nkx2.1/Islet1/2 respectively, was also described [140]. The protocol was further optimized by
accelerating the more uniform formation of EBs using quick-aggregation methods, which improved
forebrain differentiation efficiency, and was later adapted for use with human ESCs by the addition
of the anti-apoptotic ROCK inhibitor Y-27632 [141, 142]. The SFEB protocol generated a 3D
polarized structure with an inner proliferative zone and an outer neuronal shell, which was
maintained for up to 121 days [142, 143]. These structures exhibited some degree of regional
separation, reminiscent of in vivo cortex formation. The inner Pax6-positive progenitor zone had
Tbr2-positive IPCs, which were largely distributed as an upper layer. Above this SVZ-like region
formed a layer of post-mitotic neurons that were predominantly positive for the deep-layer
markers Tbrl and Ctip2, but there also included a small population of upper-layer Satb2 positive
neurons. The 3D structure also demonstrated dorsal-ventral polarity marked by the presence of
separate domains expressing Pax6 or Nkx2.1 [142, 143]. This protocol was later applied by Mariani
et al., (2012) to two different human iPSC cell lines that also produced 3D structures containing
predominantly deep-layer neurons. The global gene expression of the aggregates after 50 days in
vitro was largely correlated with cortical tissue samples of 8-10 postconceptional weeks (PCW)

[144].
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Using a similar approach, Lancaster et al.,, (2013) described the formation of large 3D brain
organoids comprised of distinct regions that resembled brain structures, such as the cortex, choroid
plexus and retina, based upon histology and gross morphology [145]. Instead of static suspension
culture, the authors found that a spinning bioreactor generated a more continuous
neuroepithelium instead of multiple rosette-like structures. In cortical regions a degree of spatial
separation of layer-specific neurons was also observed. Whilst the organoids could survive for
extensive culture periods, their maximal size was limited by an inability of oxygen and nutrient
penetration to the dense tissue, which resulted in the formation of a necrotic core [145]. This study
also generated organoids from iPSCs derived from a patient with a severe genetic microcephaly,
which demonstrated a phenotype of premature neural differentiation reflected by an increase in

the ratio of neurons to radial glia [145].

Despite the ability of aggregate-based protocols to recapitulate many aspects of in vivo human
cortical development, the structures can be highly heterogeneous in nature and present limitations
to imaging and functional analysis [145]. To counteract this, researchers have looked to develop
simple and defined neural differentiation protocols that could be applied to adherent stem cell
monolayers to increase homogeneity. These strategies sought to mimic the developmental cues
that drive neurulation in vivo. However, the inhibition of BMP signalling alone, by mammalian
recombinant noggin, was not sufficient to drive efficient neural induction from stem cells. Signalling
by Activin and Nodal are involved in maintaining the self-renewal and pluripotency of stem cells,
and also in the generation of mesoendoderm [146, 147]. Chambers et al., (2009) identified that the
inhibition of BMP, Activin and Nodal and subsequent downstream SMAD signalling via the
application of Noggin and SB431542 was highly efficient at inducing the neural fate of adherent,
monolayer human ESCs [148]. This approach, termed dual-SMAD inhibition, has since been used as

the basis for many hiPSC-derived neuronal differentiation protocols.
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In 2012 Shi et al., described the generation of cortical neurons over a period of 90 days from iPSCs
using a simple, dual-SMAD inhibition based protocol [149, 150]. Like EB-based methods, this
protocol also captured many of the cell types and temporal order seen in in vivo human cortical
development. Cells expressing the markers and morphology of radial glia, IPCs and oRG were all
observed [150]. Following neural induction the progenitor cells formed polarized rosettes that
shared many characteristics of neural tube derived neuroepithelium, such as interkinetic nuclear
migration during ventricular mitoses. The neurons generated were reported to be purely excitatory
and contained subpopulations expressing a number of different transcription factors that are
representative of each of the cortical layers. BrdU birthdating also revealed that the neurons
matched the temporal sequence of layer generation, with most deep-layer Tbrl-positive neurons
generated by day 50 whilst upper-layer Satb2-positive neurons appeared after day 65, however no
spatial organisation was evident. After several months in culture, qualitative evidence was
presented to show that the cells could demonstrate the functional properties that are the hallmark

of neurons, including action potential firing and glutamatergic synaptic activity [150].

Pasca and colleagues adapted the monolayer-derived dual SMAD inhibition approach to generate
3D aggregates consisting of only forebrain cortical-like tissue, comparable in size to brain organoids
[151]. Freely-formed iPSC-aggregates were subjected to dual-SMAD inhibition to induce neural
differentiation, which was followed by growth in EGF and FGF2 containing media to promote
progenitor cell proliferation. The removal of growth factors and addition of neurotrophic factors
caused neuronal differentiation. As with others, this model conserved the temporal order of layer-
specific cortical neurons but also showed a degree of cortical lamination reflected by the more
superficial localization of upper-layer neurons, relative to neurons expressing deep-layer markers.
At 10 weeks these cultures contained equal representation of upper and deep-layer neurons and

had a transcriptional profile similar to human tissue of 19-24 PCWs [151].
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Generation of human cortical neurons by forced expression of transcription factors

An alternative approach to differentiate neurons is to force the expression of transcription factors
that are expressed during neural fate commitment and neuronal differentiation. This was initially
developed using somatic cells, which avoids the time-consuming and inefficient step of
reprogramming to iPSCs, and also ablates the risk of tumorigenicity as cells do not have an
intermediate proliferative stage. The starting material was primarily cultures of fibroblasts, but
these cells can exhibit slow proliferation and limited self-renewal that consequently affect total cell
yield and scalability [152-154]. The nature of this method means that the range of neural subtypes,
their temporal sequence of production and spatial organization seen in development are poorly

recreated.

In 2010 Vierbuchen et al., tested a pool of 19 genes for their ability to elicit neuronal conversion in
mouse embryonic and postnatal fibroblasts [152]. Through a number of experiments they were
able to reduce this pool to a combination of 3 key genes, Brn2, Ascll and Mytll, subsequently
known as the BAM factors, which were able to convert fibroblasts to functional neurons. The
majority of cells differentiated into excitatory neurons expressing the deep-layer marker Tbrl,
whereas less than 1 % were GAD-positive interneurons. However, only approximately 20 % of the
initial cells plated were Tuj-positive neurons indicating that the conversion process was relatively
inefficient [152]. This method also successfully converted human ESCs but required the addition of
NeuroD1. However, the conversion rate was far lower in the human system, with less than 5 % cells
converted to neurons, of which a considerable proportion expressed a marker of peripheral
neurons [154]. The efficiency of neuronal conversion was shown to be enhanced by the addition of

two microRNAs, miR-9/9* and miR-124 [155].

To boost cell yield others have explored the direct conversion of fibroblasts to a proliferative neural

stem cell (NSC) intermediate stage before differentiation [156, 157]. A further advantage of this
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method is that the NSCs can generate cells of multiple neural lineages. Therefore, this multipotency
can enable the production of numerous neuronal subtypes, astrocytes and oligodendrocytes.

However, the initial conversion event is a highly inefficient process [156, 157].

The lack of efficiency and fibroblast associated limitations has limited the appeal of many of these
direct neural conversion protocols. Zhang et al., (2013) more recently demonstrated that
expression of a single pro-neural transcription factor, neurogenin-2, could drive an efficient and
rapid conversion of human ESCs and iPSCs to cortical neurons. They also reported that comparable
effects could be achieved by the expression of NeuroD1 [158]. This method yielded a largely pure
population of excitatory neurons expressing Brn2 and Foxg1 transcripts, consistent with a layer 2/3
cortical phenotype [158]. The neurons demonstrated action potential firing and the formation of
active, excitatory synaptic networks, but lacked the expression of subtypes of glutamate receptors

that are critical for synaptic plasticity [158].

In general, transcription-factor based conversion protocols can enable neuronal differentiation in a
considerably shorter time period, but can lack representation of the full diversity of cortical layer
markers, in contrast to directed differentiation protocols [150, 158]. Typically, the functional
characteristics of neurons generated by all of these protocols display immature properties, and
often only qualitative descriptions are reported [118, 150, 159-163]. Therefore, the field requires
the thorough assessment of iPSC-derived cortical neuronal function and the development of

methods to promote maturation.

1.6. The modelling of AD using neurons generated from human iPSCs

There have been numerous publications that have utilised human stem cell-derived neurons,
primarily grown in 2D cultures, to model Alzheimer’s disease. These studies commonly use iPSC
lines that have been generated from patients with familial mutations [160, 164-173]. However, cell

lines derived from sporadic patients have also been used [160, 164, 170, 173, 174]. In other cases,
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researchers have used genetic engineering to introduce fAD mutations into healthy control iPSC
lines [175, 176], or have assessed the responses of healthy control iPSC-derived neurons to cell
stressors, such as AB [177, 178]. Human stem cell lines with AD-associated mutations are commonly
reported to have equal differentiation capacity to controls [160, 164, 166, 167, 169] Although, one
study has described premature neuronal differentiation in two patient lines with mutations in

PSEN1 [179].

The levels and composition of secreted AB peptides is the most widely assessed property in iPSC-
derived neuronal models of AD. An increase in the AB42:40 ratio has been consistently and robustly
demonstrated in nearly all fAD patient neuronal cultures, which includes numerous mutations in
PSEN1 (A246E, M146l/L, Y115C, S169A, Intron 4A), PSEN2 (N1411), APP (V7171/L, E693A), trisomy
21, and APP duplications [164-171, 173, 179]. In some cases, differences have also been identified
in the total production of AP peptides, which primarily manifests as an elevation of total AB42 levels
[160, 164-167, 170, 171, 173, 179, 180]. Meanwhile, the demonstration of changes in secreted AB
peptides in sporadic AD (sAD)-patient derived neurons has been much more variable, whereby only
subsets of sAD cell lines have exhibited significant differences relative to healthy control neurons
[160, 164, 170, 173]. This is perhaps unsurprising given that the pathogenesis of sAD is thought to
involve the interaction of numerous genetic and environmental factors, and thereby indicates that
modelling the sporadic form may require a greater level of complexity. The generation of AR
peptides in iPSC-derived neurons has been shown to significantly increase with the age of the
culture [166, 167]. As the greatest risk factor for sAD is age [24], limits on culture duration may
contribute to the absence of AR phenotypes in some sAD cell lines. There have also been a small
number of reports describing the presence of oligomeric AB species and the formation of AB
aggregates that occur at both intracellular and extracellular locations [164, 167, 180, 181]. Indeed,

it appears that 3D cultures, such as organoids [180] or cultures that use artificial matrices [181],
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may limit the diffusion and clearance of secreted peptides, which is likely to be beneficial for studies

trying to recapitulate insoluble or aggregated pathogenic proteins.

The occurrence of tau phenotypes has been less frequently described in AD patient iPSC-derived
neurons. These include increases in phosphorylated or total tau, and aberrant tau localisation [160,
165-167, 172, 179, 180]. However, the appearance of these phenotypes has typically required a
more prolonged culture period than was necessary for the alterations in A peptides [166, 180]. A
number of other biochemical phenotypes that are consistent with AD pathology have also been
reported in iPSC-derived models of AD. Post-mortem tissue has shown an accumulation of large
endosomes in some AD-patient brains, and evidence suggests that the majority of amyloidogenic
processing of APP occurs in the endosomal compartment [182, 183]. In line with these observations,
several iPSC-derived models of AD have demonstrated increases in the numbers of large
endosomes and increased co-localisation of APP with endosomal markers in neuronal cultures
generated from fAD patient cell lines with mutations in APP [160, 166, 180]. In addition, there have
also been reports of increased reactive oxygen species production, ER stress and decreased cell

viability in AD patient iPSC-derived neurons [164, 167].

Perhaps the most successful human cell culture model of AD-associated AB and tau phenotypes
was by Choi et al., (2014), which demonstrated insoluble aggregates most akin to the AD pathology
observed in post-mortem tissue [181]. Instead of using iPSCs, Choi et al., (2014), utilised an
immortalized human neural progenitor cell (NPC) line. The NPCs were transduced with lentiviral
constructs encoding APP with multiple mutations (K670N/M671L and V7171) and mutant PSEN1 A
Ex9 in order to overexpress these mutant fAD proteins. Subsequently the cultures were enriched
for transgene-expressing NPCs via FACS, embedded into a 3D matrigel matrix and differentiated
into neurons. 3D cultures of mutant cells exhibited aggregated insoluble AB and elevated

phosphorylated Tau, which could be associated with dystrophic neurites in cells with a high tau
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burden. Cultures enriched for high mutant transgene expression also produced a fraction of

insoluble, detergent-resistant, filamentous tau [181].

It is thought that fAD mutations cause alterations in APP processing that lead to changes in AB
peptide production and composition [30]. Therefore, many iPSC-derived AD studies have explored
whether the pharmacological manipulation of the B and y-secretases involved in amyloidogenic
processing affect A peptides and other phenotypes. The ability for y-secretase inhibitors and
modulators to reduce AP peptide production or alter the ratio of AB-peptide species has been
consistently demonstrated [160, 166, 167, 169]. Meanwhile, in some cases, y-secretase inhibitor
treatment has also abolished the phenotypes observed in tau, whilst in other studies the inhibition
of B-secretase inhibitors was required, either alone or in addition to y-secretase inhibition [160,
180, 181]. To further interrogate the interactions between AP and tau, Moore et al., (2015)
differentiated several iPSC lines with mutations in APP and PSEN1 and observed that the presence
of a tau phenotype did not correlate with the AB42:40 ratio [165]. They went on to demonstrate
that the modulation of APP metabolism via pharmacological alteration of y-secretase or B-secretase
activity could affect tau expression, irrespective of genotype. Overall, the relationship between AB
species and tau phenotypes in human iPSC-derived neurons requires further investigation, and

studies have suggested that APP cleavage molecules other than AB may be involved.

A number of studies have used stem cell-derived neurons generated from healthy individuals to
investigate cell subtype specific vulnerability in AD [178, 184]. One study showed that iPSC-derived
glutamatergic neurons were more susceptible to toxicity induced by exogenous AP peptides than
GABAergic neuronal populations [178]. The glutamatergic neurons appeared to have a greater
affinity to bind AB oligomers, which was further enhanced by age [178]. Meanwhile, another study
used the transplantation of human ESC-derived neurons into the brain of an AD mouse model to
demonstrate that human neurons show greater vulnerability and more exaggerated pathology than

mouse neurons [184]. In this case, the human neurons appeared to integrate into the host tissue
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and the grafted cells were assessed up to 8 months after transplantation. Over this period, the
human neurons exhibited greater decreases in dendritic projections around AB plagues and
increased presentation of dystrophic neurites. The degeneration of human neurons, but not mouse
neurons, was associated with the development of AB plaques, and up to one-third of human
neurons had evidence of necrosis, which was not observed in host neurons or human neurons that

had been grafted into wild-type mice [184].

As described above, the majority of phenotypes demonstrated in iPSC-models of AD are simple,
biochemical changes that are consistent with disease pathology. However, some researchers have
begun to investigate whether these models exhibit synaptic alterations. Molecular assessment of
synaptic puncta in fAD patient-derived neurons has not revealed any differences in synapse density
[160, 167]. Meanwhile, the functional assessment in these studies has been largely limited to the
gualitative demonstration of action-potential firing and voltage-gated currents [160, 164, 167, 168,
173]. To date, there have been no reports evaluating the synaptic function of AD patient iPSC-
derived neurons. However, ESC-derived neurons overexpressing mutant PSEN1 have exhibited
decreased spontaneous excitatory synaptic activity, whilst inhibitory activity was unaffected [176].
Meanwhile, a decrease in miniature EPSC (mEPSC) amplitude, which was associated with a
reduction in the density of post-synaptic AMPA receptor clusters, was detected in healthy control
iPSC-derived neurons following an 8 day incubation with AR peptides after an extensive culture

period [177].

1.7. Synaptic plasticity

Experimental evidence and molecular mechanisms of glutamatergic synaptic plasticity

Synaptic plasticity is the ability of a synapse to undergo activity-dependent changes in strength and
is typically assessed by measuring the size of an evoked synaptic response. The first-described form

of synaptic plasticity, and the most well studied, is LTP [77]. The concept of LTP was first postulated
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in 1949 by Hebb whom proposed that “When an axon of cell A is near enough to excite a cell B and
repeatedly or persistently takes part in firing it, some growth process or metabolic change takes
place in one or both cells such that A's efficiency, as one of the cells firing B, is increased” [185].
However, LTP was not reported experimentally until almost 25 years later, which described a
persistent synaptic potentiation in response to high-frequency stimulation in the rabbit
hippocampus in vivo [186, 187]. Subsequently, further investigation into the expression and
mechanisms of LTP became more accessible following the demonstration of robust LTP in
hippocampal slice preparations [188], which are now a widely used model. LTP has been described
in many brain regions and is commonly induced by repetitive extracellular high-frequency electrical
stimuli that result in an enhancement of synaptic efficacy, reflected by an increased amplitude of
the post-synaptic potential [188-191] (Figure 1.3a). These studies take advantage of the known
functional circuitry that is retained in slice preparations, which can enable the spatial separation of
afferent pathway stimulation and the recording of a post-synaptic response, often from a neuronal
population. The optogenetic tool, Channelrhodopsin-2 (ChR2), has provided an alternative and non-
invasive approach to stimulate afferent pathways. ChR2 is a light-activated ion channel that, when
expressed by neurons, causes depolarization and reliable action potential firing in response to light
stimulation [192]. In this manner, the targeted light activation of a pre-synaptic ChR2-expressing
neuronal population has been used evoke a post-synaptic response for the study of synaptic

plasticity [193, 194].

The induction of LTP requires concurrent synaptic activation and post-synaptic depolarization in
order to relieve the NMDA-receptor voltage-dependent Mg?* block and thereby enable the influx
of calcium into the post-synaptic terminal. It is the role of the NMDA-receptor as a molecular
coincidence detector that confers the characteristics of associativity, cooperativity and input-
specificity upon LTP [197]. The cooperativity enables the potentiation of weak inputs when

simultaneously activated, but not when activated alone, thereby setting a threshold for LTP
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induction. Meanwhile, the associativity can enable a weak input to become potentiated if
concurrently activated with a strong input that can drive coincidental post-synaptic depolarization.
LTP is input-specific and therefore only simultaneously activated inputs become potentiated, whilst
inactive synapses on the same cell remain unchanged [77, 197]. High-frequency stimulation is often
used to induce LTP, which causes the summation of post-synaptic potentials that results in sufficient
depolarization to enable robust NMDA-receptor activation [198]. However, LTP can also be induced
by low-frequency stimulation when the post-synaptic cell is artificially depolarized via somatic
current injection, commonly referred to as a pairing-protocol [190, 199]. Studies have also shown
that a pairing-protocol can induce LTP when pre-synaptic neurons are stimulated by light-activation
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Figure 1.3. Synaptic plasticity: Long-term potentiation (LTP) and long-term depression (LTD).
(a) In classical synaptic plasticity experiments the synaptic efficacy is commonly assessed by
measuring the amplitude of the post-synaptic response, which is elicited by low-frequency test
stimuli. Classical synaptic plasticity protocols typically involve the application of high-frequency
stimulation (HFS) to induce LTP, or low-frequency stimulation (LFS) to induce LTD. Subsequently,
the response amplitude is assessed, often up to 60 minutes post-induction, and compared to the
basal value derived from the baseline to determine the change in synapse strength. Figure adapted
from [195]. (b) A simplified model of the molecular mechanism of NMDA-receptor dependent LTP
(left) and LTD (right). In LTP, strong stimulation of AMPA and NMDA-receptors leads to a large influx
in Ca*, which activates CaMKIl and signalling cascades involved in LTP. This results in the
phosphorylation and upregulation of AMPA-receptors in the post-synaptic membrane.
Comparatively, in LTD, weak synaptic stimulation causes a modest increase in post-synaptic Ca%,
which leads to the activation of calcineurin and PP1. This results in the dephosphorylation and
endocytosis of AMPA-receptors in the post-synaptic membrane. Figure adapted from [196].
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of ChR2, instead of electrical stimulation, or when post-synaptic depolarization is mediated by ChR2
activation [200, 201]. The NMDA-receptor mediated calcium influx results in the activation and
translocation of CaMKIl [202]. Activated CaMKIl mediates the phosphorylation of the GluR1
subunit, thereby increasing the AMPA receptor conductance [203], and drives the incorporation of
AMPA-receptors into the synaptic membrane. In the initial phases of LTP the additional AMPA-
receptors are thought to arise from the lateral movement of extra-synaptic receptors into the
synapse, whilst later phases may involve the de novo synthesis and exocytosis of AMPA-receptors

(Figure 1.3b) [202, 204].

It is well established within the field that induction of NMDA-receptor dependent LTP occurs post-
synaptically, but the subsequent locus of LTP expression is widely debated [205, 206]. There is
consistent evidence for post-synaptic changes across LTP studies. However, in some cases, the
expression of LTP has been associated with a decrease in the failure rate and the coefficient of
variation (COV) [207-209], which has led researchers to suggest that LTP may also induce pre-
synaptic changes in neurotransmitter release probability [206]. Imaging methods have
predominantly been used to investigate pre-synaptic alterations following LTP induction. For
example, FM-dye studies have indicated an increased frequency of synaptic vesicle fusion [210-
212], and synaptopHluorins have suggested the occurrence of greater synaptic vesicle recycling
[213]. Spines are dendritic protrusions that harbour the excitatory post-synaptic density. The
imaging of Ca®* transients in single spines, known as excitatory post-synaptic calcium transients
(EPSCaTs), are considered to be indicative of the binding of glutamate to NMDA-receptors and
therefore reflective of neurotransmitter release at a single synapse [214]. Following LTP induction,
EPSCaT generation at a single synapse was more frequent and therefore was suggestive of an
enhancement in neurotransmitter release probability [215]. Meanwhile, the discovery of “silent”
synapses, which contain only NMDA-receptors and can be “unsilenced” via the LTP-mediated

insertion of AMPA-receptors, has generated a post-synaptic explanation for many of these
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observations [216, 217]. Likewise, the generation of LTP at single spines via the uncaging of
glutamate paired with post-synaptic depolarization negates the requirement for pre-synaptic
changes [218]. LTP is primarily expressed by AMPA-mediated responses, whilst the NMDA-receptor
mediated component typically undergoes minimal or no potentiation, which is consistent with a
post-synaptic locus of expression [190, 219-222]. There is substantial evidence for pre-synaptic
changes associated with NMDA-receptor independent forms of synaptic plasticity in multiple brain
regions [223, 224]. However, it is reasonable to conclude that the current evidence suggests a
predominantly post-synaptic locus of expression for NMDA-receptor mediated LTP that, under
some experimental circumstances, may also include pre-synaptic enhancement [205, 206, 225,

226].

LTD, which acts to reduce synaptic efficacy, can be induced by repetitive low-frequency stimulation
delivered alone, or in combination with a modest post-synaptic depolarization (Figure 1.3a) [227-
229]. In comparison to LTP, there are very similar molecular mechanisms that underlie the
expression of long-term depression (LTD) at glutamatergic cortical synapses. LTD is also input-
specific and depends upon the synaptic activation of NMDA-receptors and calcium influx. However,
it is thought that the magnitude and duration of post-synaptic calcium influx determines the
transition of LTD to LTP [228, 230, 231]. For example, low-frequency pre-synaptic stimulation
combined with a modest post-synaptic depolarization generates LTD, but when combined with a
greater post-synaptic depolarization results in LTP [227]. It is thought that small rises in post-
synaptic calcium predominantly activate calcineurin and protein phosphatase 1, which trigger the
downstream signalling cascades leading to LTD. Meanwhile, large rises in calcium result in greater
activation of CaMKllI resulting in the generation of LTP [230, 232]. LTD causes the dephosphorylation
and downregulation of synaptic AMPA-receptors through endocytosis and translocation, and
therefore, in many respects LTD has been viewed as the inverse process of LTP (Figure 1.3b) [204,

233].
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Although there is some evidence for the physiological occurrence of high-frequency activity
patterns [234, 235], it is largely thought that the electrical stimuli typically used to induce LTP are
unlikely to occur naturally. In contrast, the more recent discovery of spike-timing dependent
plasticity (STDP), which relies upon low-frequency patterns of pre- and post-synaptic action
potential firing to elicit changes in synaptic efficacy, is considered to be a more physiologically
relevant form of synaptic plasticity. Furthermore, STDP was also the first identification of synaptic
plasticity at the level of a single synaptic connection between a pair of connected neurons and, like
classical LTP, was initially demonstrated in the hippocampus [209]. STDP relies upon the precise
timing and order of pre- and post-synaptic spiking activity, which is reliably repeated over many
pairings (~60-100), within a millisecond timeframe, to determine the sign and magnitude of
synaptic plasticity. The most prevalent form at synapses between glutamatergic cortical neurons is
Hebbian STDP, which generates LTP when the pre-synaptic cell reliably fires shortly before the post-
synaptic cell fires an action potential (pre-post pairing). Whereas LTD is generated when the post-
synaptic cell consistently fires before the pre-synaptic cell (post-pre pairing) (Figure 1.4) [236].

Spike-timing dependent LTP (tLTP) and LTD (tLTD) at glutamatergic cortical synapses is thought to
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Figure 1.4. Spike-timing dependent plasticity (STDP). (a) In Hebbian STDP, the repetitive pairing of
an action potential in the pre-synaptic neuron, which is shortly followed by an action-potential in
the post-synaptic neuron (pre-post pairing), results in the bAP coinciding with the EPSP and leads
to long-term potentiation of the synaptic response. In contrast, the repetitive pairing of action-
potential firing where the post-synaptic neuron fires before the pre-synaptic neuron (post-pre
pairing) leads to long-term depression of the synaptic response. Figure adapted from [237]. (b) The
temporal window of Hebbian STDP described at glutamatergic synapses between dissociated
rodent hippocampal neurons. The repetitive pairing of single pre- and post-synaptic action potential
firing at short intervals (€20 ms), induced a change in the amplitude of the post-synaptic response.
Each point depicts a monosynaptic connection. Figure adapted from [236].
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depend upon the same molecular mechanisms involved in the generation of classical frequency
dependent LTP and LTD [237]. Similarly, tLTP and tLTD require NMDA-receptor activation and
calcium influx that lead to changes in the expression and conductance of synaptic AMPA-receptors
[236]. Sufficient post-synaptic calcium influx arises from the dendritic interaction of the EPSP with
a back-propagating action potential (bAP) generated in the post-synaptic cell [238]. The short pre-
post pairing interval enables the bAP to arrive at the dendrite at the peak of the NMDA-receptor
current, which may combine with the inhibition of A-type K channels [239] or the activation of
dendritic voltage-gated channels [236, 240, 241], to exert a large magnitude of calcium influx that
induces LTP. In contrast, post-pre spiking causes the EPSP to coincide with the afterdepolarization
potential phase of the bAP, thereby generating a moderate and slower calcium influx, which is

associated with the generation of LTD [236, 238, 242].

Whilst the majority of what is known about the induction and expression of LTP has been learned
from studies using hippocampal tissue, NMDA-receptor mediated LTP is also the predominant form
of synaptic plasticity exhibited by excitatory synapses in the neocortex. High-frequency stimulation
can be used to induce LTP in many cortical regions, although in some cases has required the
pharmacological inhibition of GABAergic transmission [189, 243-245]. Likewise, STDP has also been
demonstrated in the cortex within layer 2/3 [246], layer 5 [247, 248] and at layer 4 to layer 2/3
synapses [249, 250]. Interestingly, STDP at layer 5 synapses has often demonstrated frequency-
dependent characteristics, such that pairing at 210 Hz has been required to induce LTP [247, 248].
Furthermore, unlike hippocampal synapses, cortical synapses often exhibit a wider time window
for LTD generation compared to LTP, and have therefore shown a bias towards the generation of
LTD [248, 250]. The generation of tLTD at some cortical synapses has been shown to be independent
of post-synaptic NMDA-receptor activation and is expressed pre-synaptically [251, 252]. The
mechanism at these synapses is believed to involve the binding of glutamate to post-synaptic

metabotropic glutamate receptors, which leads to voltage-gated calcium channel activation and
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the release of an endocannabinoid (eCB) retrograde messenger [251, 253]. The binding of eCB to
presynaptic cannabinoid-1 receptors, plus the activation of pre-synaptic NMDA-receptors, results
in a decrease of neurotransmitter release probability, thereby generating LTD [251, 252]. Studies
have also indicated that the magnitude and time-course of NMDA-dependent LTP may differ slightly
between cortex and hippocampus, whereby cortical LTP can exhibit a slower onset and lower
degree of potentiation [254, 255]. In summary, it is evident that cortical synapses have the capacity
to exhibit changes in synaptic efficacy in response to similar synaptic plasticity protocols that are
used in the hippocampus, although in some cases the changes may differ in their extent and

kinetics.

Experimental evidence for glutamatergic synaptic plasticity in humans

Unsurprisingly, the majority of synaptic plasticity studies have been performed in rodents.
However, there are a limited number of reports describing synaptic plasticity in humans. These
studies have demonstrated LTP and LTD in in vitro brain slices from tissue resected from patients
with neurological conditions, and also in vivo LTP-like phenomena using non-invasive methods. The
experiments performed in vivo have been limited to assessment of plasticity in the human visual,
auditory and motor cortices. For the visual cortex, the response to a simple visual stimulus has been
measured via EEG, whilst an LTP-like effect was induced by the presentation of the visual stimulus
at high-frequency. This resulted in a long-lasting increase in the evoked response potential
associated with the visual stimulus [256]. The same principles have been applied in the human
auditory cortex to potentiate the evoked response potential elicited by a simple sound stimulus
[257]. Meanwhile, motor-evoked potentials have exhibited potentiation following high-frequency
transcranial magnetic stimulation (TMS) of the M1 area of the motor cortex, or by the pairing of
low-frequency TMS with the stimulation of a peripheral nerve [80, 258-261]. Such LTP-like effects

have also been prevented by NMDA-receptor blockade delivered via the systemic administration
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of an NMDA-receptor antagonist [260], further demonstrating the similarities with LTP of excitatory

cortical synapses in vitro.

Experiments using in vitro brain slices have provided direct evidence for LTP at human synapses.
NMDA-receptor dependent LTP induced by high-frequency stimulation has been demonstrated in
the human hippocampus and temporal cortex [262, 263]. Interestingly, LTP was impaired in slices
derived from a cohort of patients with epilepsy who had neuropathological damage of the
hippocampus that was clinically associated with memory impairment. Although indirect, this
evidence supports the link between synaptic plasticity and human memory [262]. STDP has also
been demonstrated in the human hippocampus, albeit with a different time window compared to
that observed at rodent hippocampal synapses [264]. The temporal window for STDP in the
hippocampus is considerably wider in humans than in rodents, and also has a negative shift in the
time point for the transition from LTP to LTD [236, 264]. In rodents, reliable STDP is elicited by
correlated spiking offset by < 20 ms, whilst in humans, correlated spike timing that is offset by up
to 130 ms exhibited STDP. Spike-timing LTP was observed by pre-post spike pairing at < 20 ms, and
post-pre pairing at < 80 ms. Meanwhile LTD occurred at post-pre pairing intervals between 80-130
ms [264]. A similar temporal window was observed for STDP in human temporal cortex, with LTP
occurring at spike-intervals of -100 ms to +10 ms, and LTD occurring at intervals of +10 to +40 ms
[265]. The temporal window for STDP was similar in rodent temporal cortex although, in contrast,
all pre-post spiking intervals (< 40 ms) generally exhibited LTP, not LTD [265]. The demonstration of
tLTD [264, 265], alongside the low-frequency stimulation induced LTD in the cortex [263], illustrate
that human excitatory synapses are able to exhibit both long-term potentiation and depression akin

to that described in rodents, albeit with slight differences in the STDP rules.

Researchers have begun to investigate activity-dependent changes in synaptic transmission in
human iPSC-derived neuronal cultures. To date, reports of synaptic plasticity-like phenomena in

iPSC-derived neuronal cultures are limited (see section 7.1) [266-269]. These studies typically lack
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direct evidence for a change in synaptic efficacy, use non-physiological induction protocols and can
exhibit poor reproducibility. The use of iPSC-derived neurons as a platform to investigate synaptic
plasticity requires further development and the characterization of excitatory synaptic connections.
There is currently limited evidence that human iPSC-derived cortical neurons are equipped with the
functional synaptic receptors necessary for synaptic plasticity, and therefore a system where these
are robustly expressed would need to be established [162, 270-275]. In order to explore
physiological forms of synaptic plasticity in a human iPSC-derived system, methods will also need
to be developed to enable the reliable detection and manipulation of a stable evoked monosynaptic
response between human iPSC-derived cortical neurons. Currently, evoked responses that may
arise from a monosynaptic connection have been reported between rodent and human iPSC-
derived neurons, and between a pair of human iPSC-derived neurons, but these accounts are rare

and only qualitatively described [158, 276].

Studying glutamatergic synaptic plasticity in neuronal culture

In contrast to brain slice preparations and in vivo experiments, dissociated neuronal cultures lack
the spatial organization of neuronal connectivity, which largely prohibits the classical LTP and LTD
induction methods whereby many pre-synaptic afferent fibres are stimulated simultaneously.
Instead, the induction of synaptic plasticity at excitatory synapses in rodent hippocampal cultures
has typically been performed using electrical stimulation protocols on monosynaptically connected
neuronal pairs, or by chemical methods. Many of these induction protocols were first established
in slice preparations and were later adapted for use in culture. Consistent with the synaptic
plasticity induced in hippocampal slice preparations, induction of LTP and LTD in dissociated
hippocampal neurons is NMDA-receptor dependent and requires post-synaptic calcium signalling.
LTP induction in dissociated neurons is commonly performed in the absence of external Mg? to

promote NMDA-receptor activation [277-283].
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Both LTP and LTD can be induced by electrical stimulation of pre- and post-synaptic neuronal
activity in dissociated neurons. A substantial LTP of evoked-synaptic responses can be induced in
monosynaptically connected neuronal pairs by high-frequency stimulation of the pre-synaptic
neuron [207, 280], or low frequency pre-synaptic stimulation paired with post-synaptic
depolarization to 20 mV [277]. Similarly, low-frequency pre-synaptic stimulation paired with
modest post-synaptic depolarization to -50 mV, has been shown to generate LTD [284]. Meanwhile,
extracellular high-frequency stimulation is associated with electrical artefacts that can obscure
evoked synaptic responses, but has been used to induce LTP in the form of an increase in the

frequency and amplitude of spontaneous EPSCs [281].

STDP has been robustly demonstrated in dissociated rodent cultures between pairs of synaptically
connected excitatory pyramidal neurons [236]. The induction was NMDA-receptor dependent and
required the repetitive pairing of single pre- and post-synaptic action potentials at 1 Hz for 60 s.
Pre-post spiking, whereby the peak of the post-synaptic action potential occurred < 20 ms after the
EPSP onset, resulted in LTP that averaged a ~50 % increase in response amplitude [236]. However,
the magnitude of LTP was dependent upon the initial response amplitude, with large responses
(>500 pA) demonstrating little to no potentiation, thereby suggesting that synaptic efficacy at these
synapses may already be maximal. Meanwhile, post-pre spiking at intervals <20 ms reliably induced
LTD, which exhibited no correlation with the initial response amplitude, and caused a ~20 %

reduction in response amplitude [236].

An alternative strategy for studies in culture has been to use chemical methods to induce
widespread changes in synaptic efficacy. There are now a series of chemical methods that can
induce NMDA-receptor dependent LTP in cultured rodent neurons. For instance, the brief (<1 min)
exposure to glutamate can increase the amplitude of evoked EPSCs and the frequency of
spontaneous EPSCs by two-fold [279]. Similarly, acute exposure (3 x 1 s pulses delivered at 0.1 Hz)

to high K* (90 mM) results in a long-term increase in the frequency of mEPSCs in rodent neuronal
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cultures [282]. In rodent hippocampal slices, the short-term application (10 minutes) of the NMDA-
receptor co-agonist glycine (10 mM), causes a two-fold increase in the amplitude of the field EPSP-
response, which can be prevented by the previous induction of LTP by electrical stimulation [278,
285]. In dissociated rodent neurons, glycine (100-200 uM) exposure for 3 minutes results in an
increase of both mEPSC amplitude and frequency, which was associated with an upregulation of
AMPA receptors and was blocked by the inhibition of post-synaptic exocytosis [283]. In some cases,
these protocols have been associated with changes in COV, failure rate, or spontaneous EPSC
frequency, which may suggest the involvement of pre-synaptic mechanisms in the enhancement of

synaptic efficacy [207, 277, 279].

A second group of chemical methods uses rolipram (0.1 uM) and forskolin (50 uM), often in
combination with a GABA, antagonist (picrotoxin (50-100 uM) or bicuculline (20 uM)), to induce
chemical LTP in the absence Mg?* [286-288]. These protocols have been shown to have primarily a
post-synaptic locus of expression [287, 288]. The adenylyl cyclase activator forskolin, and the
phosphodiesterase inhibitor, rolipram, act in concert to raise cAMP levels by increasing production
and decreasing degradation, respectively. Application of this chemical treatment for ~15 minutes
is thought to generate a highly sensitized state and induce synchronous bursting activity that,
together, provide sufficient stimulation for LTP induction [286, 288]. This has resulted in the
persistent enhancement (~60 % increase) of an evoked EPSP in rodent neurons, which was
associated with an increase in spine size and the upregulation of post-synaptic AMPA-receptors
[286, 288]. In dissociated cultures this treatment can elicit an increase (~30 %) in mEPSC amplitude,

with no effects upon mEPSC frequency [287].

Together, these studies demonstrate that NMDA-receptor dependent synaptic plasticity of
excitatory glutamatergic synapses can be induced under cell culture conditions which, for some
chemical LTP protocols, can generate widespread changes in synaptic efficacy. The properties of

synaptic plasticity in neuronal culture appear to be consistent with in vivo and in vitro slice
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experiments with intact neural circuity. Whilst the synaptic activation of NMDA-receptors is a
requirement for most chemical LTP protocols, these induction methods are not physiological.
However, the demonstration that the induction of LTP by electrical stimulation can occlude
subsequent generation of chemical LTP [278], suggests shared underlying mechanisms are and

therefore such methods can offer a simple approach to the study of synaptic plasticity.
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1.8. Aims

As reviewed above, the vast majority of what has been learned about the pathogenesis of AD is
from animal models, which are unable to fully recapitulate the disease. The lack of successful
disease-modifying therapies that have been developed indicate that an alternative and more
human-specific approach may be required. So far, the modelling of AD using iPSC technology has
shown great potential in capturing the basic molecular changes that have been associated with AD.
However, synaptic changes are thought to be fundamental in the generation of the key neurological
symptoms of memory and cognitive impairment in AD. Whilst rodent studies point primarily to
impairment of synaptic plasticity, it is uncertain how dysfunction at human synapses manifests in
AD. Therefore, the development of methods that will enable the assessment of synapse function,
and more specifically synaptic plasticity, in human iPSC-derived neurons would be highly
advantageous. This will require the development of neuronal cultures that express functional,
synaptic glutamate receptors, the generation of methods to enable the reliable detection of evoked
monosynaptic responses, and a characterization of the properties and stability of these

connections.

To that end, the aims of this thesis are:

1. To generate and characterize iPSC-derived cortical neurons from healthy control individuals and
fAD patients

2. To assess the functional maturation state of iPSC-derived cortical neurons

3. To systematically compare methods for generating synaptically mature iPSC-derived cortical
cultures

4. To characterize excitatory monosynaptic connections in iPSC-derived cortical cultures

5. To develop assays of synaptic plasticity in iPSC-derived cortical cultures
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Il: Materials and Methods

2.1. Materials

2.1.1. Mammalian cells

Primary rat cortical astrocytes were purchased from Gibco or made ‘in house’ (see section 2.2.4).
HEK293T cells were a kind gift from Mariolina Salio, (Weatherall Institute of Molecular Medicine,
University of Oxford). All hiPSC lines (see table below) were obtained from the StemBANCC
consortium cell repository (http://stembancc.org/) and will be made available for future use
through EBISC. All hiPSC control cell lines were derived from individuals with no history of dementia,
mental health problems, diabetes or migraine. iPS-NHDF-1 were derived from normal human
dermal fibroblasts (Lonza; CC-2511) in the James Martin Stem Cell Facility, University of Oxford and

have been described previously [289]. All cell lines were negative for mycoplasma as tested by PCR

[290].
Genotype Cell Line Clone/s Sex (M/F) Age
Healthy control individuals SBAdO3 -01, -05 F 31
SBAd02 -01 M 51
SFC180-01 -01 F 60
NHDF -1 F 44
APP V717I SFC809-03 -04 M Unknown
PSEN1 M146l SFC803-03 -01 F Unknown
PSEN1 M139V SFC805-03 -01 F Unknown
PSEN1 Intron 4 Del SFC808-03 -04 F Unknown

2.1.2. Animals

P1 rats were purchased from Charles River Laboratories.

2.1.3. Media formulations

All media components were purchased from Life Technologies unless otherwise stated.
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2.1.3.1. Neural maintenance media (NMM/NMM-A)

50 % v/v Neurobasal, 50 % v/v DMEM/F12 Glutamax medium containing 1x N2, 0.5x B27 +
Vitamin A, 5 pg/mL insulin, 1 mM L-glutamine, 1x non-essential amino acids, 100 uM B-
mercaptoethanol, 50 U/mL penicillin and 50mg/mL streptomycin. Neurobasal-A substitutes

Neurobasal in NMM-A.

2.1.3.2. BrainPhys™

For BrainPhys™ Basic medium, BrainPhys™ Neuronal Medium (Stem Cell Technologies) [291]

was supplemented with 1x N2 and 1x B27.

For BrainPhys™ with factors, BrainPhys™ Basic was supplemented with 20 ng/mL BDNF
(Peprotech), 20 ng/mL GDNF (Peprotech), 1 mM dibutyryl cAMP (Sigma) and 200 nM ascorbic

acid (Sigma).

2.1.3.3. N2/DMEM

DMEM/F12 + Glutamax medium containing 1x N2, 1x non-essential amino acids, 10 ng/mL
BDNF (Peprotech), 10 ng/mL NT-3 (Peprotech), 1 ug/mL doxycycline (Sigma), 200 nM ascorbic

acid (Sigma), 200 ng/mL laminin.

2.1.3.4. NBA/B27

Neurobasal A medium containing 1xB27 + VitA, 1x Glutamax, 50 U/mL penicillin and 50 mg/mL
streptomycin, 10 ng/mL BDNF (Peprotech), 10 ng/mL NT-3 (Peprotech), 1 pg/mL doxycycline

(Sigma), 200 nM ascorbic acid (Sigma), 200 ng/mL laminin.
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2.1.3.5. Astrocyte media

Glial media (1): MEM containing 0.6 % w/v D-Glucose (Sigma), 50 U/mL penicillin and 50

mg/mL streptomycin, 10 % v/v horse serum.

Glial media (2); DMEM containing 15 % v/v fetal bovine serum (FBS).

2.1.3.6. Rat neuron media

Neurobasal-A with 1x B27, 1x Glutamax, 50 U/mL penicillin and 50 mg/mL streptomycin.

2.1.4. Buffers and solutions

All chemicals were purchased from Sigma unless otherwise stated. Solutions were made up in dH,0

and autoclaved or filtered sterilized where necessary.

2.1.5. Drugs

All drugs were purchased from Tocris unless stated otherwise. Stock solutions were stored at -20C.

Drug Function Final Concentration (uM)
TTX Voltage gated Na-channel blocker 1
Qx314 Use-dependent voltage gated Na-channel blocker 5000
(Alomone Labs)

CNQX AMPA receptor blocker 40
Picrotoxin GABA-A receptor blocker 100
Forskolin Adenylyl cyclase activator 50
Rolipram PDE4 inhibitor 0.1
AP5 NMDA receptor blocker 10
MK801 NMDA receptor blocker 50
Y-27632 ROCK inhibitor 10
SB431542 inhibitor of the TGF-B/Activin/NODAL pathway 10
Dorsomorphin inhibitor of the BMP pathway 1
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2.1.6. Lentiviral vectors

Vector Virus Source Reference
FUdeltaGW-rtTA LV-Ubig-rtTA FudeltaGW-rtTA was a gift [292]
from Konrad Hochedlinger
(Addgene plasmid # 19780)
pTet-O-Ngn2-puro  LV-TetO-mNgn2-T2A- pTet-O-Ngn2-puro was a gift [158]
Puro from Marius Wernig (Addgene
plasmid # 52047)
pMD2.G Encodes VSV-G viral pMD2.G was a gift from Didier
envelope, 2™ Trono (Addgene plasmid #
generation lentivirus 12259)
pCMV delta 8.91 Encodes viral
packaging, 2"
generation lentivirus
pLenti-Synapsin- LV-hSyn-ChR2-YFP pLenti-Synapsin- [293]
hChR2(H134R)- hChR2(H134R)-EYFP-WPRE
EYFP-WPRE was a gift from Karl
Deisseroth (Addgene plasmid
#20945)
pLenti-CaMKlla- LV-CaMKIlla-mKate2 A kind gift from Ricardo [162]
mKate2-WPRE Dolmetsch.

pLenti-CAG-YFP-
WPRE

LV-CAG-YFP A kind gift from Fred Gage.

2.1.7. RT-PCR primers

Gene Forward Primer Sequence (5’-3’) Reverse Primer Sequence (5’-3’)
Foxgl AGG AGG GCG AGA AGA AGA AC TCA CGA AGC ACT TGT TGA GG
GAPDH ATC CCATCA CCATCTTCCAG CCATCACGCCACAGTTTCC
Oct4 ACATGT GTAAGCTGC GGCC GTT GTG CAT AGT CGCTGCTTG
Otx1 GCCTCCCCTTCCAGTCTTTC GGG CAG AAA CACGCCAGTTA
Pax6 GTG TCC AAC GGA TGT GTG AG CTA GCCAGG TTG CGA AGA AC

2.1.8. Primary antibodies for immunocytochemistry

Antibody Raised in Concentration Supplier Catalogue #
Ctip2 Rat 1:250 Abcam ab18465
GAD65 Mouse IgG2a 1:250 Chemicon int. Inc. MAB351
GAD65/67 Mouse IgG2a 1:400 Millipore MAB5406
Homerl Rabbit 1:500 Synaptic Systems 160003
MAP2A Mouse IgG1 1:1000 Millipore MAB378
Nkx2.1 Mouse IgG1 1:500 Millipore MAB5460
Otx1/2 Rabbit 1:500 Abcam ab9566
Pax6 Rabbit 1:500 Covance PRB-278P
PSD95 Mouse IgG2a 1:2000 Millipore MAB1596
Satb2 Mouse IgG1 1:200 Abcam ab51502
Synaptophysin Guinea Pig 1:1000 Synaptic Systems 101004
Thrl Rabbit 1:500 Abcam ab31950
Thr2 Rabbit 1:500 Abcam ab23345
Tujl Mouse IgG2a 1:2000 Covance MMS-435P
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2.2.1. hiPSC cell culture

Antibody Conjugate Raised in Concentration  Supplier Catalogue #
Anti-mouse Alexa Fluor Goat 1:1000 Life A11029/A11031
488/568 Technologies

Anti-mouse Alexa Fluor 633  Goat 1:500 Life A21052
Technologies

Anti-rabbit Alexa Fluor Goat 1:1000 Life A11034/A11036

488/568 Technologies

Anti-guinea pig  Alexa Fluor 488  Goat 1:400 Life A11073
Technologies

Anti-rat Alexa Fluor 488  Goat 1:1000 Life A11006
Technologies

Anti-mouse Alexa Fluor Goat 1:1000 Life A21121/A21124

1gG1 488/568 Technologies

Anti-mouse Alexa Fluor Goat 1:1000 Life A21131/A21134

1gG2a 488/568 Technologies

2.1.10. Western blot antibodies

Antibody Conjugate Raised in Concentration  Supplier Catalogue #

Oct4 Rabbit 1:1000 Abcam ab19857

Nanog Mouse 1:1000 Cell Signalling #4893

Tujl Mouse 1:2000 Covance MMS-435P

GFAP Mouse 1:1000 Millipore MAB360

B-actin HRP Mouse 1:10,000 Sigma A3854-200UL

2.2. Methods

Feeder-free human iPS cells were maintained in mTeSR1 medium (STEMCELL Technologies) on

Geltrex (Gibco) coated plates. For coating, Geltrex was diluted 1/100 into cold KO-DMEM (Life

Technologies) and incubated at 37 °C for 30 mins - 4 h. Pre-coated plates could be stored overnight

at 4 °C. At 95 % confluency, cells were passaged as follows. Cells were washed with PBS then

incubated in Versene-EDTA (Gibco) at 37 °C for 6 mins. Versene-EDTA was aspirated and cells were

washed off and collected in mTeSR and supplemented with 10 uM Y-27632 (Tocris) overnight.

Media was changed 100 % daily.
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2.2.2. Coverslip preparation

13 mm glass coverslips thickness 0 (VWR) were soaked in 70% nitric acid for 48h before washing 5

xin dH,0. Coverslips were briefly rinsed in 100 % ethanol to sterilize and dried overnight in an oven.

For poly-L-ornithine laminin coated coverslips: coverslips were incubated with 0.01 % poly-L-
ornithine (Sigma) for 4 h to overnight, then replaced with 15 pg/mL laminin (Life Technologies) in
DPBS + Mg*/+Ca?* (Life Technologies) for 4 h to overnight. The coating solution was aspirated

immediately prior to plating.

For poly-D-lysine coated coverslips: Poly-D-Lysine (Sigma) was applied to coverslips at 0.1 mg/mL
diluted in dH,0 and incubated at 37 °C for 1-2 h. Coverslips were washed 3 x with dH,0 and allowed

to dry at room temperature for 4-6 h before use.

2.2.3. Directed differentiation of hiPSCs into cortical neurons using defined factors

hiPSCs were grown to ~90 % confluency before passaging at a ratio of 2:1 onto 2 geltrex-coated
wells of a 6 well plate (see section 2.2.1), in preparation for neural induction following a modified
Shi et al., (2012) protocol [149]. After 24 h, the culture medium was changed to neural induction
medium (NIM; NMM supplemented with 10 uM SB431542 (Tocris) and 1 uM dorsomorphin
(Tocris)) which was changed daily for 12 days. At day 12 the cells form a dense, homogenous sheet
with visible white spots. The sheet was scored using a needle into a 3x4 grid and 200 ulL freshly
filtered 10 mg/mL Dispase (Gibco) was added per well to the media and incubated at 37 °C. Plates
were tapped frequently to encourage lifting. Sheets of cells lifted after 10-15 minutes. Cells were
collected using into 10 mL NMM and pelleted by gravity, media was removed and this step repeated
to wash out Dispase. Cells were plated onto 15 pg/mL laminin only coated wells in NIM overnight
whilst maintaining large clumps of ~ 1 mm in size. 24 h later, the medium was changed to NMM

supplemented with 20 ng/mL FGF2 (Peprotech) for 4 days to promote rosette formation. Rosettes

-64-



CHAPTER | Il

were cultured in NMM and were expanded 2-4 times using Dispase, as described, at a surface area
ratio of 1:2 to 1:3 onto laminin only coated wells until the onset of neurogenesis, approximately
day 25. For Dispase passaging media was changed 30 mins-4 h before and only stripettes were used
to avoid cell shearing. At day 25, cells were passaged and plated onto laminin only coated wells at
a surface area ratio of 1:2 using Accutase (Sigma) as follows. Cells were washed with PBS and
incubated at 37 °C with 500 uL - 1 mL Accutase per well for 5 mins. Cells were triturated and
collected into 9 mL NMM, centrifuged at 400 g for 5 minutes, and then the cell pellet was
resuspended in NMM supplemented with 10 uM Y-27632 (Tocris), and plated onto laminin only
coated wells. 100 % of the media was changed to NMM following day. After 2-3 days when neural
NPCs were confluent cells were split again 1:2-1:3 with Accutase before being frozen down at 1.5 x

10° cells/vial between day 28-31 in 90 % v/v NMM, 10 % v/v DMSO and 20 ng/mL FGF2.

Frozen NPCs were fast-thawed at 37 °C, centrifuged at 400 g in a Heraeus Megafuge 8 centrifuge
(Thermo Scientific), and plated onto laminin (15 pg/mL) coated plates in NMM with 10 uM Y-27632
and 10 ng/mL FGF2 overnight and cultured for 7 days. Cells were then lifted with Accutase for final
plating onto rat astrocyte cultures, with the exception of control cultures (without rat astrocytes;
Figure 4.1) which were plated onto poly-L-ornithine laminin coated coverslips. Cells were plated at

a density of 50-100,000 cells/cm? with 10 uM Y-27632 overnight.

If required, cells were transduced by adding lentiviral particles to the media overnight, 24-48 h after
thawing. Cells were maintained in NMM-A for 50-90 days before analysis. Media was changed 90

% every 2-3 days and supplemented with 10 ug/mL laminin (Gibco) every 7 days.

2.2.4. Rat cortical astrocyte culture

P1 rat pups were killed by schedule 1 cervical dislocation and decapitation. Cortices were isolated
and stripped of meninges in ice-cold CMF-HBSS containing 1x HBSS, 10 mM HEPES. Tissue was

dissociated in 12 mL CMF-HBSS supplemented with 1.5 mL 2.5 % Trypsin (Gibco) and 1.5 mL 1 %

-65-



DNase for 5 mins at 37 °C before 10x trituration with a 10 mL stripette. The tissue suspension was
further incubated for 10 mins at 37 °C with frequent agitation to resuspend tissue fragments.
Following 10x trituration with a 5mL stripette, the cell suspension was put through a 70 um cell
strainer, centrifuged at 400 g and the cell pellet was resuspended in glial media (1). Cells derived
from 2-3 brains were grown in one T75 flask (Nunc). 4 days post-dissociation, flasks were bashed
several times to remove neurons, microglia and unwanted cell types leaving from the highly
adherent astrocytes and 100 % of the media was changed. This was repeated every 3-4 days. Cells

were grown until confluent before freezing 0.5 x 10° cell/vial in glial media (2) with 10 % v/v DMSO.

For astrocyte monolayer coverslips, cells were fast-thawed and resuspended in glial media (2) and
plated as a 200 uL meniscus onto poly-D-lysine coated glass coverslips. After 10 minutes, media was
topped up to 500 ulL. Cells were grown until confluent with media changes every 3-4 days. In some

cases rat astrocytes were acquired commercially (Gibco).

2.2.5. Culture in BrainPhys™ medium

iPSC-derived NPCs were thawed and maintained as described in section 2.2.3. NPCs were plated
onto rat astrocytes in NMM. Two days after final plating media was changed by 50 % to NMM-A,
BrainPhys™ Basic or BrainPhys™ with factors as appropriate. 50 % media changes were performed
every 2-3 days and supplemented with 10 pg/mL laminin once a week. Neurons were assessed at

6-8 weeks post-final plating.

2.2.6. Co-culture of iPSC-derived cortical neurons with rat primary neurons

P1 rat pups were killed by schedule 1 cervical dislocation and decapitation, and cortices were
isolated and stripped of meninges in ice-cold dissection media comprised of Neurobasal-A with 50
U/mL penicillin and 50 mg/mL streptomycin. Tissue was dissociated in dissection media with 100

uL Papain (P3125, Sigma) for 30 mins at 37 °C, DNase (100 pg/mL) was added for the final 5 mins.
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The dissociated cell suspension was passed through a 70um cell strainer, counted and plated at
50,000 live cells/cm? onto poly-ornithine and laminin-coated glass coverslips in rat neuronal media
supplemented with 5 % horse serum overnight. Human NPCs were added in rat neuronal media at
50,000 cells/cm? onto rat primary cultures (according to section 2.2.4) the following day, and
supplemented with 10 uM Y-27632 overnight. At 6 DIV cells were treated with 2 uM Ara-C followed

by a half-media change the following day. Half-media changes were performed every 3-4 days.

2.2.7. Differentiation of hiPSCs into cortical neurons by induced neurogenin-2 expression (iPSC-
mNgn2)

90 % confluent hiPSCs were lifted using Accutase and resuspended in mTeSR supplemented with
10 uM Y-27632. LV-Ubig-rtTa and LV-TetO-mNgn2-T2A-Puro concentrated lentiviral particles, each
at a dilution of 1/250, were added to the cell suspension, before plating onto Geltrex-coated plates
and incubated overnight. Media was changed to N2/DMEM supplemented with doxycycline at 1
pug/mL (day 0) for 24 h before the addition of puromycin (Sigma) at 2 pg/mL for a further 48 h.
Media was changed daily. Cells were lifted using Accutase on day 3 and plated onto rat astrocytes
at 50,000-100,000 cells/cm?in NBA/B27 with 10 uM Y-27632 overnight. The total number of cells
resuspended following Accutase treatment was divided by the total number of wells dissociated to

obtain the cell yield.

Cultures were maintained to day 14-40 in NBA/B27 medium with 50 % media changes every 2-3
days. The media was supplemented with 2 % v/v horse serum (Gibco) every 7 days. On day 6

cultures were treated with 4 uM Ara-C (Sigma).

2.2.8. Differentiation of NPCs into cortical neurons by induced neurogenin-2 expression (NPC-
mNgn2)

NPCs were fast-thawed and cells were resuspended in NMM supplemented with 10 uM Y-27632

and 10 ng/mL FGF2, as described in section 2.2.3. LV-Ubig-rtTa and LV-TetO-mNgn2-T2A-Puro
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lentiviral supernatants, each at a dilution of 1/4-1/8, were added to the cell suspension. NPCs were
plated onto laminin (15 pg/mL) coated plates at 150,000 cells/cm?. Media was changed the
following day. After 3 days media was changed to NBA/B27 with doxycycline (day 0). On day 1
puromycin was added for 24 h at 2 ug/mL then increased to 2.5 pg/mL for a further 24 h. On day 3
cells were lifted using Accutase and plated onto rat astrocytes at 50,000 cells/cm? with 10 uM Y-

27632 overnight.

To obtain the cell yield, the total number of cells resuspended following Accutase treatment was
divided by the total number of wells dissociated. This value was multiplied by the average number
of total NPCs generated at day 28-33, which were counted during freezing down, and that was

divided by the number of wells of iPSCs used for neural induction.

Cultures were maintained for 14-53 days in NBA/B27 medium with 50 % media changes every 2-3
days. The media was supplemented with 2 % v/v horse serum (Gibco) every 7 days. On day 6

cultures were treated with 4 uM Ara-C (Sigma).

NPC-mNgn2 neurons were used for all experiments in Chapters VI and VII.

2.2.9. Lentiviral transductions and expression quantification

On day 1 of neurogenin-2 differentiation LV-CaMKlla-mKate2, LV-hSyn-ChR2-YFP or LV-CAG-YFP
lentiviral supernatants were added overnight at a dilution of 1/2-1/4 in media to separate wells, so
that expression of each construct was mutually exclusive. Media was changed the following day.
During final plating on day 3, the LV-CaMKlla-mKate2 and LV-hSyn-ChR2-YFP or LV-CaMKlla-
mKate2 and LV-CAG-YFP transduced cell suspensions were combined before determining cell

concentration and plating.
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Live neuronal cultures were imaged on an EVOS FLoid Cell Imaging Station (ThermoFisher) at day
18-51. The approximate cell density was estimated under brightfield and the number of fluorescent

cells were counted manually across 5 FOV.

2.2.10. Prolonged optogenetic stimulation

Day 33-35 neurogenin-2 NPC-derived neuronal cultures expressing LV-CaMKlla-mKate2 and LV-
hSyn-ChR2 or LV-CaMKlla-mKate2 and LV-CAG-YFP, which were co-cultured with rat astrocytes,
were activated in the incubator by 455 nm LED light pulses at an intensity of 2.4 mW/mm?, achieved
by a 500 mA power setting. The LED stimulation consisted of 5 flashes of 10 ms duration at 10 Hz
delivered every 10 seconds for 2-4 days using a custom-built optogenetic chamber. This comprised
four Rebel Star LEDs in Royal Blue LZ1-00B200 (Luxeon) that were covered with a Carclo 8 20 mm
concentrator beam optic (Luxeon) and encased in light-impenetrable tubing (Thorlabs) which
contained 40mm focal length biconvex lenses (Comar). To control the light pulses the optogenetic
chamber was connected to a custom-built stimulator box via a Grass S48 stimulator (Grass

Technologies).

2.2.11. Plasmid DNA purification

E. coli were streaked onto LB-Ampicillin plates from bacterial stabs or glycerol stocks. Alternatively,
plasmids for amplification were transformed into One Shot™ StbI3™ E. coli (Invitrogen) according
to manufacturer’s protocol. Lennox LB and Lennox LB-Agar were purchased from Invitrogen. A
single colony was picked to generate a starter culture in 2 mL LB-Ampicillin media and shaken at
225 rpm for 8 hours at 30-37 °C, dependent on bacterial strain. 200 L of starter culture was added
to 150 mL of LB-Ampicillin media and shaken overnight at 30-37 °C. Bacteria were pelleted in a
Fiberlite F14-6x250 fixed angle rotor (Thermo Scientific) in a Sorvall RC5C Plus centrifuge at 6000 g

for 20 minutes at 4 °C. DNA was extracted using Qiagen Plasmid Maxi Kit according to
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manufacturer’s protocol, and each pellet was resuspended in 500 pL TE buffer (Invitrogen). DNA

concentrations were determined using a NanoDrop spectrophotometer (Thermo Scientific).

2.2.12. Lentivirus production

HEK 293T cells were plated into a T75 flask at a density of 80,000 cells/cm? in 90 % DMEM, 10 %
FBS, and grown to around 70 % confluency. Media was replaced and supplemented with 1x NEAAs
preceding transfection. Cells were transfected with 100 uL Lipofectamine 2000 (Invitrogen), with
9.375 ug lentiviral vector DNA, 3.125 pg VSVg envelope DNA and 8.75ug A8.91 packaging DNA
overnight. Lipofectamine was added to 1 mL Optimem and incubated at room temperature for 5
minutes. Separately, DNA was added to 1 mL Optimem then transferred to the Lipofectamine
solution, inverting to mix contents. This was incubated for a further 25-30 minutes before adding
to cell flasks. Transfection medium was replaced with fresh growth medium the following morning.
Media was harvested after 24-48 h, centrifuged at 400 g for 5 minutes to remove cellular debris,
and then passed through a 0.45 pm filter. Supernatant was either stored at -80 °C or further
processed by ultracentrifugation to concentrate the viral particles. For ultracentrifugation, 8 mL
supernatant was transferred into conical bottomed, heat sealable tubes (Beckman Coulter) and
centrifuged at 65320 g (30,000 rpm) in a SW41TI swinging bucket rotor at 4 °C for 3 hours using a
Beckman L8-70M Ultracentrifuge. The supernatant was removed and each viral pellet was
resuspended in 20 pL Opti-MEM, 1:100 DNase | (1 U/uL stock concentration, Sigma Aldrich), and 8
ug/ml polybrene (hexadimethrine bromide, Sigma Aldrich) overnight at 4 °C, aliquoted and stored

at -80 °C.

2.2.13. RNA extraction and RT-PCR

Cells were collected in PBS, pelleted, resuspended in RNAlater (ThermoFisher) and incubated at 4°C
overnight before long-term storage at -80 °C. For RNA extraction an equal volume of PBS was added

to the RNAlater cell suspension and spun at 16,000 g for 5 minutes. RNA was extracted using TRIzol
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Plus RNA Purification Kit (Invitrogen). In brief, the cell pellet was resuspended in 500 uL of TRIzol
and incubated for 5 minutes. 100 pL chloroform was added, mixed vigorously and incubated for 2-
3 minutes. Samples were centrifuged at 12,000 g for 15 minutes at 4 °C. An equal volume of 70 %
ethanol was added to the RNA containing colourless upper aqueous solution and vortexed. The
sample was transferred to a spin cartridge and centrifuged at 12,000 g for 15 minutes at 4 °C, the
flow-through discarded, and repeated if necessary. The cartridge was washed twice by adding 500
uL of wash buffer Il and centrifuging for 15 seconds at 12,000 g. After centrifuging at 12,000 g for 1
minute to dry the membrane, RNA was eluted by adding 35 uL of RNAse-free water, incubating for
1 minute, before centrifuging at 12,000 g for 2 minutes. RNA concentrations were determined

using a NanoDrop spectrophotometer (Thermo Scientific).

RNA was reverse transcribed using SuperScript Il First Strand Synthesis Supermix (Invitrogen),
according to manufacturer’s protocol. cDNA was amplified using Platinum Taq (Invitrogen) with the
following thermocycling conditions; 94 °C for 1 minutes, 25 x cycles of (94 °C for 30 s, 60 °C for 30
s, 72 °C 1 minute), 72 °C for 1 minute and then held at 4 °C. The PCR product was run by gel
electrophoresis on a 2 % w/v agarose in 1x TAE buffer (40 mM Tris acetate, 1 mM EDTA) containing
0.1 pg/mL ethidium bromide at 80-120 V. A 1 kb DNA ladder (Invitrogen) was run alongside DNA

fragments and visualised using a UV trans-illuminator.

2.2.14. Immunocytochemistry

Neuronal cultures on coverslips were fixed in 4 % paraformaldehyde/ 4 % sucrose (w/v) in
phosphate-buffered saline (PBS) solution and if not used immediately were stored at 4 °C in PBS
containing 0.01 % w/v sodium azide. Cells were permeabilized in PBS with 0.4 % v/v Triton-X for 2
x 7 minutes at room temperature (RT) and blocked in PBS with 10 % v/v goat serum for 1-2 h at RT.
Primary antibodies were diluted in PBS with 5 % v/v goat serum for 1 hour at RT or overnight at 4

OC. Secondary antibodies were diluted in 5 % v/v goat serum for 1 h at RT. Coverslips were washed
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3 times for 5 minutes with PBS after each antibody application. Coverslips were rinsed in dH,0

before mounting in ProLong Gold or Diamond Antifade mountant (Life Technologies).

2.2.15. Imaging and quantification of immunocytochemistry

Coverslips were imaged using an Olympus BX40 epifluorescence microscope using Olympus
UPlanFL 20X, 40X, 60X and 100X objectives. Images were acquired using an Orca-ER camera
(Hamamatsu) and HCImage software (Hamamatsu). Images were processed using Imagel software.
Quantification was performed using CellProfiler custom made pipelines to identify positively-
labelled cells based on size and intensity which were optimised separately for each image set and
marker. Co-cultured astrocytes were excluded from quantification based on nuclear size and
staining intensity. Random fields of view containing dissociated cells were identified under dapi

fluorescence before subsequent channels were imaged.

2.2.16. Western blotting

Cells were lysed on ice for 20 minutes in treatment buffer (75 mM Tris-HCl pH 6.8, 3.8 % w/v SDS,
4 M Urea, 5 % v/v B-mercaptoethanol, 20 % v/v glycerol) and protein concentration determined by

Bio-Rad DC protein assay (Bio-Rad).

An equal volume of 2x sample buffer (50 uL 1M DTT + 50 pL B-mercaptoethanol + 900 pL 2x Laemelli
buffer (0.125 M Tris pH 6.8, 4 % w/v SDS, 20 % v/v Glycerol, 0.5 % w/v Bromophenol Blue)) was
added to lysates and heated to 95 °C for 5 mins to denature. 8 ug of total lysate was run by SDS-
PAGE on a 10 % v/v polyacrylamide gel at 80 V for 10 minutes, then resolved in running buffer (25
mM TRIS base, 192 mM glycine, 0.1 % SDS) at 150 V alongside Bio-Rad Precision Plus Protein
Standards (161-0373). Bands were transferred in 4 °C transfer buffer (25 mM TRIS base, 192mM
glycine) with 20 % v/v methanol, onto a nitrocellulose membrane at 85 V for 1 hour at 4 °C then

blocked in 5 % w/v milk protein in TBS-T (150 mM NaCl, 20 mM Tris pH 7.5 with 0.1 % v/v Tween20).
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Primary antibodies, see section 2.1.10, were incubated for 1 hour at room temperature in 5 % w/v
milk protein in TBS-T. Membranes were washed 3x for 5 minutes with TBS-T. Secondary antibodies
were species-specific HRP-conjugates (Jackson Labs) used at 1:3000. The membrane was washed
3x with 1x TBS-T then incubated with enhanced chemiluminescent western blotting substrate

(Pierce) before exposure to photographic film for visualisation.

2.2.17. Sample preparation and measurement of AB-peptides

NPCs were thawed and maintained as described in section 2.2.3. For final plating cells were
accutased and plated onto poly-L-ornithine and laminin coated 12 well plates (Corning) at 100,000
cells/cm?, or 150,000 cells/cm? for neurogenin-2 differentiated NPCs (see section 2.2.8) with 10 uM
Y-27632 overnight. Media was changed 48 hs prior to harvest at 50 days post final plating, or 25

days post-final plating for neurogenin-2 neurons.

Media was collected and centrifuged at 1000 g at 4 °C in an Eppendorf 5415R centrifuge
(Eppendorf) for 5 minutes to remove cell debris. Halt combo inhibitor and EDTA 1:100
(ThermoFisher) and protease inhibitor cocktail (P8340 Sigma) 1:200 were added, and samples

stored at -80 °C.

Cells were washed and collected in 4 °C PBS and pelleted at 5000 g for 5 minutes. Pellets were lysed
for 20 minutes on ice in RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1 % NP-40, 0.5 %
NaDeoxycholate, 0.1 % SDS) containing Halt combo inhibitor and EDTA 1:100 (ThermoFisher) and
protease inhibitor cocktail (P8340 Sigma) 1:200. Lysates was transferred to a QlAshredder column
(Qiagen) and spun at 4 °C at 16000 g for 10 minutes. Supernatant was snap frozen and stored at -

80 °C.

The Pierce BCA assay (Thermo Fisher) was used to determine sample protein concentration. In

summary, 100 uL of BCA reagent was added to 8 ulL of lysate in triplicate on a 96 well plate,
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incubated for 30-60 minutes at 37 °C, and read at 562 nm. Dilutions of bovine serum albumin in

RIPA buffer were used to generate a standard curve.

Amyloid-B measurements were performed with undiluted media using the V-PLEX Plus AP Peptide
Panel 1 (6E10) Kit (Meso Scale Discovery) according to manufacturer’s instructions. AB40 blocker
was omitted. Total AP concentration was normalised to total cell lysate. Four separate wells were
plated and analysed for each neuronal differentiation. The average of the four technical replicates
was used to represent each individual for statistical comparison. For neurogenin-2 cells the total

protein per well was below the limit of detection.

2.3. Electrophysiology

2.3.1. Recording conditions

Whole-cell patch clamp recordings were made with thin-wall borosilicate glass pipettes (resistance
5-8 MQ) using a Sutter P-97 Flaming-Brown puller (Sutter Instrument Company), with cultures

constantly perfused with external solution at 30°C.

For the electrophysiology experiments performed in Chapter Ill, artificial CSF (1) bubbled with 95 %
0Oz and 5 % COz and internal (1) was used. In Chapter IV and thereafter, HEPES external solution (1)
was used with internal solution (2), with the exception of experiments investigating tLTP induction

and LTP induction using the pairing-protocol in which internal solution (3) was used.

Solution Composition (mM)

aCSF (1) 126 NaCl, 2.5 KCl, 1.2 NaH2POa, 26 NaHCO3, 3 CaClz, 1 MgCl>
and 10 glucose (made to pH 7.4 and 290 mosm)

HEPES external (1) 140 NaCl, 5 KCl, 2 CaCl, 2M gCl, 10 HEPES and 10 glucose
(made to pH 7.4 and 290 mosm)

Internal (1) 130 K or Cs-gluconate, 10 NaCl, 1 EGTA, 0.133 CaCly, 2 MgCls,
10 HEPES, 3.5 Na2ATP and 1 NasGTP (made to pH 7.3 and 290
mosm)

Internal (2) 140 K or Cs-gluconate, 6 NaCl, 1 EGTA, 10 HEPES, 4 MgATP and
0.4 NasGTP (made to pH 7.3 and 290 mosm)

Internal (3) 145 K-gluconate, 6 NaCl, 10 HEPES, 4 MgATP and 0.4 NasGTP

(made to pH 7.3 and 290 mosm)
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Drugs were dissolved in dH,O where possible, or DMSO if necessary, and were bath applied. To
prevent mixing of solutions 15 mL of perfusate was allowed to flow through before recycling when

changing to or from a drug-containing solution.

2.3.2. Acquisition and analysis

Cells were viewed using a BX51WI microscope (Olympus) through a 20X/1.00NA XLUMPLFLN-W
objective (Olympus) and iXon camera (Andor Technologies) with a 4X magnifier. Recordings were
made with a Multiclamp 700B amplifier and Clampex software (Molecular Devices). Signals were
sampled at 10 kHz and filtered at 2 kHz for voltage clamp recordings. Cells were clamped at -70 mV

unless otherwise stated. Data was analysed using Clampfit software (Molecular Devices).

2.3.3. Intrinsic membrane properties and action potential firing

Automated measurements of capacitance and membrane resistance were generated through the
Clampex membrane test function. Resting membrane potential was recorded upon entry into
current clamp in the absence current injection and was not corrected for the liquid junction
potential (calculated to be 14-18 mV). To assess voltage-gated currents, the membrane was held
for 400 ms from -90 mV to +30 mV in 10 mV steps. For induced action-potential firing, current was
injected in 5 pA steps from -20 pA to +55 pA. On occasions steps were increased to 10 pA if

depolarization was not sufficient to reach action potential threshold.

The maximum sodium current was taken as the largest negative voltage-gated current generated
in the voltage-steps protocol. The maximum potassium current was the largest positive voltage-
gated current activated in the first 100 ms and captures the current generated from both A-type

and delayed-rectifier potassium channels.

The number of consecutive action potentials was the greatest number of action potentials fired

within one 400 ms depolarizing step of the current-steps protocol, whereby each action potential
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must be at least half the amplitude of the preceding spike to be counted. The threshold was the
lowest membrane voltage at which an action potential was triggered across the current-steps. The
action potential amplitude was measured from resting membrane potential to action potential

peak.

Cells exhibited an initial access resistance of 10-50 MQ that did not increase by more than 40 %,
and membrane capacitance and membrane resistance that did not deviate by more than 40 %

throughout the recording.

2.3.4. Recording of spontaneous synaptic activity

All recordings of spontaneous synaptic activity were 2-5 minutes in duration. For EPSCs all
recordings were made in voltage-clamp at -70 mV in the presence of picrotoxin using a K-based
internal solution. Recordings of miniature excitatory post-synaptic events (mEPSCs) were
performed in the presence of TTX and picrotoxin. For inhibitory synaptic events recordings were

made in voltage clamp at 0 mV using a Cs-based internal solution.

A lowpass Bessel 8-pole filter at 1000 Hz was applied to all recordings. A template was generated
in Clampfit by averaging 50-100 events and subsequently used to detect events in all recordings.
Due to differing kinetics, templates were generated independently for AMPA-excitatory and GABA-
inhibitory events, which exhibit fast and slow decay kinetics, respectively. Events were accepted or

rejected manually and all were included in frequency and amplitude calculations.

In recordings from neurogenin-2 neurons, events were detected automatically using the Clampfit
template with a fit 3-6 and subsequent post-hoc filtering was applied using criteria (amplitude > 7
pA, half width > 1 ms, rise time 10-90 % > 0.3 ms and < 2 ms, and decay time 90-10 % > 1.5 ms)

which were designed to exclude false-positive events and were tested against manual detection.
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The EPSC amplitude was determined by the generation of an average event per cell. Cells with an

EPSC frequency <0.1 Hz were excluded from EPSC amplitude analysis.

Cells required an initial access resistance below 50 MQ that did not increase by more than 40 %,
and capacitance and membrane resistance that did not deviate by more than 40 % throughout the

recording to be included in analysis.

2.3.5. Glutamate-evoked responses

Recordings were performed with Cs-based internal solution (2) supplemented with 5 mM QX-314
in HEPES external solution (1), supplemented with 10 uM glycine and 100 uM picrotoxin. Puffs of
600 uM L-glutamic acid dissolved in external solution were delivered by a Picospritzer Il (IntraCel)
at 20 psi for 10 ms at 10-20 um from the cell soma. Puffs were delivered 8 s apart with 25 trials at
-80 mV. The response at -80 mV was averaged and the maximum negative peak amplitude within

20 ms was taken as the AMPA-mediated response.

2.3.6. Assessment of monosynaptic connectivity

To assess excitatory monosynaptic connectivity pairs of NPC-mNgn2 neurons (whose soma were
within 200 um), were simultaneously whole-cell patch clamped in the presence of 100 uM
picrotoxin. To simultaneously assess connectivity in both directions, cells were held in voltage-
clamp and were depolarized by two 10 ms voltage steps, delivered 40 ms apart, to a voltage
sufficient to evoke a voltage-gated sodium current. After 250 ms, a pair of depolarizing steps were
delivered to assess connectivity in the opposite direction. Cells were also assessed with one cell in
current-clamp whereby two steps of suprathreshold depolarizing current of 10 ms duration were
injected 40 ms apart to elicit a pair of action potentials, whilst the other cell was held in voltage-
clamp to detect a response. Trials were repeated at 0.1 Hz. Cells with a temporally-locked response

<6ms from the action potential or voltage-gated sodium peak were considered to be connected.
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For analysis of EPSCp, responses were assessed from whole-cell and perforated patch clamp
recordings performed in voltage-clamp from neurons between days 25-55. Paired-pulse stimulation
was elicited by delivering two depolarizing 10 ms current pulses at a 40 ms interval to the pre-
synaptic cell which was repeated at 0.1 Hz for 10-30 trials. A subset of paired-pulse recordings were
performed using Cs internal solution (2). In all other assays, a single suprathreshold pre-synaptic
stimulus was delivered at 0.1 Hz. The peak response amplitude, rise time 20-80 % and decay time
80-20 % were assessed from an averaged trace (excluding failures). The coefficient of variation
(COV), latency and jitter (excluding failures), and the failure rate, were obtained across 10-30 trials,
and averaged where appropriate. The latency was the time from the action potential peak to 5 %
of the response amplitude, and values that were * 1.5 x interquartile range (IQR) were considered
to be outliers and therefore excluded. Trials that generated responses <7 pA were considered to be
failures, as synaptic responses below this threshold could not be reliably detected above noise.
Post-synaptic responses that had a latency of the median +2 ms (determined for each individual
connection) were also considered to be failures, as such events were likely to have been generated
by polysynaptic connections or spontaneous activity. Trials with a response contaminated by large
network events were excluded from analysis. On very rare occasions the post-synaptic response
was suprathreshold and an action potential was triggered, these were excluded from analysis as

the EPSC properties could not be clearly distinguished.

2.3.7. Characterization of ChR2-evoked activity

Optical responses were elicited using a 405 nm laser delivered through a 1000 um fibre-optic and

a 700DCXR dichroic.

For pre-synaptic assessment, ChR2-YFP fluorescent NPC-mNgn2 neurons (day 30-40) were

targeted. The photocurrent was elicited by 500 ms light pulse delivered at 0.1 Hz. The action
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potential threshold and number of action potentials fired was assessed in response to 10 ms light

pulses delivered at 0.1 Hz. The latency and jitter were determined from 1-10 ms light pulses.

For post-synaptic assessment, mKate2-positive or non-fluorescent neurons (day 25-55) were
targeted. Non-fluorescent cells with a current response latency of <1ms were confirmed to express
low levels of ChR2 by the generation of a sustained photocurrent, and therefore were excluded. To
assay light-evoked post-synaptic responses, light pulses of 0.1-10 ms up to a maximum intensity of
50 mW/mm? were delivered at 0.1 Hz. Cells with a reliable and temporally-aligned response within
10 ms of light onset were considered to have an EPSC,. Recordings were made in the presence of

100 pM picrotoxin.

Analysis of EPSC, was performed as described for EPSCy, in section 2.3.6.

2.3.8. AMPA/NMDA-ratio analysis

Recordings were performed from neurons at day 29-40 with Cs-based internal solution (2) in HEPES
external solution (1) supplemented with 100 uM picrotoxin. Cells with an EPSCp or EPSC, were
stimulated pre-synaptically at 0.1 Hz across >20 trials at -70 mV and +60 mV with single trials at
intermediate voltages. The response at -70 mV was averaged and the maximum negative peak
amplitude within 10 ms was taken as the AMPA-mediated response. The average of a 10 ms window
across the peak 220 ms after EPSC onset was taken as the NMDA-mediated response. The average
time for the AMPA-mediated current to decay to 5% was 13.1 + 1.6 ms, and therefore at 220 ms
after EPSC onset the NMDA-receptor mediated component will contribute > 95 % of the current
response. The holding potentials were adjusted for the access resistance using the following

equation:

Actual holding potential (V) = Intended holding potential (V) - (Holding current (A) x Access

resistance (Q))
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The current-voltage relationship was determined using single sweeps from intermediate voltages
either side of the current reversal, where an extrapolated EPSP current = O pA was used as the
response reversal potential (10.5 + 1.2 mV, n = 19), calculated using the following equations where
vy = holding potential (mV), x = EPSP current (pA):

_y2=y1
T x2-x1

y=mx+C C=y—mx

The AMPA and NMDA-receptor mediated peak current amplitudes were normalised to the driving
force to determine the peak conductance using the following equations, before a ratio was

calculated:

Driving force (mV) = Actual holding potential (mV) — reversal potential (mV)

Conductance, g (nS) = EPSP current amplitude (pA) / driving force (mV)

To determine the decay time constant of NMDAR-receptor mediated current component of evoked
EPSCs, an exponential was fitted to the remaining portion of the current response from 20 ms after
EPSC onset in order to avoid contamination from the AMPA-receptor mediated current. In some
cases, EPSC recordings were of an insufficient duration or had an NMDA-receptor current decay
phase contaminated by polysynaptic activity, and such were omitted from this analysis. The double
exponential fit was described by the following equation, where t describes the decay time constant

and A describes the amplitude of the slow and fast components, where relevant:

Single exponential: : A(t) =Aexp(-t/t)

Double exponential: A(t) =Aslowexp(-t/tslow) +Afastexp(-t/tfast)
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Subsequently the weighted time constant (tw) was determined for NMDA-receptor mediated
currents fitted with a double exponential in accordance to that described by Cathala et al., 2000

[294]. The weighted time constant was calculated using the following equation:

™w = tslow[Aslow/(Aslow+ Afast)] + tfast[Afast/(Aslow+ Afast)]

2.3.9. Synaptic plasticity of monosynaptic connections

For all plasticity experiments, neurogenin-2 neurons were aged between day 25-55, and EPSCp and
EPSC, were both included for population data. All recordings were performed in voltage clamp, with
the exception of the plasticity induction period, as detailed in sections 2.3.6 and 2.3.7. Recordings
were made using internal solution (3) and HEPES external solution containing 100 uM picrotoxin.
In some cases the external Mg?* concentration was decreased to 1 mM. Test stimuli were delivered
at 0.1 Hz. A 5 minute baseline period was acquired immediately before applying the plasticity
induction protocol, the average across this period is the response amplitude ‘before’. Plasticity
induction was performed within 15 minutes in whole-cell patch mode. The response was monitored
for at least 20 minutes after plasticity induction. The average response 10-20 minutes following the
plasticity induction was the response amplitude ‘after’. Data was averaged across 1-minute bins

and normalised to the average across the 5 minute-baseline period.

For perforated patch-clamping, a 40 mg/mL Amphotericin-B (Sigma) stock solution dissolved in
DMSO and sonicated was prepared. The stock solution could be stored at -20 °C and used within 2
days. Amphotericin-B was further diluted to 80-120 ug/mL in internal solution (3), sonicated for
10s, vortex for 10s, then kept on ice and in the dark, and used within 3 hours. Perforated patch
recordings with a sudden drop in access resistance were considered to have spontaneously

ruptured and excluded from further analysis.
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For control experiments the ‘no pairing’ period involved both cells receiving no stimuli for 60 s in
voltage clamp. In some cases the post-synaptic cell was held in current clamp and stimulated to fire
60 x action potentials at 1 Hz. The pre-synaptic cell was not stimulated. 8/9 experiments were

performed using perforated patch clamp.

For spike-timing LTP experiments the post-synaptic cell was held in current-clamp and induced to
fire an action potential £ 20ms from pre-synaptic stimulus onset which was repeated for 60 trials

at 1 Hz for LTP induction. 1/10 experiments was performed using perforated patch clamp.

For LTP induction using the pairing-protocol the post-synaptic cell was held in voltage-clamp and
depolarized to 0 - +20mV whilst the pre-synaptic cell was stimulated at 2 Hz for 240-360 trials for
LTP induction. In 3/8 experiments cells were pre-treated in the incubator with 1 uM TTX for 4-72 h,
or 500 uM glycine or 500 uM glutamine was included in the external solution. All experiments were

performed using perforated patch clamp.

To be included in analysis recordings required a stable 5 minute baseline with a response amplitude
that deviated by < 15 % and a COV < 0.4. The 10-20 minute period post-induction must have an
average access resistance and membrane resistance that did not change by > 30 % of the 5 minute

baseline average.

2.3.10. Chemical LTP

A chemical LTP solution (100 uM picrotoxin, 50 uM forskolin and 0.1 uM rolipram in HEPES external
solution (1) without Mg?*) was bath applied for 16 minutes at 30 °C to neurogenin-2 neurons, aged
day 23-30. For control experiments, 0.2 % v/v DMSO was included in the external solution. After
chemical LTP induction cells were perfused with picrotoxin (100 pM) and TTX (1 uM) and whole-
cell recordings of MEPSCs were made using K- based Internal solution (2) for < 120 mins. mEPSCs

were analysed as described in section 2.3.4.
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2.4. Statistics

Statistics were performed using GraphPad Prism software (GraphPad), bars show mean + SEM,
unless otherwise stated. Each dataset was tested for normality using the D'Agostino & Pearson
omnibus normality test before applying an appropriate two-tailed statistical test, and was treated
as unpaired, unless otherwise stated. Results were corrected for multiple comparisons.

ns = not significant, * p < 0.05, ** p <0.01, *** p <0.001.
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lll: Generation and characterization of healthy control and familial AD-
patient iPSC-derived cortical neurons

3.1. Introduction

The advent of iPSC technology provides the opportunity to investigate synaptic dysfunction in
human neurons derived from patients clinically diagnosed with AD. Rodent models of AD have
demonstrated synaptic deficits associated with cognitive and memory impairments [72, 295]. The
development of human iPSC technology now enables such processes to be explored in a human
model system and can provide a platform to validate how accurately rodent models capture
synaptic dysfunction in AD and to investigate human-specific disease processes. Given the likely
importance of synaptic dysfunction in causing the predominant disease symptomes, it is essential to

understand how this manifests in human AD pathogenesis.

In order to investigate synaptic dysfunction in human neurons we must first generate functional
cortical neurons from iPSCs derived from AD patients and healthy control individuals. As discussed
in Chapter |, there are multiple publications describing human stem cell differentiation to neuronal
sub-types. Differentiation into cortical neurons capitalises on the observation that excitatory
cortical differentiation appears to be the default pathway following stem-cell patterning to neural
ectoderm [148, 150, 161]. Specifically, the protocol developed by Shi et al., (2012) [149, 150]
provides a number of advantages. Firstly, the protocol is a simple, monolayer differentiation that
generates an expandable pool of cortical progenitor cells with high efficiency. Secondly, all sub-
classes of cortical neuron are generated in a temporal sequence analogous with in vivo
development, which form active excitatory synaptic networks. Thirdly, this protocol has
successfully captured aspects of AD-pathology in neurons derived from patients with Down

syndrome [167].
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Whilst sAD accounts for the vast majority of patients, the origin of disease initiation is likely to be a
complex combination of genetic and environmental factors that are challenging to study and are
only beginning to be understood. The autosomal dominant and highly penetrant genetic mutations
underlying the rare familial forms of AD offer a reliable initiation of disease pathogenesis. With the
exception of disease-onset age, the familial and sporadic forms of AD are largely similar in terms of
their disease presentation and pathology [296-298]. Therefore, insights gained from studying fAD-

patient iPSC-derived neurons are likely to have implications for sAD.

Within this chapter | wanted to address the following questions:

Can iPSCs from healthy control individuals and patients with fAD, which harbour mutations

in PSEN1 and APP, be differentiated into cortical neurons?

e Are the iPSC-derived cortical neurons functional and do they form active synaptic
networks?

e Do the iPSC-derived cortical neurons derived from fAD patients’ exhibit alterations in

secreted AB-peptide composition?

3.2. Results

3.2.1. Human iPSCs from healthy controls can be directed towards a neural lineage to generate
cortical neural progenitor cells and excitatory neurons

Human iPSCs from healthy control individuals were differentiated to cortical neurons using the
protocol published by Shi et al., (2012) (Figure 3.1a) [149, 150]. Firstly, a monolayer of feeder-free
iPSCs were induced to neural ectoderm by exposure to dual-SMAD inhibitors over a period of 12
days. By day 12 a dense neuroepithelial sheet was formed, which was lifted in large aggregates and
replated with FGF2 to promote progenitor proliferation. Semi-quantitative RT-PCR was used to
demonstrate that the formation of the neuroepithelial sheet was associated with the loss of mRNA

expression for the pluripotency factor OCT4, and the upregulation of the cortical progenitor
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transcription factors PAX6, FOXG1 and OTX1 (Figure 3.1b). From around day 16, neural rosette
structures spontaneously formed. These rosettes were primarily comprised of Pax6-positive
primary neural progenitor cells (NPCs) which self-organized into a polarized structure with a central
lumen (Figure 3.1a). Tbr2-positve intermediate progenitor cells were also observed,
predominantly on the periphery of rosettes (Figure 3.1a). The NPCs were dissociated and
expanded several times, from day 20 onwards, during which newly-born neurons gradually
appeared on the perimeter of rosettes. At approximately day 30, NPCs underwent a final plating

and over time formed a dense MAP2-positive neuronal network (Figure 3.1a). Western blotting

a Neural induction (NIM) Neuronal differentiation (NMM) Neuronal maturation (NMM-A)
DO D12 D16-20 D30-35 D50+

T

e

iPSCs Neuroepithelial Neural rosettes Neurons

sheet
b iPSC D12 C iPSC D12 D25 D60 D100 D160 D200

ocCT4 Oct4

PAX6 - Neifiog

FOXG1 - Tuj
T—— —— — . —— B-actin

OoTX1

GAPDH S GFAP

Figure 3.1. Differentiation of human iPSCs into cortical neurons results in loss of pluripotency
markers and expression of neural markers. (a) Feeder free human iPSCs at day 0 (DO) were induced
to a neuroepithelial sheet using the dual-SMAD inhibitors SB431542 and dorsomorphin for 12 days.
After 16-20 days of neural induction, cells start to form polarized rosette structures and
neurogenesis begins. NPCs underwent several rounds of expansion before a final plating between
days 35-40. Neurons underwent a period of maturation out to 50 days or more to produce extensive
neuronal networks. Scale bars 50 um. (b) Semi-quantitative RT-PCR for the pluripotency marker
OCT4 expressed in iPSCs, and the markers of cortical neural progenitor cells PAX6, FOXG1, OTX1,
and the control GAPDH. (c) Western blotting of protein lysates from control iPSCs and neuronal
cultures of increasing differentiation age. iPSCs express the markers of pluripotency, Oct4 and
Nanog, which are lost during neural induction. Tuj, the neuronal marker, increases with time of
differentiation. At later time points the glial marker, GFAP, is present, indicative of the onset of
gliogenesis. B-actin is the loading control.
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was used to examine the developmental expression of the neuronal marker Blll-tubulin (Tuj) which
was detected at day 25, corresponding with the onset of neurogenesis, and increased with time
reflecting the continuous generation of neurons. At later stages, in accordance with a switch from

neurogenesis to gliogenesis, expression of the glial marker GFAP was detected (Figure 3.1c).

In human development the extensive progenitor proliferation and prolonged period of
neurogenesis are responsible for generating a large and diverse cerebral cortex. The neurons
constituting the cortical layers are generated in an inside-out manner, a characteristic which is
reproduced by this cortical differentiation protocol [150]. To assess the reliability of cortical
induction, and to characterize the cell types generated, three healthy control cell lines were
differentiated and analysed by immunocytochemistry at three time points. Following neural
induction, all lines generated Pax6-positive cortical rosettes that were present at day 20-25 (Figure
3.2a-c). After the onset of neurogenesis, at day 45-60, subsets of cells expressing deep layer cortical
markers, Tbrl and Ctip2, could be observed (Figure 3.2d-f). The proportion of cells expressing
either Tbrl or Ctip2 was quantified and showed that, on average, at least 30% of the cellular
population labelled positively for a deep-layer marker (Figure 3.2j). In some cases, Tbrl and Ctip2
were found to be co-expressed, which may represent a stage of cortical projection neuron
specification [299]. In older neuronal cultures (day 70-80), small clusters of cells positive for the
upper layer cortical marker, Satb2, were detected (Figure 3.2g-i). At this stage the cultures had
become very dense which, combined with the propensity for the cells to clump together, prohibited
quantification of Satb2-positive cells. The sequential expression of deep to upper layer-specific

markers is consistent with the progression of cortical differentiation in vivo [300].

During the rosette stage, small clusters of cells were occasionally observed that were not Pax6-
positive, but instead expressed Nkx2.1, a marker predominantly associated with progenitors
residing in the medial ganglionic eminences (MGE) (Figure 3.2k). The MGE is responsible for

generating the majority of cortical interneurons, which migrate tangentially into the cortex [301,
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Figure 3.2. iPSC-derived neurons from healthy control individuals express predominantly
excitatory cortical progenitor and layer specific markers. iPSC lines from three healthy control
individuals were differentiated into cortical neurons. (a-c) At day 20-25, all lines generated cortical
rosettes comprised of Pax6-positive progenitors that generated Tuj-positive neurons. (d-f) At day
45-60, subsets of human neurons labelled positively for the cortical layer 6 marker, Tbhr1, and layer
5 marker, Ctip2. (g-i) At day 70-80, cells expressing the layer 2-4 marker, Satb2, could be observed.
Scale bars 50 um. (j) Quantification of Tbrl and Ctip2 in day 45-60 cultures (n = 16 FOV, from 4
differentiations across 3 cell lines). (k) Example image of a region within a cortical culture containing
Nkx2.1-positive cells. Scale bar 50 um. (I) Quantification of Pax6-positive and Nkx2.1-positive cells
at day 25 (n = 11 FOV from 1 differentiation). (m) Example image of a GAD-positive interneuron
observed in an iPSC-derived cortical culture. Scale bar 20 um. (n) Quantification of GAD-positive
cells at day 50 (n = 12 FOV from 1 differentiation).
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302]. Consistent with this, a very small proportion of cells (4.1 + 1.0 %, n = 12 FOV; Figure 3.2I)
were positive for the GABAergic interneuron marker, GAD, at day 50. Nevertheless, the vast
majority of the progenitor cells at day 20-25 were Pax6-positive, which is consistent with the
expression of excitatory cortical neuronal markers following the onset of neurogenesis. These
results are in line with those described in the original publication by Shi et al., (2012) and
demonstrate that this protocol reproducibly generates predominantly excitatory cortical-like

neurons.

3.2.2. iPSC-derived cortical neurons are functional and mature over time

A newly-born neuron undergoes a period of maturation, which includes the development of an
excitable membrane and integration of the neuron into a synaptic network. To determine the
extent of functional maturation, cortical cultures derived from one differentiation of a healthy
control cell line were assessed using whole-cell patch clamp electrophysiology. Cells with multiple
processes, consistent with a neuronal morphology, were targeted and their intrinsic membrane
properties assayed at two time points: day 50 and day 80 (n = 12 and 10 cells, respectively; Figure

3.3a, b). Neurons were subjected to a step-wise voltage clamp protocol (-90 mV to +30 mV, A10

Figure 3.3. (cont. from previous page) iPSC-derived cortical neurons differentiated from a control
cell line that were assessed using whole-cell patch clamp electrophysiology at 50 + 5 and 80 + 5 days
in culture. (b) Brightfield image of a patched iPSC-derived neuron at day 80. (c) Diagram showing
the measurement of the voltage-gated sodium and potassium currents in voltage-clamp mode in
response to a depolarizing voltage step. (d) Diagram showing the measurement of action potential
firing properties in current clamp in response to a depolarizing current step. (e) Representative
examples of voltage-gated currents (scale bar 200 pA, 100 ms) in response to a voltage-step
protocol (-90 mV to +30 mV, A10 mV), and induced action potential firing (scale bar 20 mV, 100 ms)
in response to a current-step protocol (-20 pA to +55 pA, A5 pA) recorded from day 50 and day 80
neurons. The intrinsic membrane properties from the young and old neurons and showed a trend
towards increased maturity with time in culture, which in some cases reached significance: (f)
resting membrane potential (p = 0.7169, M-W test), (g) membrane capacitance (p = 0.0407, M-W
test), (h) membrane resistance (p = 0.5822, unpaired t-test), (i) maximum sodium current (p =
0.0270, unpaired t-test), (j) maximum potassium current (p = 0.3767, unpaired t-test), (k) number
of consecutive action potentials (p = 0.0573, M-W test), (I) action potential threshold (p = 0.6522,
unpaired t-test), and (m) action potential amplitude (p = 0.0185, M-W test). (n) The average current-
voltage relationship (IV-plot) for voltage-gated sodium and potassium currents in day 50 (b/ue) and
day 80 (black) neurons. n = 12 and 10 cells, from 1 differentiation, for day 50 and day 80,
respectively. * p < 0.05.
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Figure 3.3. iPSC-derived cortical neurons are functional and their intrinsic membrane properties
mature with time in culture. (a) Schematic of the experiment showing (cont. on following page)
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mV), to determine the peak amplitudes of the inward voltage-gated sodium current and outward
voltage-gated potassium current, and a step-wise current clamp protocol (-20 pA to +55 pA, A5 pA)
to measure action potential firing properties (Figure 3.3c, d). At both time points assayed, neurons
were able to demonstrate voltage-gated sodium and potassium currents and could generate an
action potential (Figure 3.3e). Day 50 and day 80 neurons had a resting membrane potential, which
did not differ significantly (-44.6 + 3.8 mV for day 50, and -43.8 + 2.0 mV for day 80, p = 0.7169,
M-W test; Figure 3.3f). Correction of these values for the liquid junction potential (see section
2.3.3) indicates that human iPSC-derived neurons have an average resting membrane potential of
approximately -60 mV. Neurons from the older cultures had a significantly larger membrane
capacitance (19.2 + 1.8 pF for day 50, and 24.6 + 2.1 pF for day 80, p = 0.0407, M-W test; Figure
3.3g) indicative of more extensive processes. No difference was observed in the membrane
resistance between the two time points (1517 + 184 MQ for day 50, and 1673 + 210 MQ for day
80, p = 0.5822, unpaired t-test; Figure 3.3h). Day 80 neurons had significantly larger voltage-gated
sodium currents (733 + 95 pA for day 50, and 1112 + 131 pA for day 80, respectively, p = 0.0270,
unpaired t-test; Figure 3.3i) reflecting the incorporation of a larger number of voltage-gated
sodium channels into the membrane, whilst no difference was observed in the voltage-gated
potassium current amplitude (616 + 68 pA for day 50, and 539 + 48 pA for day 80, p = 0.3767,
unpaired t-test; Figure 3.3j). Day 80 neurons showed a trend to fire an increased number of
consecutive induced action potentials, although this did not reach significance (1.3 + 0.2 for day
50, and 2.4 + 0.4 for day 80, p = 0.0573, M-W test; Figure 3.3k). The action potential threshold was
comparable between day 50 and day 80 neurons (-23.1 + 1.7 mV for day 50, and -22.0 + 1.6 mV for
day 80, p = 0.6522, unpaired t-test; Figure 3.3l), equivalent to approximately -39 mV when
corrected for the liquid junction potential. The voltage-gated sodium current generates the
depolarizing phase of an action potential and consistent with this, day 80 neurons fired action
potentials of a larger amplitude than those generated by day 50 neurons (79.2 + 1.7 mV for day 50,

and 87.8 + 2.8 mV for day 80, p = 0.0185, M-W test; Figure 3.3m). The current-voltage relationship
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(IV-plot) (Figure 3.3n) demonstrates the activation of voltage-gated sodium channels at a voltage
equivalent to the AP threshold determined in current clamp. The results are summarised in Table
3.1 alongside the values reported for mature adult cortical neurons [303, 304]. Collectively, day
80 neurons exhibited more mature intrinsic neuronal properties than day 50 neurons, consistent
with a progressive neuronal maturation over time. However, comparison of the intrinsic properties
to those reported for mature adult human neurons indicates that human iPSC-derived neurons
cultured for 80 days represent a relatively immature state. In addition, the distribution of each

dataset demonstrates substantial variability of the intrinsic properties between cells within a

culture.
hiPSC-derived cortical neurons Mature adult neurons
Human Rat
Property Day 50 Day 80 (18-61 (P21 -36)
years)
mean £ n mean t n Direction
SEM (cells) SEM (cells) pvalue of change Mean + SEM
Resting -44.6 11 -43.8 £ 10 0.7169 & -73.2 % -76.5+0.9
membrane 3.8 2.0 0.8
potential (mV)
Membrane 19.2+ 11 24.6 £ 10 0.0407* ™ N/A N/A
capacitance 1.8 2.1
(pF)
Membrane 1517 + 11 1673 10 0.5822 &~ 706 707
resistance (MQ) 184 210
Max. Sodium 733 11 1112 + 10 0.0270* ™ N/A N/A
current (pA) 95 131
Max. Potassium | 616+ 11 539+ 10 0.3767 & N/A N/A
current (pA) 68 48
# of 1.3+ 11 24+ 10 0.0573 A Repetitive Repetitive
consecutive APs 0.2 0.4 firing firing
AP Threshold -23.1+ 11 -22.0+ 10 0.6522 & -40.6 £ 0.6 | -54.8 +0.5
(mV) 1.7 1.6
AP Amplitude 79.2 + 11 87.8+ 10 0.0185* ™ 139.8+1.2 N/A
(mV) 1.7 2.8

Table 3.1. Summary table of the intrinsic membrane properties of day 50 and day 80 neurons
alongside the values reported by: Testa-Silva et al., 2014 [285] for mature adult human cortical layer
2/3 neurons in non-pathological samples derived from individuals aged 18—61 years (membrane
potentials were not corrected for the liquid junction potential in this study), and Zhang 2004 [286]
for wild-type rat layer V pyramidal neurons at postnatal day (P) 21-36 (membrane potentials were
corrected for the liquid junction potential in this study). * p < 0.05
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Having characterized the membrane properties of iPSC-derived cortical neurons and demonstrated
the development of intrinsic excitability, | sought to determine whether these cells formed active
synaptic networks. Firstly, the formation of physical synapses was assessed by
immunocytochemistry. Neurons generated dense cultures of MAP2-posititve processes (Figure
3.4a), which were infrequently associated with punctate expression of the pan-synaptic marker
synaptophysin, and the markers of glutamatergic and GABAergic synapses PSD95 and GAD-65,
respectively. Short regions of MAP2-positive dendritic processes were co-localised with
synaptophysin puncta, consistent with the formation of pre-synaptic compartments (Figure 3.4b).
On occasion, GAD-65-positive puncta were associated with sections of MAP2-positive dendrite
(Figure 3.4c), suggesting the formation of inhibitory pre-synaptic compartments, which is
consistent with the small proportion of interneurons observed in the neuronal cultures (see Figure
2). In general, the formation of spines was not observed, although on occasions, filopodic structures
(considered to be immature precursors of spines [305]) could be observed. Furthermore,
immunolabelling with markers of excitatory post-synaptic compartments, such as PSD95, revealed

limited numbers of puncta (Figure 3.4d).

These data suggest that these cortical cultures exhibit immature synapse formation, although
limitations in antibody specificity and sensitivity may preclude the accurate detection of excitatory
synaptic markers. Therefore, to functionally assess the presence of excitatory synapses in these
cultures, experiments were performed using whole-cell patch clamp electrophysiology. The
majority of excitatory basal synaptic transmission in the cortex is mediated by AMPA-receptors.
First, to determine whether iPSC-derived cortical neurons expressed functional AMPA receptors,
cells were exposed to a short duration puff of glutamate directed towards the cell soma. This
induced a rapid inward current with a fast rise phase, characteristic of an AMPA receptor mediated
response. The slow decay phase was likely a result of the passive diffusion of the high concentration

of glutamate. The application of the AMPA receptor antagonist CNQX entirely abolished the
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Figure 3.4. iPSC-derived neurons form functional glutamatergic synapses. (a) Example image of
extensive MAP2-positve processes in iPSC-derived cortical cultures. Scale bar 50 pum. (b) Example
image of synaptophysin-positive pre-synaptic puncta associated with a MAP2-positive dendrite.
Scale bar 5 um. (c) Example image of GAD65-positive pre-synaptic inhibitory puncta associated with
a MAP2-positive dendrite. Scale bar 5 um. (d) Example image of PSD95-positive puncta associated
with a MAP2-positive dendrite. Scale bar 5 um. (e) Day 90-110 iPSC-derived cortical neurons
generated a rapidly activating excitatory current in response to a 10 ms duration puff of 600 uM
glutamate onto the cell soma, whilst holding the neuron at Vi, = -70 mV. The response was
completely abolished by CNQX. The arrowhead ( ¥ ) denotes the onset of the glutamate puff. Scale
bar 20 pA, 500 ms. (f) The proportion of cells responding to a glutamate puff, and (g) the amplitude
of the response to a glutamate puff (n = 14 cells from 2 differentiations of 1 cell line). (h) Example
recordings of spontaneous EPSCs recorded at Vi = -70 mV from day 75-105 neurons, representing
the lower quartile (Qi), median (Qz), and upper quartile (Qs) levels of activity. (i) The proportion of
cells with EPSCs (n = 32 cells). (j) The frequency of EPSCs (n = 32 cells). (k) The amplitude of EPSCs
(n =23 cells) (From 4 differentiations of 1 cell line).
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response, confirming that the response was mediated by AMPA receptors (Figure 3.4e). All
neurons exposed to a glutamate puff demonstrated an inward current (100 %, 14/14 cells; Figure
3.4f), which had an average peak amplitude of 59.79 + 7.39 pA (n = 14 cells; Figure 3.4g). Having
established that neurons expressed some synaptic proteins and functional AMPA receptors, |
explored whether they could exhibit spontaneous excitatory synaptic transmission. Neurons that
were voltage-clamped at -70 mV displayed fast excitatory post-synaptic currents (EPSCs) (Figure
3.4h). EPSCs could be observed in the majority of cells (72 %, 23/32 cells; Figure 3.4i) and had an
amplitude of 20.71 + 2.93 pA (n = 23 cells; Figure 3.4k). However the frequency of these events
was low (0.2 + 0.07 Hz, n = 32 cells; Figure 3.4j). Taken together, these data indicated that the
human iPSC-derived cortical neurons expressed functional AMPA receptors and could exhibit

spontaneous glutamatergic synaptic activity, albeit at low frequency.

3.2.3. iPSCs from fAD-patients can be differentiated into cortical neurons and have comparable
intrinsic membrane properties to healthy controls

Having established that healthy control iPSCs could be differentiated into functional excitatory
cortical neurons, | sought to investigate whether iPSCs derived from fAD patients also had the
capacity to undergo cortical differentiation. To that end, human iPSCs from four patients with fAD,
arising from mutations in APP or PSEN1, were subjected to neural induction to determine their
capacity to generate excitatory cortical cultures. All cell lines generated cultures with Pax6-positive
neural rosettes at day 20-25 (Figure 3.5a-c), and, following the onset of neurogenesis, gave rise to
neurons positive for deep and upper layer cortical markers in the same manner as healthy controls

(Figure 3.5e-m).

To determine whether a fAD genetic background has an impact on functional neuronal maturation,
the intrinsic membrane properties of iPSC-derived cortical neurons from fAD patients and a healthy
control were compared (Figure 3.6a). At day 80, fAD patient iPSC-derived cortical neurons could

fire induced action potentials (Figure 3.6b) and were comparable to healthy control neurons in
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their resting membrane potential (p = 0.6857), membrane capacitance (p = 0.3429), membrane
resistance (p = 0.4857), maximum sodium current (p = 0.3429), maximum potassium current (p =
0.8857), number of consecutive action potentials (p = 0.2000), action potential threshold (p >
0.9999), and action potential amplitude (p = 0.3429) (n = 4 differentiations across 4 cell lines and 4
differentiations from 1 cell line for fAD and control, respectively; Figure 3.6c-j). Overall, fAD

neurons possessed equivalent intrinsic membrane properties to healthy control neurons at day 80.
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Figure 3.5. iPSC-derived neurons from patients with familial Alzheimer’s disease express
excitatory cortical progenitor and layer specific markers. iPSC lines from four patients with fAD
were differentiated to cortical neurons. (a-d) At day 20-25 all lines generated cortical rosettes
comprised of Pax6-positive progenitors that gave rise to Tuj-positive neurons. (e-h) At day 45-60
subsets of human neurons labelled positively for the cortical layer 6 marker, Tbrl, and layer 5
marker, Ctip2. (i-l) At day 70-80, cells expressing the layer 2-4 marker, Satb2, could be observed.
Scale bars 50 um. (m) Quantification of Tbrl and Ctip2 in day 45-60 cultures (n = 16 FOV from 4
differentiations across 4 cell lines).
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Figure 3.6. AD-patient iPSC-derived neurons are functional and have comparable intrinsic
membrane properties to healthy control neurons. (a) Schematic of the experiment showing
neurons derived from a healthy control and four fAD-patient iPSC- lines with mutations in APP or
PSEN1. Neurons were cultured under comparable conditions until they were assessed at 80 + 5
days. (b) Example traces of induced action potential firing from control and AD-patient iPSC-derived
neurons. Scale bar 20 mV, 100 ms. Comparison of AD-patient neurons to those derived from a
healthy control individual showed no differences across the intrinsic (cont. on previous page)
membrane properties measured: (c) resting membrane potential (p = 0.6857), (d) membrane
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3.2.4. iPSC-derived cortical neurons from fAD patients have altered AB-peptide secretion

The fAD-associated genetic mutations are believed to alter the processing of APP, and therefore
affect the production of AR peptides [30]. Changes in the total AP peptide production or the ratios
of AB-species have previously been reported in iPSC-models of AD [160, 164, 166]. To ascertain
whether the fAD patient iPSC-derived cortical cultures generated here also exhibited alterations in
secreted AP peptide species, media samples from day 80 cortical cultures were collected 48 hours
after a full media change. The AB42:40 ratio exhibited a robust and significant increase (p = 0.0061,
M-W test) in fAD cultures (n = 4 differentiations across 4 cell lines), relative to healthy controls (n =
7 differentiations across 3 cell lines) (Figure 3.7a). Meanwhile, no difference was detected in the
total level of AB42 (p = 0.2303, M-W test) or AB40 (p = 0.4121, M-W test) produced by the cultures
(Figure 3.7b, c). This demonstrates that the cortical cultures can exhibit AD associated alterations

in AB peptides.
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Figure 3.7. fAD patient iPSC-derived cortical cultures exhibit alterations in secreted amyloid-p
peptides. Media samples from day 80 neurons were collected 48h following a full medium change
and the secreted AP species were quantified using an MSD immunoassay and normalised to the
total protein lysate. (a) fAD patient iPSC-derived cortical cultures had a significantly higher AB42:40
ratio than healthy controls (p = 0.0061). (b) There was no significant difference in the AB42
concentration (p = 0.2303), or (c) the AB40 concentration (p = 0.4121). n =7 differentiations across
3 cell lines for control, and n = 4 differentiations across 4 cell lines for fAD, which were compared
using a M-W test. ** p <0.01

Figure 3.6. (cont. from following page) capacitance (p = 3429), (e) membrane resistance (p =
0.4857), (f) maximum sodium current (p = 0.3429), (g) maximum potassium current (p = 0.8857),
(h) number of consecutive action potentials (p = 0.2000), (i) action potential threshold (p > 0.9999),
and (j) action potential amplitude (p = 0.3429). n = 4 differentiations (5-13 cells per differentiation)
from a control cell line and across 4 fAD cell lines. All properties were compared using a M-W test.
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3.3. Discussion

Utilising a published protocol | have confirmed that | can generate excitatory cortical neurons from
healthy control individuals and fAD patients. The resulting neuronal population acquired functional
properties, which developed with increasing time in culture. The iPSC-derived cortical neurons
acquired key aspects of neuronal function, including the ability to fire action potentials and mediate
excitatory synaptic transmission. However, taken together, the intrinsic and synaptic properties
reflect a relatively immature neuronal state. Neurons generated from fAD-patients displayed
comparable cortical differentiation potential and possessed indistinguishable intrinsic membrane
properties to healthy control neurons. Neuronal cultures generated from fAD-patient iPSCs also
exhibited a robust elevation in the AB42:40 ratio of secreted AP peptide species. This demonstrates
that the fAD patient iPSC-derived cortical neurons generated in this model have the ability to exhibit

an AD-associated biochemical phenotype congruous with the hallmarks of AD pathology.

3.3.1. Differentiation of human iPSCs into cortical neurons

Neuronal differentiation of human iPSCs using the protocol developed by Shi et al., (2012) reliably
generated neuronal cultures with a predominantly cortical identity from multiple cell lines. The vast
majority of progenitors generated in these cultures expressed markers reminiscent of the cortical
SVZ. However, the observation that a minority of progenitors expressed Nkx2.1, a marker of
subcortical ventral progenitors, suggests a small degree of inefficient cortical patterning. This
progenitor patterning is in accordance with the later observations that a large subset of cells
expressed deep-layer excitatory markers with only a minority of GAD-positive interneurons. These
GAD-positive cells are likely to have arisen from the ventralised progenitor population. Whilst, this
was not reported by Shi et al., (2012), more extensive progenitor ventralisation has been described

in similar cortical differentiation protocols [150, 178, 306].

-100-



CHAPTER | llI

3.3.2. Functional characteristics of human iPSC-derived cortical neurons

Newly-born neurons progressively develop functional properties over time [304, 307]. The
generation of an excitable membrane requires the incorporation of ion transporters and channels,
and consequently the generation of a hyperpolarized membrane potential. The changes to intrinsic
membrane properties, observed from day 50 to day 80 neurons, suggests a continuous functional
maturation of the cells. Considerable variability was detected amongst the membrane properties
of the neurons at both ages, reflected by the large range of values observed within each parameter
measured. For example, the maximum membrane resistance observed was five-fold greater than
the minimum. This is likely to reflect heterogeneity in cell age that results from ongoing
neurogenesis in the cultures. Whilst the neurons developed some functional properties, they were
far from reminiscent of a mature adult neuron. For example, the membrane resistance differed by
approximately 20-fold from that observed in mature rodent cortical neurons (see Table 3.1). In
addition, the majority of human iPSC-derived cortical neurons could not fire more than two
successive action potentials and maintained a depolarized RMP relative to mature cortical neurons
(see Table 3.1), even after 80 days in culture. Over time the RMP is expected to become more
hyperpolarized as a result of increasing expression of leak K* channels, which increase K*
conductance at rest and thereby shift the RMP closer to the K* equilibrium potential [304, 308, 309].
Similarly the action potential threshold was relatively depolarized in comparison to mature cortical
neurons, and is expected to become progressively more hyperpolarized during development, in
parallel to the RMP, as a result of changes in sodium and potassium ion channel densities [304,
308]. The study of other model systems have demonstrated that whilst the RMP and action
potential threshold hyperpolarize during development, the difference between these values
remain relatively constant at approximately 20 mV [304, 308, 310, 311]. A similar magnitude
difference was evident in the human iPSC-derived cortical neurons generated here. Whilst the
neurons exhibited the capacity to respond to glutamate, excitatory synaptogenesis was clearly

limited, as reflected by the very low levels of synaptic activity. In contrast, primary cortical cultures
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derived from embryonic mice and plated at a comparable density have been shown to exhibit
spontaneous frequencies four-fold greater at only 7 DIV, which subsequently increases to
approximately 1.5 Hz by 14 DIV and is maintained in older cultures [312]. The amplitude of
spontaneous EPSCs in the human iPSC-derived cultures was relatively small (= 20 pA) , consistent
with that observed in primary cortical cultures at 7 DIV where 90 % of spontaneous EPSCs are < 40
pA, with the majority < 20 pA [312]. Following extensive synapse formation during development
the amplitude of spontaneous EPSCs greatly increases by 14 DIV, with 85 % of events larger than
100 pA [312]. Similar findings have also been reported in acute slices of rodent cortical tissue during
postnatal development [304]. Whilst EPSPs were not assessed, based upon the EPSCs observed
excitatory synaptic inputs would be expected to exert a strong depolarization, largely due to the
high membrane resistance, as determined by Ohm’s Law. For example, this equates to an amplitude
of 34.63 mV (V = IR; 20.71 pA x 1672 MQ) in an “average” day 80 neuron, indicating that synaptic
events are therefore likely to be suprathreshold. Indeed, newly born granule cells in the rodent
hippocampus exhibit larger EPSPs relative to the EPSC than mature cells, and small somatic current
injections as low as 10 pA can be sufficient to elicit an action potential [313-315]. However, further
work would be required to determine the properties of EPSPs in the human iPSC-derived cortical
neurons generated here. Overall, the human iPSC-derived cortical neurons possessed the key
hallmarks of a functional neuron, but their functional characteristics were reflective of an immature
state when compared to mature adult neurons. Consistent with this idea, single-cell analysis of
cortical cultures at a similar age generated using the Shi et al., (2012) protocol, has shown that the

iPSC-derived cortical neurons are most like human foetal, not adult, neurons [316].

Many studies, including the initial Shi et al., (2012) protocol, present largely descriptive functional
characteristics that demonstrate the ability of iPSC-derived cortical neurons to acquire intrinsic
electrical excitability and form excitatory synapses [118, 150, 163]. Meanwhile, studies that provide

a more detailed and quantitative functional characterization of iPSC-derived neurons report
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predominantly immature intrinsic and synaptic properties [159-161], which are consistent with the
immature neuronal phenotype described in this chapter. Mouse stem cells have been successfully
differentiated to mature functional cortical neurons in less than a month [317, 318]. However,
corticogenesis in the human embryo occurs over nearly 100 days, compared to just 7 days in the
mouse [319]. This developmental timing may well be reflected by the maturational differences
observed in human compared to mouse stem-cell derived neurons. Whilst further culture time may
enhance functional neuronal maturity, the current culture period of ~ 100 days already presents a
substantial limitation on experimental throughput and is associated with long-term culture issues.
For example, the increasing cell density and propensity for the cells to clump together, greatly
impacts the suitability of the neuronal cultures for imaging studies and electrophysiological
assessment. Moreover, studies investigating tau isoform expression in human iPSC-derived
neuronal cultures have revealed primarily foetal tau isoform expression [320, 321]. In humans only
ON3R tau is expressed in the developing foetus, whilst in the adult all six tau isoforms are expressed,
with 3R and 4R containing isoforms present at a 1:1 ratio [54]. Detection of 4R tau has been limited
in control iPSC-derived neuronal cultures, and even after extensive culture periods (365 days)
Sposito et al., (2015) reported that 3R and 4R were not expressed at equal proportions and foetal
ON3R tau remained the predominant isoform [320, 321]. Together, these data suggest that
additional factors may be required to promote neuronal maturation or, alternatively, the
development of methods that could selectively target more mature neuronal subpopulations that

may exist within these heterogeneous cell cultures.

3.3.3. Properties of cortical neurons derived from fAD-patient iPSCs

Cortical cultures generated from four fAD patient iPSC lines were qualitatively comparable to
healthy controls. Electrophysiological assessment revealed no differences in the intrinsic
membrane properties and also indicated that fAD patient iPSC-derived cortical neurons reached a

comparable level of functional maturation. This is perhaps unsurprising given that the major
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functional phenotype associated with AD is alterations in excitatory synaptic transmission [51, 72,
79]. There have been a minority of studies reporting alterations in intrinsic neuronal excitability in
rodent models of AD, which have included evidence of an increase in initial firing rate, a decrease
in action potential width, an increase in the amplitude of the afterdepolarization potential,
depolarization of the resting membrane potential and a decreased voltage-gated sodium current
density [322-324]. However, these observations are not consistent across studies and the majority
of intrinsic neuronal properties, including membrane resistance and membrane capacitance, are
unaffected [322-326]. Therefore the results generated here are in line with the majority of findings
in AD research models. However, it is possible that the detection of an intrinsic functional
phenotype was not possible due to the immature state of the neuronal cultures, or that the

protocols used were unable to detect more subtle differences.

Interestingly, the relative functional neuronal immaturity did not preclude the expression of a
biochemical AD-associated phenotype. This manifested as a robust increase in the AB42:40 ratio of
secreted peptides from fAD patient iPSC-derived cortical cultures. However, it was not possible to
conclude which AB peptide species was responsible for driving this change, as there was no
significant difference detected in the total levels of AB42 or AB40 produced by the cortical cultures.
This contrasts with the elevation in total AB, AB42 and AB40 observed in human brain tissue
samples derived from Alzheimer’s disease patients relative to non-demented controls [327-329].
However the relative proportions of AB40 to AB42 in iPSC-derived cortical cultures was consistent
with human brain tissue, whereby the shorter form is approximately 10 times more abundant [330].
Similarly, the altered composition of secreted AB peptides observed here is consistent with the
findings from other cell and animal models, which report that the majority of fAD mutations cause
an elevation of the AB42:40 ratio [30, 33]. Interestingly, the AB42:40 ratio determined using cellular
models has been shown to correlate with the age of disease onset in fAD [33, 331]. Further work

could determine whether this relationship is also evident in human fAD patient-iPSC derived cortical
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cultures. Studies have demonstrated that even small changes in the AB42:40 can affect the
conformation and aggregation of AB and result in detrimental synaptic effects [332]. Whether the
soluble AB-species secreted by these cortical neuronal cultures exist in monomeric or oligomeric
structures is currently unknown [333], and the presence of insoluble aggregated forms of AB were
not examined. Numerous studies modelling fAD with iPSC-derived neurons have also demonstrated
alterations in secreted AP peptides [160, 164, 166]. However, there have been limited reports of
insoluble deposits [167] and indications that 3D neuronal cultures may be more suited to the
demonstration of such phenotypes [181], perhaps because they can limit passive diffusion and
wash-out of secreted proteins. Nonetheless, Hu et al., (2018) have shown that the composition of
the AB-peptides secreted by fAD patient iPSC-derived cortical cultures, generated using the Shi et

al., (2012) protocol, were able to impair rodent synaptic plasticity in vivo [333].

In summary, the neuronal cultures generated here may provide a sufficient platform for the
interrogation of certain biochemical phenotypes in fAD patient iPSC-derived cortical neurons, but
are limited in their potential to examine complex functional phenotypes. Investigation of synaptic
phenotypes in human iPSC-derived cortical cultures requires enhancement of the functional

neuronal properties. This will be explored in the following chapter.
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IV: Examining methods to accelerate the maturation of glutamatergic
synaptic transmission in iPSC-derived cortical neuronal cultures

4.1. Introduction

The generation of human iPSC-derived cortical neurons with immature functional properties, as
described in Chapter Ill, is consistent with those described by others within the field. Many
publications using iPSC-derived neurons present only minimal qualitative demonstrations of
functional properties [118, 150, 163]. Meanwhile, those that quantitatively describe intrinsic and
synaptic properties have reported similarly immature neuronal characteristics, such as low
membrane capacitance, high membrane resistance and limited synaptic activity [159-162]. As a
result, the investigation of complex functional phenotypes in human iPSC-derived neurons requires
the development of methods that can promote neuronal maturation and the generation of active

synaptic networks.

In animal studies, the major phase of synaptogenesis and synapse maturation begins late in
embryonic development and has been shown to correlate with the onset of gliogenesis in multiple
regions of the brain [334, 335]. The association between glia and synapse generation has been
strengthened by numerous rodent studies, which have shown that glia can influence the formation
and maturation of synapses in vitro and in vivo [336-339]. The formation of synapses with a normal
ultrastructure can occur in the absence of glia, but the addition of glia induces a many-fold increase
in the number of synapses and the levels of synaptic activity [336]. The glial-mediated effects upon
synaptogenesis are exerted by both contact-dependent and independent mechanisms. The culture
of rodent neurons in medium conditioned by astrocytes leads to an enhancement of synapse
formation, however these effects are greatly increased by the direct culture of neurons with
astrocytes [336-338]. The long-term maintenance of synapses is also affected by astrocytes, for
example, the withdrawal of astrocyte-derived factors after synapse formation has been shown to

result in a significant loss of synapses in rodent neuronal cultures [338].
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Activity-dependent mechanisms also have a key role in neuronal circuit generation and synapse
maintenance. Whilst rodent cortical synapses can form in the absence of neurotransmitter release,
their numbers are greatly reduced [340]. The growth cones of developing axons can spontaneously
release glutamate, a process thought to be involved in the induction of synapse formation [341,
342]. Accordingly, studies in rodents have demonstrated that increasing glutamate release, as a
result of increased spontaneous neuronal firing, can significantly increase synapse number, albeit
in a cell-type dependent manner [343]. The standard DMEM and neurobasal growth-media used in
human iPSC-derived neuronal culture has been found to inhibit neuronal activity due its non-
physiological ion composition [291], which was originally designed for the long-term maintenance
of cell viability. Building upon this observation, Bardy et al., (2015) devised a media formulation,
BrainPhys™, to support the long-term culture of neurons without impairing neuronal activity and
synaptic transmission [291]. The authors report that iPSC-derived neurons cultured for several
weeks in BrainPhys™ demonstrated comparable viability to those grown in a standard medium.
However, the authors also observed that the neurons grown in BrainPhys™ had intrinsic properties
that reflected improved maturity in comparison to neurons cultured in a standard medium.
Furthermore, they found that within the neuronal population that were able to generate repetitive
action potentials, the proportion of cells receiving synaptic inputs was increased [291]. This study
demonstrates that modulating basal neuronal activity can affect intrinsic and synaptic maturation

in iPSC-derived neurons.

The iPSC-derived cortical cultures are heterogeneous in cell age as a result of the long-term
progenitor proliferation required for the generation of neurons from all cortical layers. Whilst the
results in the previous chapter demonstrate that the neuronal population increased in maturity
with time in culture, the variability in the intrinsic membrane properties at a single cell level
indicates that it may be possible to target a subset of neurons with greater functional maturity. In

animal studies, expression of CaMKlla has been found only in excitatory neurons in the cortex, and

-108-



CHAPTER | IV

is strongly upregulated during neuronal development [344-346]. Furthermore, human iPSC-derived
neurons with an active CaMKIlla promoter have a 12-fold enrichment of transcripts encoding a
number of post-synaptic proteins [162]. Collectively, this suggests that the expression of a reporter
gene that reflects the activity of a CaMKlla promoter could be used to identify mature neurons that

receive synaptic inputs.

Within this chapter | wanted to address the following questions:

e Does the co-culture of human iPSC-derived cortical neurons with rodent astrocytes
promote the formation of active synaptic networks?

e Can factors modulating neuronal activity enhance synapse generation in human iPSC-
derived cortical cultures?

e Does the expression of an active CaMKIla promoter enable the selective targeting of human

iPSC-derived cortical neurons with more mature functional properties?

4.2. Results

4.2.1. Rodent astrocytes promote the development of mature neuronal networks

Given the importance of glia in synaptic modulation, | sought to determine to what extent the
addition of astrocytes could affect the levels of excitatory synaptic activity in iPSC-derived cortical
cultures. The iPSC-derived cortical cultures can generate endogenous glia, however, these appear
at late stages (see Figure 3.1) and have unknown functional properties. Therefore, to explore the
effects of glial introduction, and to benefit from both contact-dependent and contact-independent
mechanisms, iPSC-derived NPCs (day 35-40) were plated either directly onto a confluent mono-
layer of rat cortical astrocytes (Figure 4.1; black), or without astrocytes onto a poly-L-ornithine
laminin substrate (Figure 4.1; grey) (Figure 4.1a). Following plating, neurons exhibited a
qualitative increase in adherence, survival and neurite outgrowth when co-cultured with rat

astrocytes. Neurons could be identified by positive immunolabelling for Tuj, whilst astrocytes
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expressed GFAP, alongside marked differences in morphology between the two cell types (Figure
4.1b). The cortical cultures were maintained until day 75-105 for functional assessment using
whole-cell patch clamp electrophysiology. The previously described protocols (see Chapter lll)
were applied to cells with a neuronal morphology to assess the levels of excitatory synaptic activity,

voltage-gated currents and induced action potential firing (see Figure 4.1c for example traces).

The proportion of cells that received EPSCs was significantly higher in the human iPSC-derived
cortical neurons co-cultured with rat astrocytes (41 %, 16/39 cells for without rat astrocytes, and
72 %, 23/32 cells for with rat astrocytes, p = 0.0160, Fisher’s exact test; Figure 4.1). However, the
frequency (0.14 + 0.04 Hz, n = 39 cells, for without rat astrocytes, and 0.21 + 0.07 Hz, n = 32 cells,
for with rat astrocytes, p = 0.5723, M-W test; Figure 4.1e) and the amplitude (16.92 + 1.44 pA, n =
16 cells for without rat astrocytes, and 20.71 + 2.93 pA, n = 23 cells, for with rat astrocytes, p =
0.4203, M-W test; Figure 4.1f) of the EPSCs did not significantly differ. The intrinsic membrane
properties of the neurons with (n = 24-25 cells) and without (n = 19-23 cells) rat astrocytes were

also assessed. Significant differences were identified in the resting membrane potential (-37.1 £ 1.8

Figure 4.1. (cont. from following page) plated onto a poly-L-ornithine laminin substrate (without rat
astrocytes, grey) or a monolayer of rat cortical astrocytes (black). At day 75-105, spontaneous EPSCs
and the intrinsic membrane properties were assessed. (b) Rat astrocytes stained positively for GFAP
whilst neurons labelled for Tuj. (c) Representative traces of spontaneous EPSCs (left; scale bar 10
pA, 5 s), voltage-gated currents (middle; scale bar 500 pA, 100 ms), and induced action potential
firing (right; scale bar 20 mV, 100 ms). (d) The proportion of cells receiving EPSCs was significantly
higher on rat astrocytes (p = 0.0160, Fisher’s exact test). (e) The frequency of EPSCs did not differ
(p = 0.5723, M-W test) (n = 39 and 32 cells, for without rat astrocytes and with rat astrocytes,
respectively, from 4 differentiations of 1 cell line). (f) The amplitude of EPSCs showed no significant
difference (p = 0.4203, n = 16 and 23 cells, for without rat astrocytes and with rat astrocytes,
respectively, M-W test). Analysis of the intrinsic membrane properties showed that (g) the resting
membrane potential was significantly more hyperpolarized (p = 0.0084, unpaired t-test), (h) the
membrane capacitance was significantly higher (p < 0.001, M-W test), (i) the membrane resistance
was significantly lower (p = 0.0067, unpaired t-test), (j) the maximum sodium current was
significantly increased (p = 0.0066, unpaired t-test), (k) the maximum potassium current was
significantly increased (p < 0.001, unpaired t-test), (I) the number of consecutive action potentials
fired was significantly increased (p < 0.001, M-W test) (m) the action potential threshold was
significantly more hyperpolarized (p = 0.0045, M-W test), and (n) the action potential amplitude did
not differ (p = 0.3838, unpaired t-test). n = 19-23 and 24-25 cells, for without rat astrocytes and with

rat astrocytes, respectively, from 3 differentiations of 1 cell line. * p < 0.05, ** p < 0.01,
* % %
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Figure 4.1. Co-culture of human iPSC-derived cortical neurons with rodent astrocytes accelerates
the maturation of intrinsic neuronal properties and promotes the generation of active synaptic
networks. (a) Schematic of the experiment in which day 35-40 NPCs were (cont. on previous page)
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mV for without rat astrocytes, and -43.8 £ 1.6 mV for with rat astrocytes, p = 0.0084, unpaired t-
test; Figure 4.1g), the membrane capacitance (17.9 + 1.5 pF for without rat astrocytes, and 30.6 +
1.9 pF for with rat astrocytes, p < 0.001, M-W test; Figure 4.1h), the membrane resistance (2077 +
215 MQ for without rat astrocytes, and 1414 + 105 MQ for with rat astrocytes, p = 0.0067, unpaired
t-test; Figure 4.1i), the maximum sodium current (821 £ 72 pA for without rat astrocytes, and 1163
+ 75 pA for with rat astrocytes, p = 0.0066, unpaired t-test; Figure 4.1j), the maximum potassium
current ( 393 £ 27 pA for without rat astrocytes, and 653 + 36 pA for with rat astrocytes, p < 0.001,
unpaired t-test; Figure 4.1k), the number of consecutive action potentials (1.2 £ 0.1 for without rat
astrocytes, and 2.7 + 0.3 for with rat astrocytes, p < 0.001, M-W test; Figure 4.11) and the action
potential threshold (-21.6 + 1.2 mV for without rat astrocytes, and -26.3 + 1.1 mV for with rat
astrocytes, p = 0.0045, M-W test; Figure 4.1m). The action potential amplitude did not differ (80.0
+ 2.0 pA for without rat astrocytes, and 82.7 + 2.2 pA for with rat astrocytes, p = 0.3838, unpaired
t-test; Figure 4.1n). The functional properties are summarised in Table 4.1. Collectively, the co-
culture of human iPSC-derived cortical neurons with rat astrocytes significantly enhanced intrinsic

cell maturity and had modest effects on the levels of excitatory synaptic activity.

without rat astrocytes with rat astrocytes
Property mean = SEM n (cells) | mean £+ SEM | n(cells) | p value Direction
of change

% cells with EPSCs 41 % 16/39 72 % 23/32 0.0160* ™
EPSC frequency (Hz) 0.14+£0.04 39 0.21 £0.07 32 0.5723 &
EPSC amplitude (pA) 16.92+1.44 | 16 20.71+£2.93 | 23 0.4203 o
Resting membrane -37.1+1.38 23 -43.8+1.6 25 0.0084**

: 4
potential (mV)
Membrane capacitance | 17.9+1.5 23 30.6+1.9 25 < 0.001*** PN
(pF)
Membrane resistance 2077 £ 215 23 1163+ 75 25 0.0067**

N2

(MQ)
Max. Sodium current 821+72 23 1163+ 75 25 0.0066** 2
(pA)
Max. Potassium current | 393 + 27 23 653 + 36 25 < 0.001*** PN
(pA)
# of consecutive APs 1.2+0.1 23 2.7+0.3 25 < 0.001*** ™
AP Threshold (mV) -21.6+£1.2 19 -26.3+1.1 24 0.0045** N
AP Amplitude (mV) 80.0+2.0 22 82.7+2.2 25 0.3838 o

Table 4.1. Summary table of the synaptic and intrinsic membrane properties of neurons cultured
with and without rat astrocytes. * p < 0.05, ** p < 0.01, *** p < 0.001
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4.2.2. Expression of a CaMKlla reporter construct does not identify neurons of greater functional
maturity

Having established that rodent astrocytes can promote functional neuronal maturation, | explored
whether neurons that could actively drive the expression of a fluorescent reporter gene from a
CaMKlla promoter comprised a functionally more mature population from within a heterogeneous
cortical culture. Day 28-33 NPCs were transduced with CaMKlla-mKate2 lentivirus before plating
onto rat astrocytes at day 35-40 (Figure 4.2a). The appearance of cells expressing the red
fluorescent protein, mKate2, indicative of an active CaMKlla promoter, began several days
following plating (Figure 4.2b). Cortical cultures were maintained until functional assessment at
day 75-105 whereby neurons that were mKate2-negative (control; black) and mKate2-positive
(CaMKlla-mkate2; red) were targeted for whole-cell patch clamp electrophysiology. The previously
described protocols were applied to assess excitatory synaptic activity, voltage-gated currents and
induced action potential firing (see Figure 4.2c for example traces). Analysis of the spontaneous
EPSCs showed that neurons were comparable in the proportion of cells with EPSCs (33 %, 3/9 cells
for mKate2-negative, 42 %, 5/12 cells for mKate2-positive, p = 1.000, Fisher’s exact test; Figure
4.2d), the frequency (p =0.9372; Figure 4.2e) and the amplitude (p =0.0714; Figure 4.2f) of EPSCs.
Likewise, the intrinsic membrane properties of control and CaMKIla-mKate2-positive neurons were
equivalent in their resting membrane potential (p = 0.3545; Figure 4.2g), membrane capacitance
(p=0.9310; Figure 4.2h), membrane resistance (p = 0.8928; Figure 4.2i), maximum sodium current
(p = 0.3470; Figure 4.2j), maximum potassium current (p = 0.4491; Figure 4.2k), the number of
consecutive action potentials (p = 0.4140; Figure 4.21), the action potential threshold (p = 0.0540;
Figure 4.2m) and the action potential amplitude (p = 0.4048; Figure 4.2n). The functional
properties are summarised in Table 4.2. Taken together, the synaptic and intrinsic properties
measured indicate that there is no difference in the functional properties of iPSC-derived cortical

neurons that do and do not show activity of the CaMKlla reporter construct.
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neuronal population. (a) Schematic of the experiment in which day 28-33 NPCs were transduced
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Control CaMKlla-mKate2
Property mean + SEM | n(cells) | mean £+ SEM | n(cells) | p value Direction
of change

% cells with EPSCs 33% 3/9 42% 5/12 1.000 &~
EPSC frequency (Hz) 0.09 £ 0.05 9 0.30+0.27 12 0.9372 &
EPSC amplitude (pA) 32.04+7.85 | 3 1475+2.89 |5 0.0714 s
Resting membrane -39.8+4.9 5 -455+15 8 0.3543

! x4
potential (mV)
Membrane capacitance 39.1+2.8 11 38.7+4.0 16 0.9310 o
(pF)
Membrane resistance 82359 11 839+ 82 16 0.8928

&~

(MQ)
Max. Sodium current (pA) | 1691+ 177 11 2183 + 236 12 0.3470 &
Max. Potassium current 1005 + 135 11 1112 +107 12 0.4491 o
(pA)
# of consecutive APs 29+0.6 9 3.5+04 13 0.4140 &
AP Threshold (mV) -26.4+2.0 9 -30.5+0.9 13 0.0540 N
AP Amplitude (mV) 83.7%5.0 8 89.1+3.9 11 0.4048 &

Table 4.2. Summary table of the synaptic and intrinsic membrane properties of mKate2-negative
control neurons and CaMKIla-mKate2-positive neurons.

4.2.3. Long-term culture in BrainPhys™ medium does not enhance neuronal maturation

To determine whether disinhibiting neuronal activity during cell culturing could increase the
maturational effects generated by rat astrocytes, and more specifically enhance levels of synaptic
activity, | explored the use of BrainPhys™ medium. It is recommended that BrainPhys™ medium is
supplemented with the additional factors BDNF, GDNF, cAMP and ascorbic acid. However, when

added to standard culture medium these factors have already been reported to affect

Figure 4.2. (cont. from previous page) day 35-40. At day 75-105 the functional properties of mKate2-
positive neurons (red) were compared to mKate2-negative (control; black) neurons. (b) Example
image of neurons expressing mKate2 driven by the CaMKlla promoter. Scale bar 20 pm.
(c) Representative traces of spontaneous EPSCs (/eft; scale bar 10 pA, 5 s), voltage-gated currents
(middle; scale bar 500 pA, 100 ms) and induced action potential firing (right; scale bar 20 mV, 100
ms). Analysis of spontaneous EPSCs showed that there was no significant difference in (d) the
proportion of cells receiving EPSCs (p = 1.000, Fisher’s exact test), (e) the frequency of EPSCs (p =
0.9372, M-W test), or (f) the amplitude of EPSCs (p = 0.0714, n = 3 and 5 cells for control and
CaMKlla-mKate2, respectively, M-W test) (From 1 differentiation). Assessment of the intrinsic
properties showed no significant differences in (g) the resting membrane potential (p =0.3543, n =
5 and 8 cells for control and CaMKIlla-mKate2, respectively, unpaired t-test), (h) the membrane
capacitance (p = 0.9310, unpaired t-test) (i) the membrane resistance (p = 0.8928, unpaired t-test),
(j) the maximum sodium current (p = 0.3470, M-W test), (k) the maximum potassium current (p =
0.4491 , M-W test), (I) the number of consecutive action potentials (p = 0.4140, unpaired t-test),
(m) the action potential threshold (p = 0.0540, M-W test) or (n) the action potential amplitude (p =
0.4048, unpaired t-test). n = 8-11 and 11-16 cells for control and CaMKlla-mKate2, respectively,
unless otherwise stated, from 2 differentiations of 1 cell line.
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synaptogenesis and maturation of rodent neurons [347-350]. Exogenous application of BDNF can
induce the formation of both inhibitory and excitatory synapses and modulate axonal outgrowth
and branching in dissociated rodent neurons [347]. Meanwhile, the addition of GDNF has been
shown to exert neuroprotective effects on rodent cortical neurons [348]. The pharmacological
activation of cAMP signalling pathways can promote the neuronal maturation of mouse NPCs,
demonstrated by an enhancement of voltage-gated currents and the upregulation of pre-synaptic
proteins [349]. The levels of the anti-oxidant ascorbic acid increase during embryonic brain
development in rodents, and subsequently decrease postnatally [351]. Consistent with a role in
neuronal development, supplementing culture media with ascorbic acid has been reported to
enhance the neural conversion of mouse ESCs, which was associated with the upregulation of genes
involved in neuron generation, maturation and synaptic transmission [350]. In order to separate
the effects of enabling neuronal activity throughout the culture period, from the effects mediated
by these additional factors, human iPSC-derived cortical cultures were maintained in either
standard neuronal maintenance medium (control; black), BrainPhys™ without factors (BrainPhys™

Basic; light blue) or BrainPhys™ with factors (dark blue) (Figure 4.3a). Day 35-40 NPCs were plated

Figure 4.3. (cont. from following page) plated onto rat astrocytes and cultured in standard neuronal
maintenance medium (Control; black), BrainPhys™ Basic (light blue) or BrainPhys™ with factors
(dark blue) until functional assessment at day 75-105. (b) Representative traces of spontaneous
EPSCs. Scale bar 10 pA, 5 s. (c) Representative traces of voltage-gated currents (left; scale bar 500
pA, 100 ms) and induced action potential firing (right; scale bar 20 mV, 100 ms). Assessment of
spontaneous EPSCs showed no significant differences in (d) the proportion of cells receiving EPSCs
(p =0.4438, Chi-squared test), (e) the frequency of EPSCs (p = 0.3958, K-W test) or (f) the amplitude
of EPSCs (p = 0.2498, n =8, 5 and 3 cells for control, BrainPhys™ Basic and BrainPhys™ with factors,
respectively, K-W test). Analysis of the intrinsic membrane properties showed that (g) the resting
membrane potential was significantly higher in BrainPhys™ with factors (p = 0.0210, one-way
ANOVA). The following properties showed no significant differences: (h) the membrane capacitance
(p = 0.0661, one-way ANOVA), (i) the membrane resistance (p = 0.3326, one-way ANOVA), (j) the
maximum sodium current (p = 0.8421, K-W test), (k) the maximum potassium current (p = 0.3254,
K-W test), (I) the number of consecutive action potentials (p = 0.2972, one-way ANOVA), (m) the
action potential threshold (p = 0.3012, one-way ANOVA) and (n) the action potential amplitude (p
= 0.1515, one-way ANOVA). n = 20-22, 16-19 and 16 cells for control, BrainPhys™ Basic and
BrainPhys™ with factors, respectively, unless otherwise stated, from 1 differentiation. All groups
were tested for normality and then compared to the control group using a Kruskal-Wallis test or a
one-way ANOVA with a Dunn’s or Holm-Sidak’s post-hoc test for multiple comparisons,
respectively. * p < 0.05
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onto rat astrocytes in standard neuronal maintenance medium which, through half-media changes,
was gradually changed to BrainPhys™ medium, where appropriate. The human iPSC-derived
cortical cultures were maintained until functional assessment at day 75-105 using the previously
described electrophysiology protocols to assess excitatory synaptic activity, voltage-gated currents
and induced action potential firing (see Figure 4.3b,c for example traces). The functional
properties of iPSC-derived cortical neurons cultured in BrainPhys™ with and without factors were
compared to the neuronal maintenance medium control group. Voltage-clamp recordings of EPSCs
revealed no significant difference in the proportion of cells receiving spontaneous EPSCs (38 %, 8/21
cells for control, 31 %, 5/16 cells for BrainPhys™ Basic, and 19 %, 3/16 cells for BrainPhys™ with
factors, p = 0.4438, Chi-squared test; Figure 4.3d), or in the frequency (p = 0.3958; Figure 4.3e) or
amplitude (p = 0.2498; Figure 4.3f) of the EPSCs. Assessment of the intrinsic membrane properties

showed that neurons cultured in BrainPhys™ with factors had a significantly more depolarized

Control BrainPhys™ Basic BrainPhys™ with
Property factors

mean + SEM | n (cells) | mean £+ SEM | n(cells) | mean £+ SEM | n (cells) | p value
% cells with 38% 8/21 31% 5/16 19% 3/16 0.4438
EPSCs
EPSC frequency | 0.19 +0.01 20 0.06 +0.04 16 0.02+0.01 16 0.3958
(Hz)
EPSC amplitude | 10.84+1.18 | 8 1498+2.52 | 5 16.73+4.57 | 3 0.2498
(pA)
Resting -43.6+1.8 22 -42.1+2.1 17 -36.4 £ 1.5* 16 0.0210
membrane
potential (mV)
Membrane 53.8+5.0 22 40.4+2.7 18 46.4+3.5 16 0.0661
capacitance
(pF)
Membrane 745 + 36 22 834 £ 65 18 736 +51 16 0.3326
resistance (MQ)
Max. Sodium 2333+ 323 22 2125+ 195 19 2448 + 304 16 0.8421
current (pA)
Max. Potassium | 871 +92 22 901 + 58 19 103096 16 0.3254
current (pA)
# of 3.2+0.5 22 23104 19 3.1+04 16 0.2972
consecutive APs
AP Threshold -31.3+0.8 22 -29.5+0.9 19 -294+14 16 0.3012
(mV)
AP Amplitude 92.4+2.0 22 91.1+2.2 19 86.3+2.6 16 0.1515
(mV)

Table 4.3. Summary table of the synaptic and intrinsic membrane properties of neurons cultured in
NMM-A (control), BrainPhys™ Basic or BrainPhys™ with factors. * p<0.05
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resting membrane potential (-43.6 + 1.8 mV, n = 22 cells for control, -42.1 + 2.1 mV, n = 17 cells for
BrainPhys™ Basic, -36.4 + 1.5 mV, n = 16 cells for BrainPhys™ with factors, p = 0.0210, one-way
ANOVA; Figure 4.3g). Otherwise, neurons were indistinguishable in their membrane capacitance
(p=0.0661; Figure 4.3h), membrane resistance (p = 0.3326; Figure 4.3i), maximum sodium current
(p = 0.8421; Figure 4.3j), maximum potassium current (p = 0.3254; Figure 4.3k), the number of
consecutive action potentials (p = 0.3413, Figure 4.3l), the action potential threshold (p = 0.3012;
Figure 4.3m) and the action potential amplitude (p = 0.1515; Figure 4.3n). The functional
properties are summarised in Table 4.3. Overall, the long-term culture in BrainPhys™ medium,
with or without factors, did not further enhance the intrinsic or synaptic neuronal maturation of

human iPSC-derived cortical neurons that were co-cultured with rat astrocytes.

4.2.4. Human iPSC-derived cortical neurons can integrate with a mature rodent neuronal
network but this does not affect their intrinsic maturation

The culture of iPSC-derived cortical neurons with primary rodent neurons could offer an alternative
route to promote activity-dependent synapse generation. Primary cultures generated from the
dissociation of rodent cortex are comprised of excitatory glutamatergic neurons, inhibitory
GABAergic neurons and astrocytes, and generate active synaptic networks within 7 DIV [312, 352].
GABAergic synapses are the first to develop and may be involved in the activity-dependent
development of glutamatergic synapses [353]. The concurrent input from mature excitatory and
inhibitory rodent neurons may stimulate activity-dependent processes that are involved in

glutamatergic synapse maturation in co-cultured human iPSC-derived cortical neurons.

The effects of a surrounding active neuronal network on human iPSC-derived cortical neuron
functional maturation was explored using rat primary cortical cultures. Firstly, primary cortical
cultures were generated by the dissociation of P1 rat cortices and allowed to recover for 24 hours
following plating. Meanwhile, human iPSC-derived NPCs were transduced with CaMKlla-mKate2 to

enable the distinction between rat and human neurons. Following transduction, day 40 human
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iPSC-derived NPCs were plated onto either rat astrocytes alone (without rat neurons; red) or onto
primary rat cortical cultures (with rat neurons; red and black) (Figure 4.4a). The primary rodent
neurons could not remain viable for prolonged culture periods and therefore limited the functional
assessment of the human iPSC-derived cortical neurons to an earlier time point than was used for
the other experiments within this chapter. Consequently, the functional intrinsic and synaptic
properties of mKate2-positive neurons, cultured with and without primary rat neurons, were
assessed at day 58 using the previously described protocols (Figure 4.4b). Spontaneous EPSCs were
not observed in any of the human neurons cultured without rat neurons. However, in the presence
of rat neurons the majority of human neurons had EPSCs (0 %, 0/8 cells for without rat neurons,
and 57 %, 4/7 cells for with rat neurons, p = 0.0256, Fisher’s exact test; Figure 4.4c). Synonymous
with this observation, the frequency of EPSCs were significantly higher (0.00 + 0.00 Hz, n = 8 cells
for without rat neurons, and 0.16 + 0.11 Hz, n = 7 cells for with rat neurons; Figure 4.4d) and had
an average amplitude of 17.98 + 5.60 pA (n = 4 cells; Figure 4.4e) in human iPSC-derived cortical
neurons that were cultured with rat neurons. Whilst differences in synaptic properties were
apparent between human neurons cultured with and without rat neurons, assessment of their

intrinsic membrane properties demonstrated that they were comparable in their resting membrane

Figure 4.4. (cont. from following page) (a) Schematic of the experiment in which day 35 human
NPCs were transduced with CaMKlla-mKate2 lentivirus and plated at day 40 onto either rat
astrocytes only (without rat neurons; red) or 1 DIV rat primary cortical cultures comprised of both
rat neurons and rat astrocytes (with rat neurons; red and black). At day 58 (18 DIV) the functional
properties of the human neurons, identified by the expression of mKate2, were assessed. (b)
Representative traces of spontaneous EPSCs (left; scale bar 10 pA, 5 s), voltage-gated currents
(middle; scale bar 500 pA, 100 ms) and induced action potential firing (right; scale bar 20 mV, 100
ms) from human iPSC-derived cortical neurons cultured with (black) and without (red) rat primary
neurons. (c¢) Human neurons grown with rat neurons showed a significantly higher proportion of
cells receiving EPSCs (p = 0.0256, Fisher’s exact test). (d) Human neurons grown with rat neurons
had a significantly higher frequency of EPSCs (p = 0.0256, M-W test). (e) The amplitude of EPSCs
(with rat neurons, n = 4 cells). Assessment of the intrinsic membrane properties showed no
significant difference in (f) the resting membrane potential (p = 0.4330, M-W test), (g) the
membrane capacitance (p = 0.5358, M-W test), (h) the membrane resistance (p =0.9781, M-W test),
(i) the maximum sodium current (p = 0.3969, M-W test), (j) the maximum potassium current (p =
0.1520, M-W test), (k) the number of consecutive action potentials (p = 0.3095, M-W test), (I) the
action potential threshold (p=0.6234, M-W test) or (m) the action potential amplitude (p = 0.3095,
M-W test). n = 6-8 and 6-7 cells for without rat neurons and with rat neurons, respectively, unless
otherwise stated, from 1 differentiation.* p < 0.05
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Figure 4.4. Human iPSC-derived cortical neurons can integrate with a network of rodent neurons
but this does not affect their intrinsic functional maturity.
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potential (p = 0.4330; Figure 4.4f), membrane capacitance (p = 0.5358; Figure 4.4g), membrane
resistance (p =0.9781; Figure 4.4h), maximum sodium current (p = 0.3969; Figure 4.4i), maximum
potassium current (p = 0.1520; Figure 4.4j), the number of consecutive action potentials (0.2023;
Figure 4.4k), the action potential threshold (p = 0.6234; Figure 4.4l) and the action potential
amplitude (p = 0.3095; Figure 4.4m). The functional properties are summarised in Table 4.4.
Altogether, these results suggest that the co-culture of human neurons with primary rat neurons

can positively affect synaptic activity, but does not alter intrinsic functional maturation.

without rat neurons with rat neurons
Property mean + SEM | n(cells) | mean £+ SEM | n (cells) | p value Direction
of change
% cells with EPSCs 0% 0/8 57 % 4/7 0.0256* ™
EPSC frequency (Hz) 0.00£0.00 8 0.16 £0.11 7 0.0256* ™
EPSC amplitude (pA) N/A 0 17.98+5.60 | 4 N/A N/A
Resting membrane -35.6+34 7 -40.6 £4.5 7 0.4330
! &

potential (mV)
Membrane capacitance 21.4+2.6 8 28.6+6.3 7 0.5358 o
(pF)
Membrane resistance 1207 £ 109 8 1239+ 122 7 0.9781

4
(MQ)
Max. Sodium current (pA) | 1116 + 187 8 882 £ 196 7 0.3969 &
Max. Potassium current 303+54 8 446 £ 50 7 0.1520

&
(pA)
# of consecutive APs 0.8+0.2 8 2.1+0.8 7 0.2023 &~
AP Threshold (mV) -25.7+2.0 8 -27.7+2.0 6 0.6234 &~
AP Amplitude (mV) 91.7+75 8 81.3+5.5 6 0.3095 &

Table 4.4. Summary table of the synaptic and intrinsic membrane properties of neurons cultured
with and without primary rat neurons. * p < 0.05

4.3. Discussion

Having identified in Chapter Ill that human iPSC-derived cortical neurons have immature functional
properties, | explored methods to accelerate intrinsic and synaptic maturation or to target mature
neurons in these heterogeneous cultures. To this end, | have demonstrated that the co-culture of
human iPSC-derived cortical neurons with rat astrocytes can robustly improve intrinsic maturity
and promote excitatory synaptic connectivity compared to neurons cultured on a poly-ornithine
laminin substrate. Meanwhile, targeting cells with expression of a CaMKlla-mKate2 reporter

construct did not identify neurons with more mature functional properties. Long-term culture in
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BrainPhys™ medium to enable neuronal activity did not accelerate functional maturation. This
observation was irrespective of the addition of factors previously reported to affect functional
neuronal development. When cultured with rat primary neurons, human iPSC-derived cortical
neurons were able to exhibit enhanced excitatory synaptic activity, which was otherwise absent at
this developmental stage. However, the presence of rat primary neurons did not affect the intrinsic

membrane properties of human neurons.

4.3.1. Co-culture of human iPSC-derived cortical neurons with rodent astrocytes

The primary effect of co-culturing human iPSC-derived cortical neurons with rat astrocytes was the
enhancement of the intrinsic membrane properties. Meanwhile, the increase observed in
excitatory synaptic activity was only moderate. Co-culture with rat astrocytes enabled the majority
of human neurons to receive excitatory inputs, but the frequency of these events remained low. It
is likely that the enhanced intrinsic properties may have contributed to the changes observed in
synaptic activity. The acceleration of the functional neuronal maturation of human iPSC-derived
cortical neurons, achieved by the co-culture with rodent astrocytes, is an effect that has been
described in similar studies [276, 354, 355]. As a result, functional studies of stem-cell derived
neurons now frequently take advantage of the benefits associated with rodent astrocyte co-culture
[162, 163, 356]. In the human cortex, glia are the predominant cell type comprising 80 % of the
cellular population, whilst neurons represent only 20 % [357]. Taking this into consideration, it is
unsurprising that astrocytes have many important functions that modulate neurotransmission,
including extracellular ion buffering, neurotransmitter degradation and recycling, production of
energy substrates and release of gliotransmitters [358]. As a result, astrocytes are essential for the
long-term survival of neurons, evident by the observations of pronounced neuronal degeneration
arising from the in vivo ablation of astrocyte subsets [359, 360]. Although | have demonstrated that
astrocytes are beneficial in promoting the maturation of functional properties, they are also likely

to be advantageous for long-term neuronal culture and the assessment of synaptic plasticity, given

-123-



their roles in neuronal survival and synapse modulation. Whilst the addition of rodent astrocytes is
advantageous for electrophysiological analysis of iPSC-derived neurons, the direct co-culture
approach could be prohibitive for bulk sample protein and RNA assays where the distinction of cell-

type specific effects is required.

4.3.2. The utility of a CaMKIlla reporter construct as a marker of neuronal maturity

The activity of an active exogenous CaMKIlla promoter, as identified by the fluorescent reporter
protein mKate2, did not identify neurons with greater functional maturity. Whilst the CaMKlla-
mKate2 reporter construct used here is predominantly expressed alongside markers of excitatory
cortical neurons, the accuracy of this construct has not been quantitatively assessed [162]. In
addition, the transduction efficiency must be considered, as neurons with an active endogenous
CaMKlla promoter that were not transduced by the lentivirus could contribute to the mKate2-
negative control group and thereby prevent a clean comparison. It is also possible that differences
in CaMKlla-positive and negative neuronal populations have not yet developed at the stage of
neuronal differentiation attained by the iPSC-derived cortical cultures generated here. During the
course of this thesis, Nehme et al., (2018) have demonstrated that CaMKlla expression can identify
neurons enriched for neuronal and synapse-related genes, which also have a greater level of
intrinsic functional maturity [275]. Through single-cell CaMKlla expression analysis, Nehme et al.,
(2018) confirmed the reliability of their CaMKlla-eGFP reporter construct and estimated that
approximately 20 %-30 % of neurons with endogenous expression of CaMKlla did not concurrently
express eGFP. Nonetheless, they were able to observe a functional difference despite the potential
CaMKlla-expressing neuronal population contaminating the control group [275]. Here, and in the
study by Nehme et al., (2018) the CaMKIla promoter sequence used in the reporter construct was
from the mouse CaMKlla gene, and therefore species-specific differences in promoter sequences
could not account for the difference in our observations. However, in comparison to the iPSC-

derived cortical neurons described here, the overall level of neuronal maturity was greater in the
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study by Nehme et al., (2018) [275]. Therefore, it is possible that the detection of maturational
differences associated with the activity of the CaMKlla promoter were hindered by the relatively
immature state of the human iPSC-derived cortical neurons used here. Other studies have also
sought to identify transcriptomic markers of functional maturity. Bardy et al., (2016) used PatchSeq,
which combines whole-cell patch clamp electrophysiology with subsequent single-cell RNA Seq.
This approach identified the expression of GDAP1L1 as a marker of functionally mature neurons
within a human iPSC-derived neuronal culture [361]. However, GDAP1L1 promoter driven reporter

constructs are not yet readily available to the wider scientific community.

4.3.3. Long-term culture in BrainPhys™ medium

The lack of a change in neuronal functional maturation following the long-term culture of iPSC-
derived cortical neurons in BrainPhys™ medium contradicts the original study [291]. However,
there are a number of key differences to acknowledge between the findings described here and
those reported previously. Firstly, the cortical cultures assessed here were maintained in
BrainPhys™ medium for 40-70 days in order to maintain consistency in the neuronal culture age
between the maturational strategies undertaken. This time point is approximately one month
longer than the duration used by Bardy et al., (2015) and, as a result, maturational differences may
have occurred at earlier stages of differentiation or have been affected by long-term deterioration
(although no obvious impact on cell viability was observed). Moreover, analysis of the same array
of intrinsic and synaptic properties at an earlier time point did not reveal any differences (data not
shown). Secondly, | pooled data derived from all recorded neurons, again for consistency within
this chapter, whilst Bardy et al., (2015) enriched for neurons of greater maturity for their functional
comparison by selecting only cells with multiple action potentials. Nonetheless, comparison of the
average intrinsic membrane properties shows that the neurons described here are, on the whole,
reflective of a more mature functional state than those demonstrated by Bardy et al., (2015). Albeit,

| observed a lower proportion of cells with EPSCs and a lower EPSC frequency, which could possibly
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be accounted for by a lack of cell selection for synaptic analysis, cell line variability [118] or cell
density which could affect levels of synaptic activity [362]. Lastly, unlike Bardy et al., (2015) the
iPSC-derived cortical neurons assessed here were grown on rat astrocytes. This suggests that
BrainPhys™ media, with or without the additional factors, cannot exceed the effects achieved by
rodent astrocyte co-culture. Furthermore, rodent astrocytes have been shown to secrete BDNF and
GDNF [363], which can lead to downstream activation of cAMP signalling pathways [364], and the
release of ascorbic acid [365]. This is consistent with the idea that the impact of BrainPhys™ with

factors could have been limited by the endogenous activity of the rodent astrocytes.

4.3.4. Co-culture of human iPSC-derived cortical neurons with rodent neurons

The human iPSC-derived cortical neurons demonstrated integration with an active synaptic
network of rodent neurons. However, this additional excitatory drive did not affect the intrinsic
functional maturation over the time-frame assessed. The co-culture duration was limited by the
survival of the rodent neurons, and therefore it was not possible to maintain the human iPSC-
derived cortical neurons for a prolonged period under these conditions. In addition, the small
number of cells assayed may have hindered my ability to detect subtle differences in intrinsic
functional properties. Given the complete absence of excitatory synaptic activity amongst the
human iPSC-derived cortical neurons cultured in the absence of rodent neurons, it seems unlikely
that the EPSCs observed were derived from the rodent neuronal population. Indeed, similar studies
have utilised optogenetic techniques to demonstrate the presence of functional synapses between
rodent and human neurons [366, 367], which would be one further approach to assess the synapse
directionality between the two species within these cultures. Nonetheless, the proportion of cells
receiving excitatory inputs and their frequency was still very low, and did not surpass the effects

obtained by rat astrocytes alone, whereby the origin of EPSCs from human neurons is certain.
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In summary, the co-culture of human iPSC-derived cortical neurons with rodent astrocytes is clearly
advantageous for electrophysiological studies. The intrinsic excitability of the iPSC-derived cortical
neurons exhibited enhanced maturation compared to neurons cultured on a poly-ornithine laminin
substrate, although the neurons were still unable to exhibit a level of maturation equivalent to
mature adult neurons (see Table 3.1). Specifically, the low levels of synaptic activity still pose a
significant limitation to the investigation of synaptic phenotypes in these cells. Moreover, the ability
of rodent stem-cell derived neurons to generate mature functional properties in less than a month
without astrocytes [317, 318], suggests a species-specific temporal regulation of neuronal
development and maturation that can only be modestly accelerated by exogenous factors within a
reasonable time-frame. As a result, a different approach will be required to accelerate the
generation of active and mature human synaptic networks for in vitro investigation. One alternative
strategy that has been used to generate neurons is the induction of pro-neural transcription factor
expression [152, 155, 158]. This option may provide a route to initiate or accelerate the
transcriptional pathways associated with neuronal differentiation and maturation that may not
have been modulated by the strategies explored here. The potential of this method in the

generation of active synaptic networks will be investigated in the following chapter.
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V: Using forced expression of neurogenin-2 to generate iPSC-derived cortical
neurons with enhanced synaptic properties

5.1. Introduction

Recently, Zhang et al., (2013) took a new approach to generate functional neurons from human
iPSCs and ESCs within a short-time frame [158]. Building upon previous direct conversion strategies
[152, 154], Zhang et al., (2013) identified that the single transcription factor, neurogenin-2, could
be expressed to convert human stem cells into neurons with an efficiency of nearly 100%. They also
demonstrated similar results using NeuroD1. This method overcame the requirement for multiple
transcription factor expression that was needed in previous neuronal transdifferentiation studies
[152, 154, 155], and provided an expandable initial cell population through the use of stem cells.
Furthermore, the conversion occurred over a rapid time-scale, as within just one week of
neurogenin-2 expression cells expressed neuronal markers, and by three weeks exhibited

functional synaptic networks [158].

Neurogenin-2 is a bHLH pro-neural transcription factor involved in the early specification of
excitatory cortical neurons and the inhibition of ventral cell fates and gliogenesis [368]. The dorsal
progenitor marker, Pax6, induces neurogenin-2 expression [369], which in turn activates a
multitude of downstream transcriptions factors, such as Tbr2, NeuroD1 and VGlut1/2, to direct
cortical neuronal differentiation [370]. The ablation of neurogenin-2 during development
implicates this protein in many key aspects of cortical neuronal differentiation, including neuronal

migration and acquisition of pyramidal cell morphology [370-372].

Using a lentiviral delivery strategy Zhang et al., (2013) enabled the inducible expression of mouse
neurogenin-2 (mNgn2) in human stem cells [158]. The lentiviral construct contained eGFP as a
marker of transduction, and conferred puromycin resistance to allow for the selection of

transduced cells. Following three weeks of neurogenin-2 expression, the assessment of single-cell
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transcriptional expression profiles indicated the generation of a largely homogenous neuronal
population, consistent with a cortical layer 2/3 excitatory glutamatergic neuronal phenotype, which
was reproduced across three cell lines. In line with the role of neurogenin-2 in embryonic
development, Zhang et al., (2013) reported that none of the cells expressed markers of GABAergic

interneurons or glia [158].

Most striking, were the functional properties of the neurogenin-2 neurons generated by Zhang et
al., (2013) after just three weeks in culture [158]. The vast majority of cells demonstrated voltage-
gated sodium currents, action potentials and robust excitatory AMPA-receptor mediated synaptic
activity when co-cultured with mouse astrocytes. These results greatly exceeded the prevalence
and frequency of excitatory synaptic activity previously described by many other iPSC-derived
neuronal differentiation protocols [118, 161, 162, 373, 374]. Evidence of functional NMDA-receptor
expression was apparent after four weeks in culture, congruent with the limited expression of
transcripts encoding NMDA receptor subunits at earlier time points. With this new model, Zhang et
al., (2013) demonstrated the capacity of neurogenin-2 neurons to express alterations in AMPA-
receptor mediated synaptic activity following retinoic acid treatment or knockdown of the pre-

synaptic protein, Munc18-1 [158].

A subsequent study by Ho et al., (2016) overexpressed neurogenin-2 in human iPSC-derived NPCs,
which resulted in enhanced neuronal differentiation reflected by elevated MAP2A expression [375].
The resulting neuronal population was enriched for excitatory cortical neuronal markers, which
occurred alongside a significant reduction in markers for other neuronal cell types and glia. Ho et
al., (2016) demonstrated an increase in the mRNA expression of synaptic proteins and small
increases in neuronal activity, despite the absence of glia, but did not perform an extensive
functional characterization of the neurogenin-2 differentiated NPCs [375]. Therefore, it is uncertain
whether earlier cortical patterning could enhance the neuronal differentiation and functional

outcome of iPSC-derived neurons generated by the exogenous expression of neurogenin-2.
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Within this chapter | aimed to determine the utility of induced neurogenin-2 expression in the
differentiation of functional neurons directly from human iPSCs and from human iPSC-derived

NPCs. More specifically, | wanted to address the following questions:

Do human iPSC-derived neurons differentiated via neurogenin-2 expression maintain a

cortical identity?

e Can neurogenin-2 expression be used to generate human iPSC-derived cortical neurons
with enhanced functional properties that develop active synaptic networks?

e Does neurogenin2-mediated neuronal differentiation of human iPSCs conserve the fAD-

associated phenotype in secreted ApB-peptide species?

5.2. Results

5.2.1. Human iPSCs and NPCs can be differentiated into functional cortical neurons by induced
expression of neurogenin-2

Two different strategies were taken in order to determine whether neurogenin-2 could be used to
generate neurons with enhanced functional properties. The first approach was to generate neurons
directly from iPSCs by expression of mNgn2, in line with the original protocol developed by Zhang
et al., (2013) (Figure 5.1a; termed iPSC-mNgn2) [158]. Whilst, it was predicted that this protocol
would generate cortical neurons with robust functional properties, iPSCs are costly to culture and
require daily feeding and frequent passaging during routine maintenance, which can result in
karotypic abnormalities [376]. Furthermore, there is no intermediate expansion phase as iPSCs
convert directly to post-mitotic neurons, which will limit the final yield of cells. Therefore, the
second approach was to drive neurogenin-2 expression in iPSC-derived NPCs, previously
differentiated according to Shi et al.,, (2012) (Figure 5.1b; termed NPC-mNgn2) [149]. The
proliferative nature of the NPCs generated through neural induction results in the production of a
large number of cells from a small initial population of iPSCs, and therefore provides a plentiful

supply of NPCs for neuronal differentiation. In both cases the initial cell population, iPSCs or NPCs,
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Figure 5.1. Experimental designs for neurogenin-2 neuronal differentiation from human iPSCs and
NPCs. (a) Schematic of experiment (left) and timeline (right) for the differentiation of human iPSCs
into cortical neurons by expression of neurogenin-2 (iPSC-mNgn2). Lentiviral transduction of iPSCs
with the constructs Ubig-rtTA and TetO-mNgn2-T2A-Puro will enable the inducible expression of
mouse neurogenin-2 (mNgn2) in order to generate a direct conversion into post-mitotic neurons.
(b) Schematic of experiment (left) and timeline (right) for the differentiation of day 28-33 human
NPCs into cortical neurons by expression of neurogenin-2 (NPC-mNgn2). Human iPSCs are
differentiated into NPCs using the Shi et al., (2012) neural induction protocol. The proliferative
nature of the NPCs results in a considerable amplification of cell number throughout neural
induction. The resulting NPCs can be transduced with the lentiviral constructs (Ubig-rtTA and TetO-
mNgn2-T2A-Puro) and then induced to express mNgn2 in order to accelerate neuronal
differentiation. In each experimental paradigm, lentiviral transduction with both constructs is
required for expression of mNgn2 and puromycin resistance. Following transduction, expression of
the construct is induced by doxycycline (day 0) before a 2 day puromycin treatment period to select
for the neurogenin-2 expressing cell population. Cells are replated onto rat astrocytes at day 3 to
promote neuronal maturation and synapse formation and to enable control of cell density. Anti-
mitotic treatment with AraC at day 6 eliminates any surviving proliferative cells, without affecting
post-mitotic neurons.
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required the successful transduction with two constructs, TetO-mNgn2-T2A-Puro and Ubig-rtTA, in
order to enable the inducible and simultaneous expression of mNgn2 and puromycin resistance.
The Ubig-rtTA generates constitutive expression of the reverse tetracycline transcriptional
activator, which, only in the presence of tetracycline, can bind to the TetO promoter and activate
gene transcription, thereby allowing for the temporal control of mNgn2 expression [377]. Here,
doxycycline, a more efficacious derivative of tetracycline, was used [377]. The T2A peptide ensured
that puromycin resistance would only be conferred upon cells that also express neurogenin-2 [378].
In these experiments a 2 day period of puromycin treatment was required to kill all untransduced
cells. To enable a homogenous cell density across cultures, which would otherwise be influenced
by transduction efficiency and viral toxicity, cells were lifted and replated at day 3 onto a monolayer
of rat astrocytes. At day 3, cultures contained only mNgn2 expressing cells that were immature and
without extensive neurite outgrowth, and therefore were less vulnerable to the mechanical stress
of replating than mature neuronal populations. The anti-mitotic, AraC, was used to eliminate any
surviving proliferative cells at day 6. No obvious adverse effects were observed in post-mitotic

human neurons or rat astrocytes at the AraC concentration used.

Neurogenin-2 differentiated neurons were assessed at day 21 in order to determine their cellular
identity and functional capacity. Immunolabelling for deep layer (Tbrl and Ctip2) and upper layer
(Satb2) cortical markers revealed positive cells in both iPSC-mNgn2 (Figure 5.2a,c) and NPC-mNgn2
(Figure 5.2b,e) neuronal cultures, indicating the generation of excitatory cortical neurons.
However, as anticipated, the yield of cells at day 3 of neurogenin-2 differentiation was far greater
for NPC-mNgn2 (32.44 + 3.82 x10° cells, n=26 differentiations; Figure 5.2f) than iPSC-mNgn2 (0.63
+0.17 x10° cells, n= 12 differentiations; Figure 5.2d). This was a likely result of the considerable
proliferation occurring throughout neural induction, which generated on average 21.40 +2.17 x10°
NPCs (n=17 differentiations) at the point of freeze down on day 28-33. Whilst NPCs were readily

transduced at high efficiency using lentiviral supernatants, iPSCs required single cell dissociation
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and transduction in suspension using a concentrated lentiviral preparation in order to achieve
reasonable transduction efficiencies. Even then, puromycin selection of the iPSC cultures was
associated with considerable cell death, which was minimal in NPC cultures, further indicating the
lower proportion of transduced cells and thereby affecting the cell yield. Following final plating onto

rat astrocytes at day 3, whole-cell patch clamp electrophysiology at day 21 demonstrated that both
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Figure 5.2. Functional cortical neurons can be generated in 3 weeks by induced-expression of
neurogenin-2 in iPSCs or NPCs. Neurons differentiated by neurogenin-2 expression were assayed
at day 21. (a) iPSC-mNgn2 and (b) NPC-mNgn2 neuronal cultured contained cells expressing deep
layer, Tbrl (left) and Ctip2 (middle), and upper layer, Satb2 (right) cortical markers (blue DAPI nuclei
stain; scale bars 20 um). (c) Quantification of cortical layer marker expression in neuronal nuclei
only in iPSC-mNgn2 cultures (n =21, 18, and 20 FOV for Tbr1, Ctip2 and Satb2, respectively, from 2
cell lines). (d) The yield of cells at day 3 of iPSC-mNgn2 neuronal differentiation from one well of
iPSCs. (e) Quantification of cortical layer marker expression in neuronal nuclei only in NPC-mNgn2
cultures (n = 48, 50, and 40 FOV for Tbr1, Ctip2 and Satb2, respectively, from 3 cell lines). (f) The
yield of cells at day 3 of NPC-mNgn2 neuronal differentiation, after the directed differentiation of
iPSCs to NPCs, generated from one well of iPSCs. Example traces from (g) iPSC-mNgn2 and (h) NPC-
mNgn2 neurons showing induced action potential firing (left; scale bars 20 mV, 100 ms) and
spontaneous glutamatergic synaptic currents (right; scale bars 10 pA, 5 s).
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iPSC-mNgn2 (Figure 5.2g) and NPC-mNgn2 (Figure 5.2h) neurons could fire multiple action

potentials in response to current injection and received frequent excitatory synaptic inputs.

5.2.2. Neurogenin-2 neurons have enhanced functional maturity

Having established that neurogenin-2 differentiation of iPSCs and NPCs generated functional
excitatory cortical neurons, | sought to determine whether the resulting neurons had enhanced
intrinsic and synaptic functional properties compared to those generated by the Shi et al., (2012)
protocol [149]. Neurogenin-2 neurons are cultured in NBA/B27, which has a different composition
to standard neuronal maintenance medium. In addition to a different base medium, NBA/B27 also
has a number of supplements (many described in Chapter 1V) that have previously been reported
to affect neuronal survival and maturation. To isolate the effects specifically associated with the
induced expression of neurogenin-2, a subset of neurons derived using the Shi et al., (2012)
protocol were also cultured in NBA/B27 medium. To this end, | performed a functional assessment
at day 21 using whole-cell patch clamp electrophysiology to determine the parameters measured
throughout Chapter IV. | compared neurons cultured under standard conditions (NMM-A; pink,
n=19 cells), neurons cultured in NBA/B27 (orange; n=22-23 cells), NPC-mNgn2 neurons (blue; n=21
cells) and iPSC-mNgn2 neurons (green; n=24-25 cells), that were derived from two control cell lines
(Figure 5.3a). The previously described protocols were applied to assess excitatory synaptic
activity, voltage-gated currents and induced action potential firing (see Figure 5.3b-d for example
traces). The functional properties of all experimental groups were compared to the NMM-A control
group using an appropriate statistical test and a post-hoc multiple comparisons test. Analysis of the
spontaneous EPSCs revealed a significant increase in the proportion of cells with EPSCs, whereby
the vast majority of NPC-mNgn2 neurons received excitatory synaptic inputs. This represented a
four-fold increase compared to the NMM-A control group (21 %, 4/19 cells for NMM-A, 32 % 7/22
cells for NBA/B27, 86 %, 18/21 cells for NPC-mNgn2, and 50 %, 12/24 cells for iPSC-mNgn2, p <

0.001, Chi-squared test; Figure 5.3e). Expression of neurogenin-2 in iPSCs or NPCs also significantly
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increased the frequency of EPSCs to more than twenty-fold greater than that observed in the NMM-
A control group (0.04 + 0.02 Hz for NMM-A, 0.18 + 0.09 Hz for NBA/B27, 1.00 + 0.27*** Hz NPC-
mNgn2, and 0.91 + 0.42* Hz for iPSC-mNgn2, p < 0.001, K-W test; Figure 5.3f). The amplitude of
EPSCs remained similar across the cultures (25.95 + 7.60 pA, n=4 cells for NMM-A, 35.80 + 13.66
pA, n=7 cells for NBA/B27, 25.09 + 4.91 pA, n=18 cells for NPC-mNgn2, and 50.15 * 10.00 pA, n=12
cells for iPSC-mNgn2, p < 0.0200, K-W test; Figure 5.3g). Analysis of the intrinsic membrane
properties showed that the maximum sodium current was also significantly increased in neurons
expressing neurogenin-2 (1153 + 101 pA for NMM-A, 1497 + 153 pA for NBA/B27, 1819 + 151* pA
for NPC-mNgn2 and 2337 + 244*** pA for iPSC-mNgn2, p < 0.001, one-way ANOVA; Figure 5.3j).
Expression of neurogenin-2 resulted in an increased membrane capacitance in NPC-mNgn2
neurons, but not iPSC-mNgn2 neurons (19.6 + 1.5 pF for NMM-A, 21.2 + 1.6 pF for NBA/B27, 27.8
+ 1.7** pF for NPC-mNgn2 and 20.6 + 1.3 pF for iPSC-mNgn2, p = 0.0015, one-way ANOVA; Figure
5.3h). Meanwhile, the following intrinsic membrane properties were significantly different only in
iPSC-mNgn2 neurons, and were consistent with enhanced maturation: the resting membrane
potential (-40.5 + 1.8 mV for NMM-A, -39.8 + 1.7 mV for NBA/B27, -38.8 + 1.8 mV for NPC-mNgn2

and -47.7 £ 1.5* mV for iPSC-mNgn2, p < 0.001, one-way ANOVA; Figure 5.3g), the membrane

Figure 5.3. Induced neurogenin-2 expression generates neurons that are functionally more
mature. (on following page) (a) Schematic of the experiment showing neurons generated by
directed differentiation and cultured in either NMM-A (pink) or NBA/B27 (orange), and neurons
that were generated by induced neurogenin-2 expression from NPCs (NPC-mNgn2; blue) or directly
from iPSCs (iPSC-mNgn2; green). Cells were plated onto rat astrocytes and functionally assessed at
day 21-24. (b) Representative traces of spontaneous EPSCs. Scale bar 10 pA, 2 s. (c) Representative
traces of voltage-gated currents (upper; scale bar 500 pA, 100 ms) and induced action potential
firing (lower; 20 mV, 100 ms). Analysis of spontaneous glutamatergic synaptic currents showed
significant differences in (d) the proportion of cells receiving EPSCs (p = 0.0002, Chi-squared test),
(e) the frequency of EPSCs (p < 0.001, K-W test) and (f) the amplitude of EPSCs (p = 0.0200,n =4, 7,
18 and 12 cells for NMM-A, NBA/B27, NPC-mNgn2 and iPSC-mNgn2, respectively, K-W test). The
intrinsic membrane properties were assessed and showed significant differences in (g) the resting
membrane potential (p < 0.001, one-way ANOVA), (h) the membrane capacitance (p = 0.0015, one-
way ANOVA), (i) the membrane resistance (p < 0.0001, K-W test), (j) the maximum sodium current
(p < 0.001, one-way ANOVA), (k) the maximum potassium current (p = 0.0075, K-W test), (I) the
number of consecutive action potentials (p < 0.001, K-W test), (m) the action potential threshold (p
< 0.001, one-way ANOVA) and (n) the action potential amplitude (p < 0.001, K-W test). n = 19,22-
23, 21 and 24-25 cells, differentiated from 2 cell lines, for NMM-A, NBA/B27, NPC-mNgn2, and iPSC-
mNgn2, respectively, unless otherwise stated. All groups were compared to the NMM-A control
group using a K-W test or a one-way ANOVA with a Dunn’s or Dunnett’s post-hoc test for multiple
comparisons, respectively. * p < 0.05, ** p< 0.01, *** p < 0.001
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resistance (1567 £ 173 MQ for NMM-A, 1148 + 63 MQ for NBA/B27, 1066 + 77 MQ for NPC-mNgn2,
and 732 + 65*** MQ for iPSC-mNgn2, p < 0.001, K-W test; Figure 5.3i), the number of consecutive
action potentials (1.5 + 0.2 for NMM-A, 2.2 + 0.4 for NBA/B27, 2.3 + 0.3 for NPC-mNgn2, and 7.1 +
1.2*%** for iPSC-mNgn2, p < 0.001, K-W test; Figure 5.31) and the action potential amplitude (85.4
+ 2.0 mV for NMM-A, 85.8 + 2.0 mV for NBA/B27, 88.3 £ 1.9 mV for NPC-mNgn2, and 95.4 + 1.7**
mV for iPSC-mNgn2, p < 0.001, K-W test; Figure 5.3n). The action potential threshold was more
hyperpolarized in all experimental groups relative to the NMM-A control group (-24.9 £ 1.0 mV for
NMM-A, -30.5 £ 0.7*** mV for NBA/B27, -28.9 + 0.7** mV for NPC-mNgn2, and -30.4 £ 0.8*** mV
for iPSC-mNgn2, < 0.001, one-way ANOVA; Figure 5.3m). The results are summarised in Table 5.1.
Taken together, these results demonstrate the most robust enhancement of the synaptic
properties was demonstrated by NPC-mNgn2 neurons. These cells exhibited the largest proportion
of synaptically integrated neurons, with events occurring at frequencies twenty-fold greater than
NMM-A control neurons, and also exhibited an enhancement of intrinsic maturity. In contrast, iPSC-
mNgn2 neurons exhibited considerable enhancement of intrinsic maturation, but still only 50 % of
cells received synaptic inputs. Consistent with previous results (see Chapter V), growth in NBA/B27
medium that was supplemented with factors previously reported to promote neuronal maturation,
did not result in a significant enhancement of either the intrinsic or synaptic functional properties.
Therefore, this indicated that the expression of neurogenin-2 was accountable for the enhanced

functional properties observed in the iPSC-mNgn2 and NPC-mNgn2 neurons.

The enhanced synaptic properties, alongside the significantly higher cell yields, suggested that the
NPC-mNgn2 neuronal differentiation would be most suitable for the future investigation of synaptic
phenotypes. As a result, | performed additional characterization of the NPC-mNgn2 neuronal
cultures. As previously described in Chapter Ill, neuronal cultures differentiated without
neurogenin-2 generated a small proportion of Nkx2.1 progenitors and subsequently low numbers

of GABAergic interneurons. During in vivo development, the expression of neurogenin-2 supresses
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the activation of transcriptional pathways that generate a GABAergic cell fate [379]. Therefore, |
hypothesised that driving the expression of neurogenin-2 would abolish the generation of
GABAergic interneurons in the NPC-mNgn2 neuronal cultures. To this end, immunolabelling for
GAD65, a marker of GABAergic interneurons, was performed to determine the proportions of
GABAergic neurons in NPC cultures that were differentiated without neurogenin-2 (- mNgn2) at day
53, and with neurogenin2 (+ mNgn2) at day 20-30 (Figure 5.4a). This revealed that low numbers
of GAD65-positive cells were present in cultures differentiated both with and without mNgn2, and
guantification demonstrated that the proportions did not differ significantly (4.2 + 1.0 %, n = 12
FOV for without mNgn2, and 5.8 + 1.1 %, n = 22 FOV for with mNgn2, p = 0.3011, unpaired t-test;
Figure 5.4b). Having rejected my hypothesis and established that subsets of inhibitory neurons are
also present in cultures differentiated with mNgn2, | sought to assess the formation of functional
inhibitory synapses using whole-cell patch clamp electrophysiology. Voltage-clamp recordings were
performed at a holding potential of Vi, =0 mV, the approximate reversal potential for glutamatergic
ionotropic receptors, in order to avoid detection of glutamatergic synaptic activity. These
recordings revealed fast-onset outward currents with a slow decay phase that were consistent with
GABAa-receptor mediated inhibitory post-synaptic currents (IPSCs). The IPSCs were abolished by
bath application of the GABAa receptor antagonist, picrotoxin (PTX), thereby confirming their
nature (Figure 5.4c). Spontaneous IPSCs were observed in recordings from neurons in cortical
cultures differentiated with and without mNgn2, indicative of functional inhibitory synapse
formation (Figure 5.4d). Further analysis of spontaneous IPSCs revealed that comparable
proportions of cells received IPSCs in cultures differentiated with and without mNgn2 (36 %, 5/14
cells for — mNgn2, and 58 % 14/24 cells for + mNgn2, p = 0.3133, Fisher’s exact test; Figure 5.4e).
However, the frequency of IPSCs was significantly higher in mNgn2 neurons (0.01 £ 0.00 Hz, n = 14
cells for without mNgn2, and 0.27 + 0.10 Hz, n = 24 cells for with mNgn2, p = 0.0233, M-W test;
Figure 5.4f), whilst the IPSC amplitude did not differ (10.07 + 1.95 pA, n =5 cells for without mNgn2,

and 14.54 + 1.85 pA, n = 15 cells for with mNgn2, p = 0.1418, M-W test; Figure 5.4g). Taken
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Figure 5.4. Neurogenin-2 neuronal cultures contain a small proportion of active interneurons.
(a) Neuronal cultures generated without mNgn2 expression (-mNgn2; left) and with mNgn2
expression (+mNgn2; right) were labelled for the inhibitory interneuron marker GAD65. Scale bar
20 um. (b) Quantification of GAD65 expression showed no difference in the proportion of positive-
cells in cultures differentiated without mNgn2 (day 53) and with mNgn2 (day 20-30) (p = 0.3011, n
=22 and 12 FOV for without mNgn2 and with mNgn2, respectively, unpaired t-test). (c) Example
recording at V= 0 mV showing IPSCs recorded under control conditions (upper left; scale bar 5 pA,
10 s), with overlaid detected events (upper right; scale bar 10 pA, 10 ms), and, following wash-in of
picrotoxin (PTX), the blockade of all IPSCs (lower; scale bar 5 pA, 10 s). (d) Example traces of IPSCs
from neurons differentiated without mNgn2 (day 80-90) and with mNgn2 neurons (day 20-30).
Scale bar 10 pA, 2 s. (e) The proportion of neurons receiving IPSCs did not differ significantly (p =
0.3133, n =14 and 24 cells for differentiated without mNgn2 and with mNgn2, respectively, Fisher’s
exact test). (f) The frequency of IPSCs was significantly increased in cultures differentiated with
mNgn2 (p = 0.0233, n = 14 and 24 cells for without mNgn2 and with mNgn2, respectively, M-W
test). (g) No difference was observed in the IPSC amplitude (p =0.1418, n =5 and 15 cells for without
mNgn2 and with mNgn2, respectively, M-W test) (From 1 cell line). * p < 0.05
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together, this data demonstrates that comparable proportions of GABAergic interneurons are
generated by neuronal differentiation of NPCs with and without neurogenin-2. Likewise, similar
proportions of cells receive inhibitory inputs, but the frequency of IPSCs are significantly higher in

neuronal cultures differentiated with mNgn2, reflective of increased inhibitory network activity.

5.2.3. Neurogenin-2 neurons from a fAD patient have altered AB-peptide secretion

As shown in Chapter Ill, neurons differentiated without neurogenin-2 from fAD patient-derived
iPSCs demonstrate a robust increase in the AB42:40 ratio compared to healthy controls. To
determine whether this phenotype was conserved in NPC-mNgn2 neurons, the secreted AP
peptides were measured in media samples from cortical cultures of a healthy control and a fAD
patient with the PSEN1 Intron 4 Del mutation that were differentiated from NPCs with and without
neurogenin-2. Media samples were collected 48 hours after a full medium change from day 25
cultures differentiated with mNgn2, and from day 85 cultures differentiated without mNgn2, and

the AB-species were quantified using an MSD immunoassay to calculate the AB42:40 ratio. In
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Figure 5.5. Neurogenin-2 neurons conserve the Alzheimer’s disease associated phenotype in
secreted AP peptides. Cortical NPCs, from a control individual and a fAD patient with a PSEN1 Intron
4 deletion, were differentiated without (-mNgn2) or with mNgn2 (+mNgn2) expression. Media
samples were collected 48 h following a full medium change from day 85 cultures differentiated
without mNgn2, and from day 25 cultures differentiated with mNgn2, and then the AP species were
quantified using an MSD immunoassay. (a) Cortical cultures derived from a fAD patient that were
differentiated without mNgn2 had a significantly higher AB42:40 ratio relative to a healthy control
(p = 0.0286, M-W test). (b) Cortical cultures derived from a fAD patient that were differentiated
with mNgn2 also had a significantly higher AB42:40 ratio relative to a healthy control (p = 0.0286,
M-W test). n = 4 technical replicates from 1 differentiation for control and PSEN1 Intron 4 Del.
* p<0.05
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comparison to cultures differentiated without mNgn2, the total AB42 and 40 in cultures
differentiated with mNgn2 could not be determined as the cell lysate protein concentration,
required for normalisation, was below the level of detection. As expected, the ratio of secreted
AB42:40 peptides was significantly increased in PSEN1 Intron 4 Del media samples from day 85
cultures differentiated without mNgn2, in line with previous observations (0.09 + 0.0 for control,
0.15+ 0.0 for PSEN1 Intron 4 Del, p =0.0286, M-W test; Figure 5.5a). Similarly, the ratio of secreted
AB42:40 peptides in media samples from day 25 PSEN1 Intron 4 Del cultures differentiated with
mNgn2 was also significantly increased (0.10 £ 0.01 for control, 0.17 + 0.0 for PSEN1 Intron 4 Del, p
=0.0286, M-W test; Figure 5.5b). This confirms that the biochemical changes leading to altered AB

peptide composition also occur in neurons differentiated with neurogenin-2.

5.3. Discussion

Two approaches were explored that took advantage of inducible neurogenin-2 expression with the
aim to further enhance the functional properties of iPSC-derived cortical neurons above that
achieved by co-culture with rodent astrocytes (see Chapter IV), and to generate neurons with
functional properties more similar to mature adult neurons (Table 3.1). Neurogenin-2 expression
was induced in iPSCs or NPCs and, in both cases, generated functional cortical neurons after 21
days. However, the cell yield was far larger for NPCs compared to iPSCs. An electrophysiological
comparison of the functional properties revealed that the greatest enhancement in excitatory
synaptic activity was observed in NPC-mNgn2 neurons. Meanwhile, iPSC-mNgn2 neurons
demonstrated significantly more mature intrinsic properties, yet only half of the neurons assayed
received excitatory synaptic inputs. As a result, NPC-mNgn2 neuronal differentiation was
considered most appropriate for further study. The expression of neurogenin-2 did not appear to
affect interneuron generation, as comparable proportions of GAD-positive neurons were observed
in NPC-derived cultures differentiated with and without neurogenin-2. Neuronal differentiation

with neurogenin-2 resulted in more than twenty-fold increases in the levels of inhibitory and
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excitatory synaptic activity. However, the frequency of excitatory activity was four times greater
than the frequency of inhibitory activity, suggesting that NPC-mNgn2 neuronal cultures are
predominantly comprised of glutamatergic cortical neurons. Furthermore, fAD-patient derived
NPC-mNgn2 neuronal cultures reproduced the AB42:40 phenotype previously described in Chapter

Ill, indicating that AP processing was unaffected by neurogenin-2 mediated differentiation of NPCs.

5.3.1. Functional cortical neuron generation from iPSCs and NPCs using neurogenin-2

In this chapter | described two neuronal differentiation strategies that took advantage of an
inducible neurogenin-2 construct with the aim to promote functional maturity. The first was to
drive the direct conversion of iPSCs to cortical neurons (iPSC-mNgn2) based upon the protocol by
Zhang et al., (2013) [158], and the second was to accelerate neuronal differentiation of pre-
patterned cortical NPCs (NPC-mNgn2), in a similar manner to Ho et al., (2016) [375]. In each case,
the induction of neurogenin-2 expression was intended to drive the starting cell type towards a
more mature cortical neuronal phenotype than previously achieved by neurons generated by
directed differentiation. Both iPSC-mNgn2 and NPC-mNgn2 differentiation protocols generated
neurons with cortical identities that were able to fire multiple induced action potentials and
received frequent excitatory synaptic inputs following 21 days of neurogenin-2 expression.
Comparable to neurons generated by directed differentiation, neurogenin-2 neurons expressed the
deep-layer markers Ctip2 and Tbrl, and the upper layer marker Satb2. Interestingly, the iPSC-
mNgn2 neuronal cultures contained a greater proportion of cells expressing these markers than the
NPC-mNgn2 neuronal cultures, which may suggest NPC-mNgn2 cultures contain a greater diversity
of cell types. Subsequent analysis revealed that a small subset of NPC-mNgn2 neurons expressed
the GABAergic interneuron marker GADG65, although this did not fully account for the unlabelled
population. Single cell transcriptomic techniques could provide a method to determine the cellular
identities within this population. This may reveal the expression of cortical-layer specific markers

that were not tested here, or could reveal alternative neural cell types previously identified in
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directed differentiation cultures, such as NPCs or glia. The presence of cells expressing markers of
NPCs, even following 28 days of neurogenin-2 expression, have been reported in some neurogenin-
2 differentiation studies [275]. In contrast to my observations, others utilising neurogenin-2 for
neuronal differentiation describe minimal or complete absence of Ctip2 expression or markers of
inhibitory neurons [158, 275, 375, 380, 381]. Interestingly, despite the rare detection of Tbrl mRNA,
Nehme et al., (2018) showed that the majority of neurons immunolabelled positively for the Tbhrl
protein [275]. This discrepancy could indicate detection errors at either the mRNA or protein level.
Meanwhile, the generation of high proportions of neurons expressing the upper-layer cortical
markers Brn2, Cux1 and Satb2 have been frequently reported in neurogenin-2 derived neuronal
cultures [158, 275, 381]. However, the expression of Brn2 and Cux1 has not yet been determined
in the cultures generated here as a result of inconclusive immunofluorescence for these markers.
The presence of GAD65 positive interneurons within the NPC-mNgn2 neuronal cultures could have
arisen from the pre-patterning of iPSCs towards a neural fate. Whilst, neurogenin-2 expression has
been reported to prevent the GABAergic neuronal differentiation of ventral progenitors in vitro
[382], it is possible that the level of ectopic neurogenin-2 expression achieved here was insufficient
to redirect the cell fate of this population. Nonetheless, there was no difference in the proportion
of GAD65-positive cells compared to cultures differentiated without neurogenin-2, indicating that

the NPC-mNgn2 neuronal cultures retain a predominantly excitatory cortical neuronal composition.

The lower time and cost investment required for the culture of human iPSC-derived NPCs,
compared to iPSCs, makes the NPC-mNgn2 protocol a more attractive option. This is underscored
further by the significantly higher cell yields achieved with the NPC-mNgn2 protocol. NPCs are
efficiently transduced with simple viral supernatant preparations, whereas iPSCs required
transduction whilst in suspension and the use of ultracentrifuged viral preparations, which still did
not enable a comparable transduction efficiency. Others have explored the generation of cell lines

with integrated rtTA and TetO-mNgn2 through stable transfection, or with gene editing techniques
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that can enable integration at specific target sites associated with high transgene expression and
minimal impact upon endogenous gene expression [380, 381]. Whilst both of these strategies
would reduce the variability of transgene expression, they would require extensive time investment
during cell line generation. Therefore, the NPC-mNgn2 approach is particularly scalable, both within
and across cell lines, which could be particularly beneficial to higher throughput drug discovery and

phenotyping studies.

5.3.2. The functional properties of neurogenin-2 neurons

Most important, for the aims of this thesis, was the generation of mature and active synaptic
networks. To this end, the functional properties of iPSC-mNgn2 neurons, NPC-mNgn2 neurons and
neurons generated via directed differentiation, which were cultured in neurogenin-2 neuronal
medium or standard media, were assayed at day 21. Neuronal culture in NBA/B27 medium was not
associated with significant changes in intrinsic or synaptic properties with the exception of a lower
action potential threshold. This result further supports the idea that media supplementation with
neurotrophins and other factors for several weeks, does not significantly enhance the functional
maturation of the iPSC-derived cortical neurons in the cultures generated here. By contrast,
neurogenin-2 expression robustly changed the functional properties of the neurons. Interestingly,
NPC-mNgn2 neuronal cultures formed highly active excitatory synaptic networks where the
majority of neurons were synaptically integrated and the intrinsic properties were modestly
enhanced. Meanwhile, iPSC-mNgn2 neurons exhibited considerably more mature intrinsic
properties but had variable synaptic properties: whilst some iPSC-mNgn2 neurons showed frequent
synaptic inputs, half of the cells assayed demonstrated no excitatory synaptic network integration.
Thus the more consistent synaptic properties of day 21 NPC-mNgn2 neurons suggested that this
differentiation protocol was the most suitable for synaptic phenotyping studies within a short time-

frame.
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It is possible that the interaction of neurogenin-2 expression with already active neuronal
transcriptional pathways in NPCs can focus the effects of neurogenin-2 expression more specifically
towards the upregulation of synapse-related genes. Comparatively, the absence of neuronal gene
expression in iPSCs may drive the upregulation of transcription factors associated with neuronal
differentiation and the acquisition of intrinsic membrane excitability. The BAM (Brn2, Ascl1, and
Mytll) transcription factor mediated neuronal conversion protocol indicates the potential
functional effects of interactions between different transcription factor signalling cascades [152].
This published work showed that whilst the expression of Ascll alone could convert mouse
fibroblasts to cells with a neuronal phenotype, the resulting neurons show relatively immature
intrinsic properties in comparison to those differentiated via the simultaneous co-expression of
Ascl1, Brn2 and Myt1/ [152]. This demonstrates the capacity for different transcription factors to
act synergistically in the generation of functional neuronal properties. A temporal analysis of the
transcriptomic profiles of iPSC-mNgn2 and NPC-mNgn2 cultures could help to elucidate the

pathways leading to the functional differences observed here.

Interestingly, concurrent with the enhancement of excitatory synaptic activity was an increase in
IPSC frequency. The lack of a simultaneous increase in the proportion of GABAergic neurons
suggests a specific increase in interneuron activity. This may also have occurred in parallel with an
increase in the total number of GABAergic synapses, which could be determined through
quantification of GABAergic synaptic puncta and assessment of miniature IPSCs. The changes
observed in excitatory synaptic activity suggests that there was an increased excitatory drive onto
inhibitory interneurons, which would be expected to increase their synaptic output. Meanwhile,
the IPSC amplitude suggests that the strength of these synapses remains unchanged. These
observations demonstrate that NPC-mNgn2 cultures contain functionally active GABAergic
interneurons. However, the level of excitatory activity is nearly four-fold higher, further supporting

the predominantly glutamatergic nature of these neuronal cultures.
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5.3.3. An AD-associated phenotype in neurogenin-2 neurons

The previously observed fAD-patient associated phenotype showing an elevation in the AB42:40
ratio of secreted AB-peptides (Figure 3.7) was conserved by NPC-mNgn2 neuronal cultures,
indicating that disease relevant AP peptide processing was unchanged by neurogenin-2 expression.
To my knowledge, the neurogenin-2 neuronal differentiation method has yet to be used for the
assessment of disease-associated phenotypes from patient derived cells. Therefore, this is the first
demonstration of an Alzheimer’'s disease associated phenotype in patient-derived neurons
differentiated using neurogenin-2. As a result of the enhanced maturational state of the synaptic
networks, the NPC-mNgn2 differentiation approach offers the potential for the investigation of

synaptic phenotypes in fAD-patient derived cultures.

In summary, neurogenin-2 can drive the generation of functional cortical neurons from both NPCs
and iPSC in 21 days. However, the superior synaptic properties, extensive cell yield and ease of NPC
culture, support the use of NPC-mNgn2 neurons for synaptic phenotyping assays and consequently,
will be the method of choice for further synaptic characterization and manipulation in this thesis.
From this chapter, it is evident that excitatory synaptic inputs can be frequent at a population level.
However, the animal literature has shown that some of the best controlled synaptic plasticity assays
require the isolation and temporal control of a single monosynaptic connection. Therefore, the
extent of interconnectivity and the functional properties of excitatory synapses in NPC-mNgn2

neuronal cultures will be explored in the following chapter.
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VI: Isolation and characterization of monosynaptic connections in iPSC-
derived cortical networks

6.1. Introduction

Synaptic connections form the foundation of functional neuronal circuitry and the basis for
information processing. The ability to study and manipulate a monosynaptic connection can
provide huge insights into the complex molecular mechanisms underlying signal transduction in the
brain. The isolation and interrogation of monosynaptic connections is largely performed using
simultaneous whole-cell patch clamp recordings from a connected pair of neurons. Such recordings
enable the investigation of basal synaptic transmission, such as pre-synaptic release probability,
synaptic efficacy and the functional properties of post-synaptic receptors, at a unitary connection
in isolation without interference from polysynaptic activity [383-385]. Dual-patch recordings were
used for the first demonstration of synaptic plasticity at the level of a single connection [209], and
have enabled further investigations into the pre- and post-synaptic alterations that result in
changes to synaptic efficacy. For example, pharmacological manipulations can be selectively
delivered to only the pre- or post-synaptic neuron by inclusion in the patch pipette solution, thereby
allowing researchers to probe the cellular processes involved in synaptic plasticity [252, 386]. This
approach also enables the interrogation of synaptic connectivity between defined cell types, which
can be specifically targeted or identified by reporter gene expression, anatomical location,
morphology or intrinsic membrane properties. For example, STDP has been shown to be reliably
generated between pairs of cultured excitatory rodent hippocampal neurons, but was not
demonstrated by excitatory synaptic connections to inhibitory neurons [236]. Dual-whole cell
patching enables the manipulation and precise temporal readout of pre- and post- synaptic activity,
which can be used to monitor both the short and long-term kinetics of synaptic transmission. Whilst
this approach offers a high level of control over both the pre- and post-synaptic neurons, it is a slow

and laborious method that can be limited by connection probability.
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The use of optogenetic tools, such as ChR2, can provide a faster and more efficient approach to the
study of synaptic connectivity. ChR2 can drive single and high-frequency trains of action potentials
with precise temporal control [192]. As a result, ChR2 is often used to control neuronal activity
without the need for extracellular or intracellular electrical stimulation. In addition, ChR2 can
circumvent the problem of large artefacts that are often associated with extracellular electrical
stimuli, which can obscure responses with short latencies. Moreover, the expression of ChR2 in
neurons does not appear to have adverse effects upon neuronal membrane properties or cell
viability [192]. The use of transgenic approaches to drive ChR2 expression in a subpopulation of
neurons can enable the selective and specific activation of a genetically defined population of cells
[387]. The activation of ChR2 in pre-synaptic cells can generate light-evoked synaptic responses,
and therefore, many animal studies have utilised ChR2 to investigate synaptic circuitry in the brain
[388-391]. Activation of many ChR2-expressing axonal fibres can generate an optically evoked field
post-synaptic potential, in a manner similar to extracellular electrical stimulation [193]. Similarly,
pre-synaptic ChR2 activation can also be used to generation a monosynaptic response that can be
detected using whole-cell patch-clamp recordings in a post-synaptic neuron [201]. Optically evoked
ChR2-responses strongly resemble those generated by pre-synaptic somatic current injection, and
have also demonstrated the ability to undergo synaptic plasticity [201]. However, ChR2-activation
can evoke axonal action potential generation, which can trigger neurotransmitter release at the
synapse in the absence of a somatic action potential. This can be advantageous for the assessment
of long-range projections in slice preparations whereby the axonal connection to the soma can be
severed [388]. However, this property of ChR2 expression has the potential to pose limitations to
the assessment of monosynaptic connections, where light stimulation could promote the
generation of polysynaptic activity through the activation of nearby axonal projections. Moreover,
the absence of a whole-cell patch on a pre-synaptic ChR2-expressing neuron prohibits the direct
measure of electrical activity or intracellular pharmacological manipulation to the patched post-

synaptic neuron only.
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The probability of identifying a pair of synaptically connected neurons is variable within the rodent
cortex. Intra-laminar connection probabilities have been reported to range from 3-15 % in layer 5
[248, 385, 392], 5-20 % in layer 2/3 [392-394] and up to 24 % in layer 4 [395]. Interestingly, several
of these studies have reported that the proportion of bidirectional connections was greater than
anticipated from the unidirectional connectivity probability [396], which suggests that non-random
patterns of local connectivity occur in the cortex [248, 385, 397]. Meanwhile, inter-laminar
connection probabilities have been reported from 1-20 %, dependent on the direction of
connectivity [392, 393]. The distance between neuronal soma strongly influences the connection
probability, whereby neurons situated further apart are less likely to be connected [398]. These
connection probabilities were assessed in acute rodent brain slice preparations and are therefore
likely to be an underestimate due to axon severance [385, 399]. Comparatively, in rodent cortical
slice culture, where axonal outgrowth occurs and new synaptic connections are established, the
connection probability is higher [400]. This is particularly evident in the hippocampus, where acute
hippocampal slice preparations show typical connection probabilities of 2-13 % [401, 402], whilst
hippocampal slice cultures show connection probabilities of up to 56 % [399, 403, 404]. The
connection probabilities reported from dissociated rodent hippocampal cultures are more variable
and depend upon developmental age [405], cell density [362, 406], and neuronal activity [405]. In
general, mature dissociated hippocampal cultures can exhibit relatively high levels of connectivity,
on the order of 30-40 % [362, 405]. Although, an equivalent connectivity assessment has not been

reported for dissociated cortical cultures.

The properties of intra- and inter-laminar monosynaptic connections in rodent cortex have been
described using simultaneous whole-cell patch clamp recordings in slice preparations. In all studies
the intracortical monosynaptic connections are reported to have a very short latency to the onset
of the post-synaptic response, that averages 0.9-2.1 ms, and has been associated with minor (<1

ms) increases for longer (>250 pum) connection distances [383-385]. In addition, the temporal jitter
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of the post-synaptic response onset is very minimal [383-385]. Monosynaptic connections have
smooth kinetics, indicative of the activation of a single pre-synaptic neuron, with a fast rise phase
and a slow decay phase [383-385]. Intracortical connections have been reported to have low failure
rates that average 5-7 %, indicating that rodent neurons form reliable synaptic connections.
Furthermore, these connections typically have low coefficients of variation (0.27-0.52), reflecting a
relatively consistent post-synaptic response magnitude across stimulations [383-385], and exhibit
paired-pulse depression, which is thought to reflect a high neurotransmitter release probability
[384]. In general, monosynaptic connections in rodent cortex exhibit relatively small post-synaptic
response amplitudes [383-385]. Whilst each neuron in the brain receives thousands of synaptic
inputs [407], anatomical assessments in rodent cortex have estimated that connections between
excitatory pyramidal neurons are comprised of only 2-8 putative synaptic contacts [383-385]. The
number of putative synaptic contacts between pairs of connected excitatory neurons has been
found to exhibit a weak positive correlation with the amplitude of the post-synaptic response [383].
While there have been limited characterizations of human synapses in excised tissue, the properties
of excitatory cortical synapses that have been described, such as latency and short-term plasticity,
are largely consistent with those described in rodent tissue [303, 408, 409]. However, differences
in the behaviour of human and rodent synapses have been observed, for example human synapses
have been reported to exhibit a faster recovery following short-term synaptic depression [303].
Overall, the study of synapses between cortical neurons has demonstrated that their monosynaptic
nature can be defined by a short latency and low temporal jitter, and that intracortical synapses
between excitatory neurons typically exhibit short-term depression, high reliability and low
variability [383-385, 409]. Furthermore, excitatory monosynaptic connections in rodent cortex have
been shown to exhibit changes in synaptic efficacy induced by spike-timing dependent plasticity

protocols [246-250].

-152-



CHAPTER | VI

The generation of synaptically-connected human neuronal networks via neurogenin-2 mediated
differentiation, described in Chapter V, enables the further investigation of synaptic
interconnectivity and the properties of excitatory synaptic connections in human iPSC-derived

cortical neurons. To this end, | wanted to address the following questions within this chapter:

e Can monosynaptic connections be isolated between pairs of human iPSC-derived cortical
neurons?

e What are the functional characteristics of excitatory monosynaptic connections?

e Can the optogenetic tool, ChR2, be used to study monosynaptic connections between

human iPSC-derived cortical neurons?

6.2. Results

6.2.1. Reliable excitatory monosynaptic connections can be identified between pairs of iPSC-
derived cortical neurons

To determine the probability of finding an excitatory monosynaptic connection in iPSC-derived
cortical cultures, dual whole-cell patch clamp recordings were made from pairs of iPSC-derived
cortical neurons whose somas were within 200 um. The GABA, antagonist, picrotoxin, was included
in the extracellular solution to prevent any contamination by inhibitory synaptic connections.
Connectivity was primarily assessed by holding one neuron in current clamp and inducing a pair of
action potentials by injecting depolarizing current, whilst holding the other neuron in voltage clamp
at Vm =-70 mV to record post-synaptic responses. Dual voltage-clamp recordings were occasionally
used to determine synaptic connectivity (see Chapter IlI). Connectivity was assessed in both
directions at low frequency (0.1 Hz) to avoid the induction of any activity-dependent synaptic
changes across trials. Cells that generated short-latency (<6 ms) post-synaptic responses, which
were temporally-locked to the pre-synaptic action potential were considered to be
monosynaptically connected (Figure 6.1a). On occasions, trains of high-frequency action potential

firing were elicited in the pre-synaptic neuron, which revealed short-term depression of excitatory
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post-synaptic currents (Figure 6.1b). A total of 436 putative connections were assayed from 218
neuronal pairs, which revealed a 7 % (29/436) synaptic connection probability (Figure 6.1c) and
showed that the majority of neuronal pairs were not connected (88 %; 191/218 pairs) (Figure 6.1d).
Neuronal pairs that were monosynaptically connected demonstrated predominantly unidirectional
connectivity (93 %; 25/27 connected pairs), whilst bidirectional connections were rare (7 %; 2/27
connected pairs). The prevalence of bidirectional connectivity (0.92 %; 2/218 pairs) was similar to
the expected value if all putative connections had equal probability (0.07 x 0.07 = 0.49 %) suggesting
that there was no bias towards the formation of bidirectional connections. Given the
developmental increase in synaptic connectivity described for rodent cultures [405], the connection
probability was compared between young (day 14-27) and old (day 28-40) cultures, which revealed
a more than two-fold increase at the later time point (4 %, 8/195 for D14-27, and 10 % 25/251 for
D28-40, p = 0.0273, Fisher’s exact test; Figure 6.1e). Overall, neuronal pairs with a monosynaptic
excitatory connection were relatively infrequently detected and were predominantly
unidirectional. The synaptic connection probability increased with age, and thereby increased the

likelihood of detecting a synaptically connected pair in older neuronal cultures.

Having established that monosynaptically connected neuronal pairs could be identified, albeit at
low frequency, | sought to characterize the properties of these connections using whole-cell and
perforated patch clamp recordings. For each monosynaptic connection, a single pre-synaptic action
potential was repeatedly evoked at low frequency (0.1 Hz) to generate a post-synaptic response for
10-30 trials (Figure 6.2a). Action potentials could be reliably evoked, and demonstrated minimal
temporal jitter (0.20 £ 0.03 ms, n = 27 cells; Figure 6.2b), thereby enabling consistent pre-synaptic
activation across trials. The average latency was determined from across trials and measured as the
time from the pre-synaptic action potential peak to 5 % of the post-synaptic response amplitude.
Consistent with monosynaptic connectivity, the latencies were short (2.0 + 0.2 ms, n = 29

connections; Figure 6.2c) and showed minimal temporal jitter of the EPSC onset (0.24 + 0.04 ms, n
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=29 connections; Figure 6.2d). An average post-synaptic response was generated from 10-30 trials
to determine the response amplitude and kinetics. As expected for excitatory monosynaptic
connections, the kinetics of the response showed a fast 20-80 % rise time (0.95 + 0.04 ms; Figure

6.2e) and a slower 80-20 % decay time (5.53 + 0.63 ms; Figure 6.2f).

The efficacy, variability and reliability of the monosynaptic connections between human iPSC-
derived cortical neurons was assessed to ascertain whether these excitatory synapses had

comparable properties to intracortical synapses in rodent cortex. All post-synaptic responses (n =
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Figure 6.1. Whole-cell dual patch recordings reveal pairs of monosynaptically connected human
iPSC-derived cortical neurons. (a) Example recording from a pair of neurons, whose soma were
within 200 um. When cell A was stimulated a temporally aligned post-synaptic current was
observed in cell B in response to each action potential. When cell B was stimulated to fire a pair of
action potentials, no response was observed in cell A, thus demonstrating a unidirectional synaptic
connection. Scale bars 40 mV, 20 pA, 50 ms. (b) Representative average trace of post-synaptic
currents exhibiting short-term depression in response to high-frequency pre-synaptic action
potential firing. Scale bar 20 pA, 50 ms. (c) The probability of finding a synaptic connection as a
proportion of all putative connections assayed (n = 436). (d) The proportion of bidirectional,
unidirectional and unconnected neuronal pairs (n = 218). (e) The probability of observing a
monosynaptic connection significantly increased with the age of the neuronal culture (p = 0.0273,
n =195 and 251 putative connections for D14-27 and D28-40, respectively, Fisher’s exact test) (From
8 differentiations across 2 cell lines). * p <0.05
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30 connections) generated an inward current which had an average peak amplitude of 138.8 + 30.2
pA. The histogram of response amplitudes showed that connections between human iPSC-derived
cortical neurons were skewed towards smaller amplitude responses, reflected by the difference
between the mean and median (IQR), which was 63.2 pA (23.9 pA to 209.9 pA) (Figure 6.2g). The
post-synaptic response amplitude is considerably greater than the amplitude of the miniature
EPSCs (mEPSCs) detected in these cultures, see Chapter VII. mEPSCs are thought to be generated
by spontaneous quantal release at a single synaptic bouton, and may suggest that, like rodent
cortical neurons [383-385], monosynaptic connections between human iPSC-derived cortical
neurons consist of a small number of synaptic contacts. The peak amplitude could vary from trial-
to-trial and had a coefficient of variation (COV) of 0.26 + 0.02 (Figure 6.2h). The failure rate was
determined on a trial-by-trial basis by the assessment of the response amplitude and latency.
Assessment of the failure rate demonstrated that responses were reliably evoked and failures were
rare (5.3 £ 1.7 %; Figure 6.2i). The repetitive firing of a pre-synaptic cell can result in the short-term
decrease (depression) or increase (facilitation) of the post-synaptic response amplitude, termed
short-term plasticity [410]. The paired-pulse ratio (P2/P1) was assessed to determine whether the
excitatory synapses undergo short-term plasticity. Pairs of pre-synaptic action potentials were

evoked 40 ms apart and the post-synaptic response was averaged across 6-20 trials (Figure 6.2j).

Figure 6.2. Characterizing monosynaptic connections between pairs of iPSC-derived cortical
neurons. (on following page) (a) An example of a dual whole-cell patch recording from a pair of
monosynaptically connected neurons showing an EPSC in response to a pre-synaptic action
potential (black: averaged traces, grey: individual trials; scale bar 20 pA, 10 ms). (b) The jitter of the
presynaptic action potential in response to suprathreshold current injections from across 10-30
trials (n = 27 connections). (c) The EPSC latency from the action potential peak. (d) The jitter of the
EPSC onset time. An averaged post-synaptic response was generated from 10-30 trials and the
following properties were analysed: (e) the rise time (20-80 %), (f) the decay time (80-20 %), and
(g) the amplitude of the response. Across 10-30 trials (h) the coefficient of variation (COV), and (i)
the failure rate were assessed. (j) A representative trace of a post-synaptic response showing
synaptic depression in response to two pre-synaptic action potentials stimulated 40 ms apart (black:
averaged traces, grey: individual trials; scale bar 20 pA, 10 ms). (k) The paired-pulse ratio of post-
synaptic responses (P2/P1) determined from an average of 6-20 trials (n = 27 connections).
Population data are presented as frequency histograms with inset bar graphs (n = 30 connections).
The response amplitude showed a significant inverse correlation with (I) the COV (p = 0.0032, r? =
0.2715) and (m) the failure rate (p = 0.0499, r? = 0.1304) (n = 30 connections, Pearson’s correlation
coefficient) (From 9 differentiations across 3 cell lines). * p < 0.05, ** p < 0.01
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Overall, excitatory synaptic connections had a tendency to demonstrate short-term depression
(0.83 £ 0.07, n = 27 connections, p = 0.0013, Wilcoxon signed-rank test; Figure 6.2k). However,
some connections exhibited an inconsistent paired-pulse ratio between trials and one connection
showed robust facilitation. The response amplitude showed a significant inverse correlation with
the COV (p = 0.0032, r2 = 0.2715; Figure 6.2l) and the failure rate (p = 0.0499, r?> = 0.1304; Figure
6.2m), indicating that smaller amplitude connections were more variable and more prone to
failure. Overall, the characteristics of the excitatory synaptic responses generated by pairs of
human iPSC-derived cortical neurons were consistent with the activation of a monosynaptic
connection. The monosynaptic connections exhibited a skewed distribution of response
amplitudes, a low failure rate, minimal response variability and paired-pulse synaptic depression.
In general, the properties of monosynaptic connections between human iPSC-derived cortical
neurons were similar to those described at excitatory synapses between neurons in the rodent

cortex [383-385].

6.2.2. The optogenetic tool, ChR2, can be used to study monosynaptic connections between iPSC-
derived cortical neurons

The assessment of synaptic transmission and the manipulation of synaptic efficacy requires not only
the detection of a monosynaptic connection, but also the ability to maintain viable and stable
patch-clamping of the pre- and post-synaptic neurons over a prolonged time period. Given that the
connection probability is low in iPSC-derived cortical cultures, the evaluation of synaptic properties
and the execution of physiological synaptic plasticity experiments solely using dual-patched
neuronal pairs is challenging. Dual-patching only allows for the assessment of two putative
connections, which can be exponentially increased by simultaneously patching additional neurons,
although this would be a difficult and laborious approach. Therefore, | sought to develop another
method that would enable the isolation of a monosynaptic connection at greater frequency. The

expression of ChR2 in a subset of neurons enables the simultaneous activation of a larger number
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of potential pre-synaptic partners in comparison to dual-patching. To this end, separate wells of
iPSC-derived cortical cultures (on day 1 of neurogenin-2 expression) were transduced with lentivirus
to deliver either hSyn-ChR2-YFP or CaMKIlla-mKate2, thereby ensuring that expression of these
constructs was mutually exclusive. Subsequently, the two neuronal populations were pooled
together during final plating onto rat astrocytes. The red fluorescent marker, mKate2, was used to
facilitate the identification of neurons that did not express ChR2-YFP, as low levels of ChR2-YFP
expression could not be detected by fluorescence microscopy, but could result in the generation of
small photocurrents. The ChR2-YFP expressing neurons represented the putative pre-synaptic
population that could be activated by light, whilst the mKate2 neurons received light-evoked
synaptic inputs that were not contaminated by the generation of an endogenous photocurrent

(Figure 6.3a). Robust endogenous expression of cytoplasmic mKate2 and membrane-localised YFP,

Pre-synaptic

d
Neurons

A & w Post-synapti
+ LV-CaMKlla-mKate2 @% 2 _\/

b ChR2-YFP C | "

ke

% positive cells

mKate2 ChR2

Figure 6.3. Using ChR2 as a tool to study monosynaptic connections between iPSC-derived cortical
neurons. (a) Schematic of the generation of ChR2-YFP and mKate2 co-cultures. Human iPSC-derived
cortical cultures (on day 1 of neurogenin-2 expression) were separately transduced with lentivirus
containing either hSyn-ChR2-YFP or CaMKIla-mKate2 on day 1 of doxycycline treatment. On day 3,
cells were pooled and plated onto rat astrocytes. ChR2-YFP expressing cells represent the pre-
synaptic population that can be activated by light. Whilst the mKate2-positive cells do not express
ChR2 and represent the putative post-synaptic population that can receive light-activated synaptic
inputs. (b) Representative image of a ChR2-YFP/mKate2 co-culture. Scale bar 20 um. (c) The
proportion of mKate2 and ChR2-YFP expressing cells are similar within each co-culture (p = 0.1421,
n = 21 cultures, from 9 differentiations across 2 cell lines, paired t-test).
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indicative of the incorporation of ChR2-YFP molecules into the membrane, were detected in
neuronal cultures (Figure 6.3b). On average, 37 % of cells expressed a fluorescent marker, which
was comprised of relatively equal proportions of mKate2 and ChR2-YFP expressing cells within
cultures (20.5 £ 2.8 % for mKate2, and 16.9 + 2.3 % for ChR2-YFP, n = 21 cultures, p = 0.1421, paired

t-test; Figure 6.3c).

To explore the utility of ChR2 as a method of activating putative pre-synaptic neurons, whole-cell
patch clamp recordings were performed on ChR2-YFP expressing iPSC-derived cortical neurons
(Figure 6.4a). Recordings in voltage-clamp demonstrated that all ChR2-YFP-positive neurons
assessed could generate a photocurrent in response to light pulses delivered by a 405 nm laser. The
photocurrent was sustained for the duration of the light pulse and increased in amplitude with
increasing light intensity (Figure 6.4b; upper). Similarly, current-clamp recordings revealed that
increasing the light intensity generated an increased neuronal depolarization which could trigger
an action potential (Figure 6.4b; lower). Short (1-10 ms), high intensity light pulses were sufficient
to evoke an action potential. However, increasing the duration from 1 to 10 ms was associated with
an increase in network activity (Figure 6.4c). Reliable light-evoked action potential firing could be
sustained at high-frequency in response to 10 Hz trains of short duration, high intensity light pulses,
whereby 100 % of cells assayed fired in response to every pulse (14/14 cells; Figure 6.4d).
Increasing the light intensity resulted in a larger proportion of cells reaching the threshold to fire
an action potential, until an action potential was triggered in all cells assayed (100 %, 24/24; Figure
6.4e). The reliability of action potential firing was assessed over 10 trials at three different light
intensities and light durations. The probability of action potential firing was improved by increasing
either light intensity or light duration. Mid to high light intensities (8 and 50 mW/mm?) were
sufficient to evoke an action potential on every trial in response to a 10 ms duration light pulse.
Moreover, high intensity (50 mW/mm?2) light pulses of only 1 ms duration could reliably trigger an

action potential in the vast majority of cells (Figure 6.4f). On average, short 1-10ms high intensity
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Figure 6.4. ChR2 can reliably and efficiently drive pre-synaptic action potentials in iPSC-derived
cortical neurons. (a) Whole-cell patch clamp recordings were performed on ChR2-YFP expressing
neurons. (b) Example voltage-clamp recording (upper) from a ChR2-YFP expressing neuron showing
a photocurrent in response to 1 s light pulses delivered by a 405nm laser. The photocurrent is
comprised of an initial peak and a sustained current that increase in amplitude with increasing light
intensities (upper; scale bar 100 pA, 1 s). An example recording in current-clamp (lower) showing
the effect of brief (10 ms) light pulses, which can trigger an action potential when the light intensity
is sufficient (lower; scale bar 10 mV, 50 ms). (c) Reliable action potential firing in response to short
light pulses (black: averaged trace, grey: individual trials; scale bar 10 mV, 50 ms). (d) Reliable light
evoked action potential firing in response to 10 Hz light-stimulation (black: averaged trace, grey:
individual trials; scale bar 10 mV, 50 ms). (e) The proportion of cells reaching spike threshold from
a 10 ms light pulse of varying intensities (n = 24 cells). (f) The probability of spiking across 10 trials
relative to light duration and intensity (n = 13, 13 and 19 cells for 2, 8, and 50 mW/mm?,
respectively). (g) The number of action potentials evoked by a 1-10ms light pulse (n = 19 cells). (h)
The latency to the action potential peak from the light onset (AP.) was ~20 % slower compared to
an action potentials elicited by somatic current injection (AP¢) (p = 0.0168, unpaired t-test). (i) The
jitter in the action potential timing was comparable between light and current-evoked action
potentials (p = 0.8617, M-W test) (n = 36 and 27 cells for AP, (from 2 differentiations of 1 cell line)
and APc (from 9 differentiations across 3 cell lines), respectively). * p < 0.05
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light pulses, generated a single light-evoked action-potential (AP.) (1.1 + 0.1, n = 19 cells, Figure
6.4g) with a latency to peak that was ~20 % slower than action-potentials that were evoked by
somatic current injection (AP¢) (5.9 + 0.3 ms, n = 36 cells for AP, and for 5.1 £ 0.2 ms, n = 27 cells
for APc, p = 0.0168, unpaired t-test; Figure 6.4h). However, the temporal jitter was comparable
between light and current-evoked action potentials (0.22 £ 0.03 ms, n = 36 cells for AP, and for 0.20
+0.03 ms, n=27 cells for APc p=0.8617, M-W test; Figure 6.4i). Collectively, the activation of ChR2
with high intensity, short-duration light pulses could reliably generate single action potentials with
high temporal precision in all neurons tested. This indicated that ChR2 could provide an alternative
strategy to control the activity of pre-synaptic iPSC-derived cortical neurons, and was largely

comparable to whole-cell patch clamping.

Having established that ChR2 could be used to reliably activate pre-synaptic neurons, | explored
whether light-evoked monosynaptic responses could be detected in the co-cultured ChR2-negative
neurons. To this end, whole-cell and perforated patch clamp recordings were performed on ChR2-
negative neurons, predominantly those expressing mKate2. Short-light pulses were able to evoke
excitatory post-synaptic currents (EPSC,; blue) with a short latency and kinetic properties that were
qualitatively comparable to those generated within a pair of dual-patched connected neurons
(EPSCp; black) (Figure 6.5a). Light-evoked responses that had frequent failures, long-latencies and
high temporal jitter were also observed. These responses were assumed to be poly-synaptic in
origin and therefore excluded from further analysis. The proportion of cells that received a
monosynaptic EPSC, was three-fold greater than those receiving an EPSCp (34 %, 33/98 cells for
EPSCy, and 10 %, 23/231 cells for EPSCp, p < 0.001, Fisher’s exact test; Figure 6.5b). The properties
of EPSC, responses (n = 49 cells) in response to a single light-pulse, were assessed and compared to

EPSCr responses (n = 29-30 cells). The latency from time 0 (t0) denotes the time of light-onset for

Figure 6.5. (cont. from following page) responses to pre-synaptic stimuli delivered 40 ms apart.
Scale bar 10 ms. (k) The average paired-pulse ratio was lower for EPSC, (n = 31 cells) compared to
EPSCp (n = 27 cells) (p = 0.0063, unpaired t-test). (n = 49 and 30 cells for EPSC, and EPSCy,
respectively) (From 11 differentiations across 3 cell lines). * p < 0.05, ** p <0.01, *** p <0.001
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Figure 6.5. Light-evoked monosynaptic responses offer advantages for studying monosynaptic
connections. (a) Whole-cell patch clamp recordings were made from ChR2-YFP-negative neurons,
which were typically mKate2-positive neurons (left). Scaled representative traces of a monosynaptic
EPSC evoked by short, single 0.1-10 ms light pulses (EPSCuigh: ; upper right - blue) and an EPSC evoked
by electrically activating a monosynaptically connected pre-synaptic neuron (EPSCraired ; lower right
- black). Scale bar 10 ms. (b) The proportion of cells that exhibited a monosynaptic EPSC, (n = 98
cells) was significantly higher than those showing an EPSCp (n = 231 cells) (p < 0.0001, Fisher’s exact
test). (c) The EPSC latency from light onset or current injection onset, denoted as time 0 (t0), shows
that the EPSC latency was significantly shorter for EPSC, compared to EPSCs (p < 0.001, M-W test),
whilst (d) the jitter in the timing of the EPSC showed no difference (p = 0.6358, M-W test). Averaged
recordings showed that (e) the rise time (20-80 %) was significantly longer (p = 0.0029, M-W test),
and (f) the decay time (80-20 %) was significantly longer (p = 0.0019, M-W test), whilst (g) the
response amplitude (bar graph; left and frequency histogram; right) showed no difference (p =
0.8213, M-W test). Analyses from across trials showed that (h) the coefficient of variation did not
significantly differ (p = 0.0949, M-W test), and (i) the failure rate was significantly lower (p = 0.0110,
M-W test). (j) Scaled representative traces of paired-pulse post-synaptic (cont. on previous page)
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EPSC, responses, and the time of pre-synaptic current injection for EPSCp responses. As described
in Figure 6.4h, light-evoked action potential firing was slightly slower than current-evoked action
potential firing, and therefore it was anticipated that the onset latency for EPSC, would be longer
than for EPSCp. Unexpectedly, the latency was significantly shorter (4.39 + 0.26 ms for EPSC,, and
7.00 £ 0.30 ms for EPSCp, p < 0.001, M-W test; Figure 6.5c). However, the temporal reliability of
EPSC, was indistinguishable from EPSCs, asdemonstrated by the EPSC jitter (0.24 £ 0.02 ms for EPSC,
and 0.29 + 0.04 ms for EPSCp, p = 0.6358, M-W test; Figure 6.5d). EPSC, responses had a fast rise
phase and a slower decay phase although, in contrast to EPSCp, these were significantly longer by a
small degree (rise time 20-80%: 1.19 + 0.06 ms for EPSC, and 0.95 + 0.04 ms for EPSCp, p = 0.0029,
M-W test; Figure 6.5e, decay time 80-20%: 8.28 + 0.62 ms for EPSC,and 5.53 + 0.63 ms for EPSCs,
p =0.0019, M-W test; Figure 6.5f). Meanwhile, there was no difference in the average amplitude
of the post-synaptic responses (97.15 + 12.24 pA for EPSC, and 138.8 + 30.35 pA for EPSCs, p =
0.8213, M-W test; Figure 6.5g; left), and like EPSCp, smaller EPSC, response amplitudes were more
common (Figure 6.5g; right). Whilst the variability of EPSC, responses was comparable to EPSCp,
reflected by the COV (0.21 + 0.01 for EPSC, and 0.26 + 0.02 for EPSCs, p = 0.0949, M-W test; Figure
6.5h), the reliability of EPSC, responses was significantly greater, indicated by a decreased failure
rate (0.88 £ 0.38 % for EPSC_and 5.53 + 0.63 % for EPSCp, p = 0.0110, M-W test; Figure 6.5i). Similar
to EPSCy, paired-pulse stimulation of EPSC, also resulted in short-term depression (Figure 6.5j).

However, the paired-pulse ratio was significantly lower, indicating a greater extent of depression

EPSClight EPSCraired
Property mean £ SEM | n(cells) | mean + SEM n (cells) | p value Direction
of change
% cells with EPSC 34 % 33/98 10 % 23/231 | <0.001*** ™
Paired-pulse ratio 0.59£0.05 31 0.83+0.07 27 0.0063**
(P2/P1) v
Amplitude (pA) 97.15 + 49 138.80 + 30 0.8213 o
12.24 30.15
Rise time 20-80 % (ms) 1.19+£0.06 49 0.95+£0.04 30 0.0029** ™
Decay time 80-20 % (ms) | 8.28 +0.62 49 5.53+0.63 29 0.0019** ™
cov 0.21+0.01 49 0.26 £ 0.02 30 0.0949 N
Failure rate (%) 0.88+£0.38 49 5.33+1.70 30 0.0110** N
Latency from t0 (ms) 4.39+0.26 49 7.00+0.30 30 <0.001*** J
EPSC jitter (ms) 0.24 £ 0.02 49 0.29 £0.04 30 0.6358 &

Table 6.1. Summary table of the properties of EPSCiightand EPSCpaireq responses. * p < 0.05, ** p <
0.01, *** p < 0.001
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for EPSC,, in comparison to EPSCr (0.59 + 0.05, n = 31 cells for EPSC,, and 0.83 + 0.07, n = 27 cells
for EPSCp, p = 0.0063, unpaired t-test; Figure 6.5k). The properties of EPSC. and EPSCy are
summarised in Table 6.1. The enhancement of paired-pulse depression in EPSC, is indicative of an
increase in the probability of neurotransmitter release [411], which is further supported by the
increased reliability of transmission. Overall, the expression of ChR2 in a subset of cells within iPSC-
derived cortical cultures could enable the detection of a monosynaptic response in one-third of
cells assayed. In combination with dual-patching, this approach allowed for the study of excitatory
monosynaptic responses in almost 50 % of all cells patched, thereby making population studies

more achievable.

6.2.3. iPSC-derived cortical neurons express functional synaptic AMPA and NMDA receptors

Induction of STDP at glutamatergic cortical synapses requires synaptic activation of NMDA-
receptors [236, 248, 250]. Having developed methods to enable the study of monosynaptic
synapses, | set out to investigate whether these connections possessed the functional synaptic
machinery required for the generation of glutamatergic synaptic plasticity. Monosynaptic EPSCp
(black) and EPSC, (blue) were assessed in voltage-clamp to detect AMPA and NMDA-receptor
mediated currents. At Vm = -70 mV post-synaptic responses had a fast-onset and fast-decay that
were predominantly generated by AMPA-receptors, as NMDA-receptors are largely inhibited by the
voltage-dependent Mg?* block at this membrane potential [412]. Wash-in of the NMDA-receptor
antagonist, DL-AP5, had minimal effect on the response at Vm =-70 mV, whereas application of the
AMPA-receptor antagonist, CNQX, completely abolished the response. Depolarization of the
membrane potential to Vm = +60 mV relieved the NMDA-receptor Mg?* block and generated an
outward current with a fast-onset and slow-decay, suggestive of a compound response formed of
AMPA and NMDA-receptor mediated currents. Wash-in of DL-AP5 removed the slow-component,
leaving the fast AMPA-only component, which could be abolished by the addition of CNQX (Figure

6.6a). Pharmacology was performed only on a small subset of monosynaptic responses to confirm
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the presence and kinetics of the AMPA and NMDA-receptor mediated components. Subsequently,
the AMPA-receptor current (lampa) component was defined as the peak inward current at -70 mV,
whilst the NMDA-receptor current (Inmpa) was taken as the peak outward current at +60 mV
occurring at 2 20 ms, whereby the majority of the AMPA component had largely decayed and
contributed < 5 %. The majority of monosynaptic connections had both AMPA and NMDA-receptor
mediated currents (89 %, 17/19; Figure 6.6b), although two connections were found to have
negligible Inmpa (£ 7 pA) and were excluded from further analysis. AMPA and NMDA currents were

each adjusted for the driving force to determine the peak conductance (g), before the calculation
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Figure 6.6. Human iPSC-derived cortical neurons express functional synaptic AMPA and NMDA
receptors. (a) Example recording of an EPSC, averaged across 20 trials per condition. Recording at
Vm=-70 mV shows an AMPA-receptor only mediated response abolished by the AMPA antagonist
CNQX. At Vi, =+60 mV the slower kinetic NMDA-receptor component is evident and can be blocked
by the antagonist DL-APS5. Scale bar 100 pA, 20 ms. (b) The relationship between AMPA and NMDA-
receptor mediated currents for individual cells recorded as either light-evoked post-synaptic
responses (EPSCy blue) or electrically-evoked post-synaptic responses (EPSCp; black) (n = 19
connections). (c) The AMPA/NMDA ratio of peak conductance determined for cells that had
detectable AMPA and NMDA-receptor mediated currents (n = 17 connections). (d) The average
AMPA/NMDA ratio was comparable for EPSC, (n = 13 connections) and EPSCe (n = 4 connections)
(p = 0.9563, M-W test). (e) The weighted time constant (tw) determined by an exponential fit to
the decay of the NMDA-receptor mediated current component (n = 14 connections). (From 4
differentiations across 2 cell lines)
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of the AMPA/NMDA ratio, which was 1.07 = 0.19 (n = 17 connections; Figure 6.6c). This
demonstrates that the peak AMPA and NMDA-receptor mediated conductance is equal during
glutamatergic synaptic transmission at Vmm, = + 60 mV in iPSC-derived cortical cultures. The
AMPA/NMDA ratio did not differ significantly between EPSC,and EPSCp responses (1.04 £ 0.20, n =
13 connections for EPSC, and 1.20 £ 0.52 n =4 connections for EPSCp, p =0.9563, test; Figure 6.6d).
NMDA-receptors in the cortex are predominantly comprised of the NR1 subunit in combination
with NR2A and NR2B subunits. NMDA-receptors undergo developmental changes in receptor
subunit composition, whereby the NR2B subunit is highly expressed during development, but NR2A
is most prevalent in the adult [413, 414]. The NMDA receptor subunit composition affects the
kinetics of the NMDA-receptor mediated current, whereby receptors containing NR2A subunits
mediate a current with a 5-fold faster decay (= 50ms) than those containing NR2B subunits (=
300ms) [415]. To gain insight into the likely subunit composition of the synaptic NMDA-receptors
an exponential fit was applied to the NMDA-receptor mediated current component, which revealed
an average weighted decay time constant (tw) of 184.8 + 19.8 ms (n = 14 connections) (Figure
6.6e). This duration of decay suggests that the glutamatergic synapses contain NMDA-receptors
largely comprised of NR2B subunits. Collectively, these results demonstrate that the majority of
synapses have functional AMPA and NMDA-receptors and therefore possess the synaptic receptors
required for the induction of LTP. The AMPA/NMDA ratio for EPSC, and EPSCr was comparable,
indicating that these methods of pre-synaptic neuronal stimulation activate synapses with

equivalent glutamatergic receptor properties.
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6.3. Discussion

Having previously developed the NPC-mNgn2 neuronal differentiation protocol that significantly
enhanced excitatory synaptic activity (see Chapter V), | sought to determine the monosynaptic
connection probability and further characterize the properties of excitatory synapses. Dual whole-
cell patch clamping experiments demonstrated predominantly unidirectional monosynaptic
connections that were detected at a low frequency, which was increased by culture age. The
monosynaptic connections were very reliable, had a short latency, low variability and exhibited
paired-pulse depression. The optogenetic tool, ChR2, was recruited with the aim of enhancing the
frequency of detecting monosynaptic responses. The expression of ChR2-YFP enabled temporally
precise and reliable light-evoked action potential firing in iPSC-derived cortical neurons. As a result,
light-evoked monosynaptic responses could be observed in ChR2-negative neurons that were co-
cultured with hSyn-ChR2-YFP neurons. Whilst the overall characteristics of EPSC, were very similar
to EPSCp responses, the pre-synaptic activation of ChR2 resulted in the following changes to the
properties of the monosynaptic response: EPSC, responses exhibited a greater degree of paired-
pulse depression, marginally slower kinetics, increased reliability, and the detection of light-evoked
responses was three-fold more frequent than responses evoked by pre-synaptic somatic current
injection in neuronal pairs. In combination, these approaches enabled the study of monosynaptic
responses in almost half of the cells assayed. Further analysis of monosynaptic responses showed
that 89 % of cells had functional synaptic AMPA and NMDA-receptors. Calculation of the
AMPA/NMDA ratio demonstrated a relatively equal AMPA and NMDA-receptor conductance during
glutamatergic synaptic transmission at Vi, = +60 mV. Moreover, the AMPA/NMDA ratio was

comparable between EPSC, and EPSCr responses.

6.3.1. The properties of excitatory synaptic connections

The level of connectivity that was demonstrated by the iPSC-derived cortical cultures was within

the physiological range previously reported between cortical neurons in the rodent cortex [248,
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385, 392-395]. Furthermore, the age-dependent increase in connection probability was consistent
with the increased connectivity observed in developing rodent cortical neurons [405]. In human
development the process of synaptogenesis gradually increases the number of synapses, whilst the
total number of neurons remains relatively stable, and thereby increases interconnectivity.
Synaptic density peaks postnatally at approximately 12 months, before subsequently declining
through synaptic pruning and refinement [416, 417]. It is uncertain whether the iPSC-derived
cortical cultures used had reached peak connectivity, but to avoid extensive culture periods, older
cultures were not tested. However, it would be interesting to explore whether manipulation of the

cell density may increase the connection probability within this time period [362].

The extent of bidirectional connectivity was similar to that expected if the connection probability
was uniform across synapses and independent of direction. However, studies in rodent cortex have
demonstrated that bidirectional connections occur at greater than expected probabilities [383, 385,
397]. This may suggest that the human iPSC-derived neuronal networks demonstrate a more
random local connectivity pattern than that observed in rodent cortex [397], alternatively, it could
be a reflection of the developmental stage [396]. High-levels of bidirectional connectivity have been
reported in very low-density rodent neuronal cultures, which may have been induced by the
artificial conditions [236]. In rodent cortical slices, bidirectional connections are common within
layers, but are rarely observed between layers [383-385]. It is uncertain whether such patterns of
inter- and intra-laminar connectivity are preserved in culture where cortical neurons from all layers
are randomly dispersed, although there is evidence from rodent studies which suggests that
preferential synapse formation, consistent with in vivo circuitry, can occur in culture to some extent

[418].

The properties and kinetics of human excitatory synapses between iPSC-derived cortical neuronal
pairs was found to be very similar to those reported between excitatory neurons in rodent cortex

[383-385, 419]. The iPSC-derived cortical neurons exhibited reliable pre-synaptic neuronal
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activation, which enabled consistent low frequency synaptic stimulation across trials. The short
latency and minimal jitter are strongly indicative that the synaptic connections observed here were
monosynaptic in nature, in contrast to polysynaptic connections, which have a longer delay, greater
onset jitter, higher variability and are more prone to failure [383]. In general, rodent connectivity
studies, which are performed in cortical slice preparations, assess the properties of excitatory post-
synaptic potentials measured in current-clamp, whereby the equivalent current response would be
dependent upon the neuronal membrane resistance as defined by Ohm’s Law. The positively
skewed EPSC amplitudes observed here, whilst not directly comparable, are in line with these
studies, which report that small post-synaptic responses are more prevalent than larger amplitude
potentials [383, 385]. The median response amplitude was relatively small, and when compared to
the mEPSC amplitude, is indicative of a small number of synaptic contacts. This is in line with the
number of synapses that have been estimated to occur between rodent cortical neurons [383-385].
The small number of connections with large post-synaptic response amplitudes indicates that some
neurons in iPSC-derived cortical cultures are strongly connected. Overall, the EPSC amplitudes were
consistent with those reported for synapses between excitatory neurons in human cortical slice
preparations [408], and also for excitatory monosynaptic connections in dissociated rodent
hippocampal cultures [236, 406]. The excitatory monosynaptic connections between human iPSC-
derived cortical neurons exhibited short-term paired-pulse depression similar to that observed at
rodent cortical synapses [384, 385, 419]. Furthermore, this supports studies in human excised tissue
which suggest that short-term depression is a feature shared by both human and rodent excitatory
cortical synapses [303]. The human cortical synapses also displayed low variability and high
reliability, reflected by the COV and failure rate, respectively, that were within the range reported
for rodent cortical synapses [383-385]. The inverse correlation that was observed between the
EPSC amplitude and the COV, or the failure rate, has consistently been observed for intra-cortical
synapses in rodent cortex [383-385]. This has largely been explained by a simple binomial model of

synaptic transmission, whereby the pre-synaptic neurotransmitter release probability is the main
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determinant of the EPSC amplitude, although this model commonly excludes a small proportion of
monosynaptic connections that have large amplitudes [383-385]. The temperature maintained
during recording can influence the response variability, reliability and the kinetic properties of
synaptic transmission to a small degree, and therefore must be considered when making direct
comparisons between studies [383, 420]. However, the temperature maintained during the
recording of connections between human iPSC-derived cortical neurons in these experiments
(30°C) was similar to that used in rodent studies (21 — 37°C) [383-385]. Taken together, these data
suggest that the properties of excitatory synaptic connections between human iPSC-derived

cortical neurons are very similar to those in rodent cortex.

6.3.2. Optogenetic interrogation of excitatory synaptic connectivity

The expression of ChR2 was used to increase the probability of isolating a monosynaptic connection
in human iPSC-derived cortical cultures. ChR2 and similar variants have frequently been used to
control neuronal electrical activity and generate light-evoked post-synaptic responses in rodent
models [192]. More recently, this strategy has also been applied to human stem cell-derived
neuronal cultures [158, 270, 421, 422]. In this chapter, the expression of hSyn-ChR2-YFP in iPSC-
derived cortical neurons enabled reliable and temporally precise light-evoked action potential firing
in response to short duration, high intensity light pulses. The selective targeting of CaMKlla-mKate2
neurons that were co-cultured with hSyn-ChR2-YFP neurons facilitated the detection of light-
evoked monosynaptic responses, which occurred at a greater frequency than achieved by dual-
patching. Approximately 20 % of neurons visibly expressed ChR2-YFP, but this is likely to be an
underestimate, as subsets of neurons with no detectable YFP fluorescence were found to elicit
small photocurrents. Increasing the proportion of cells with ChR2-YFP expression could increase the
probability of EPSC, detection, but is also likely to increase light-evoked polysynaptic activity as a
greater proportion of neurons would be activated. This effect could be counteracted by illuminating

a smaller area, although this may require higher expression levels of ChR2 in the cells to ensure

-171-



action-potential threshold is reached, as activation of a smaller area of neuronal membrane will

generate reduced photocurrents.

The thorough characterization of light-evoked monosynaptic response properties in iPSC-derived
cortical neurons, and their comparison to those evoked by pre-synaptic current injection,
highlighted a number of differences. However, these differences are consistent with those
described for ChR2-mediated light-evoked responses at mature rodent synapses [201, 423]. For
example, the shorter than predicted latency of the EPSC, has previously been observed [201], and
may suggest that the absence of a whole-cell patch on ChR2-YFP-positive neurons results in a
quicker neuronal depolarization to action-potential threshold, or alternatively that the EPSC, was
not generated by a somatic action potential. Evidence for the axonal generation of action potentials
have been described in studies using ChR2 to evoke synaptic transmission [201, 388, 423].
Nonetheless, pre-synaptic activation was temporally reliable across trials, reflected by the minimal

jitter, which was comparable to EPSCr responses.

Previous studies in rodents have also demonstrated the enhancement of short-term depression in
ChR2-evoked synaptic responses [201, 423, 424]. This has been shown to: 1) be affected by the
method used for transgene expression, 2) demonstrate variability between synaptic pathways, and
3) be dependent upon the location of light-stimulation [423]. Commonly, these studies have
stimulated large proportions of cells or axonal bundles [423, 424], and therefore this observation
could be due to failures in pre-synaptic action potential firing, which has been demonstrated for
the ChR2 (H134R) variant used here [425]. However, ChR2-YFP expressing human iPSC-derived
cortical neurons demonstrated robust and reliable light-evoked pre-synaptic action potential firing
at high frequency, and EPSC, responses had very low failure rates, thereby suggesting that failures
of pre-synaptic action potential firing were unlikely. It is also probable that the majority of EPSC,
responses observed were generated by a single pre-synaptic cell, not the summation of multiple

inputs, considering the following: 1) only a small area was exposed to light-stimulation, 2) only ~30
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% cells generated EPSC, responses, and 3) the amplitude of EPSC, and EPSCe responses were
comparable. Alternatively, the enhanced paired-pulse depression has been suggested to arise from
an increased release probability [201, 423], as a result of enhanced Ca?* influx via the ChR2-
mediated activation of voltage-gated calcium channels [201]. An increased release probability
would also account for the reduction in failures that was observed for EPSC, responses, relative to
EPSCp. The difference in rise time, albeit significant, was just a fraction of a millisecond, and
therefore it is uncertain whether this would have any physiological implications. It is possible that
the pre-synaptic currents activated by ChR2, or the possible lack of a somatic action potential, could
have caused subtle alterations in the kinetics of neurotransmitter release, although such effects
have not been reported by others. Alternatively, this could indicate that light stimulation of ChR2
has a tendency to activate more distal synaptic inputs [249, 389]. The longer decay time could have
been caused by ChR2-evoked polysynaptic activity, which was rarely observed for EPSCc, consistent
with the suprathreshold stimulation of a single neuron, but more common for EPSC,, whereby
multiple putative pre-synaptic neurons were simultaneously activated by light. Although EPSC,
responses with large spontaneous current responses occurring during the decay phase were
excluded, many EPSC, responses demonstrated multiple, small poly-synaptic currents that would

have slowed neuronal repolarization.

Overall, these observations suggest that the majority of EPSC, responses are likely to be generated
by the light activation of a single pre-synaptic cell, and that the differences between EPSC, and EPSCp
responses are probably caused by changes in the pre-synaptic neurotransmitter release probability.
Nonetheless, rodent studies have demonstrated robust LTP of light-evoked responses [200, 201],
suggesting that pre-synaptic ChR2 activation does not impact the induction of glutamatergic
synaptic plasticity. Therefore, the expression of ChR2 in a subset of iPSC-derived cortical neurons
may provide a reliable and efficient method to evoke monosynaptic responses for the study of

synaptic plasticity.
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6.3.3. The functional assessment of AMPA and NMDA glutamatergic synaptic receptors

The assessment of the AMPA/NMDA ratio at monosynaptic EPSCe and EPSC, revealed the presence
of AMPA and NMDA-mediated current components in the majority of human iPSC-derived cortical
neurons, and thereby demonstrated the expression of functional synaptic AMPA and NMDA-
receptors. Whilst AMPA-mediated synaptic activity has been reported by numerous studies utilising
human stem cell-derived neurons, the demonstration of robust and functional NMDA receptor
expression has not been evident. Studies exploring NMDA receptor function in human iPSC-derived
neurons have predominantly used the exogenous application of glutamate or NMDA to evoke
currents [162, 270-275]). NMDA-receptor responses evoked by this method confirm the presence
of functional surface NMDA-receptors, but cannot demonstrate synaptic localisation and function.
For example, some studies have presented evidence that glutamatergic synaptic transmission is
purely AMPA-receptor mediated, despite the presence of exogenously evoked NMDA-receptor
currents [270, 275]. This is not surprising as non-synaptic functional AMPA and NMDA receptors
can be expressed on the surface of neural progenitor cells and new-born neurons [426, 427]. Others
have demonstrated NMDA-receptor contribution to spontaneous [274] and evoked synaptic
currents [158, 162] in human iPSC-derived neurons. However, the NMDA-receptor mediated
synaptic currents, which were evoked by extracellular electrical stimulation were small, despite the
likely activation of multiple pre-synaptic neurons. In contrast, | have demonstrated that 89 % of
excitatory monosynaptic connections between human iPSC-derived cortical neurons have
functional synaptic NMDA-receptors and can exhibit large NMDA-receptor mediated synaptic

currents.

The induction of post-synaptic potentiation at excitatory glutamatergic cortical synapses is an
NMDA-receptor dependent process [200, 236, 248]. Therefore, the functional NMDA-receptor
responses observed in human iPSC-derived cortical neurons indicate that the vast majority of

excitatory connections possess the synaptic machinery required for LTP induction. Furthermore,
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the comparable AMPA/NMDA ratio observed between EPSC, and EPSC, indicates that the pre-
synaptic expression of ChR2 does not impact the post-synaptic expression of glutamatergic
receptors. The presence of a small proportion (11 %) of synapses that exhibited AMPA-receptor
only mediated synaptic responses is consistent with observations in developing rodent neuronal
cultures, which have found subsets of synapses solely comprised of AMPA-receptors [428, 429].
The AMPA/NMDA ratio has been shown to increase with developmental age and reflects the
maturation of glutamatergic synapses [430, 431]. The range of AMPA/NMDA ratios across synaptic
connections suggests a varying degree of synapse maturation in human iPSC-derived neuronal
cultures. This is further supported by the NMDA-receptor current decay time constant, which is
indicative of a largely NR2B subunit composition and is consistent with glutamatergic receptor
subunit expression patterns observed at relatively early stages of cortical development in rodents
[413]. Similar findings have been reported by Zhang et al., (2016) who functionally demonstrated a
primarily NR2B subunit composition in human iPSC-derived cortical neurons that were exposed to
a brief application of NMDA. The predominance of NR2B subunits was inferred by the NMDA
current response kinetics and confirmed pharmacologically. To further confirm the functional
NMDA-receptor subunit composition of the human iPSC-derived cortical neurons generated in this
thesis, similar experiments could be performed utilising the NR2A and NR2B-subunit specific
antagonists NVP-AAMO77, and Ro 25-6981 or ifenprodil, respectively. Assessment of the NMDA-
receptor mediated current decay described in this chapter is likely to have been minimally
influenced by the AMPA-receptor mediated current, which has a fast decay. Nonetheless, further
functional assessment of NMDA-receptor mediated currents should be performed in the presence

of AMPA-receptor antagonists to eliminate any influence of AMPA-receptor activation on the EPSC.

In summary, monosynaptic connections were detected at low frequency between pairs of iPSC-
derived cortical neurons. The expression of ChR2 in a subset of neurons enabled the reliable light-

evoked generation of monosynaptic responses at a frequency three-fold higher than that achieved
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by dual-patching. Post-synaptic responses generated by either pre-synaptic somatic current
injection or light activation demonstrated high reliability, low variability and the robust expression
of functional synaptic AMPA and NMDA receptors in the majority of cases. Together, these
approaches have enabled the exploration of synaptic plasticity in human iPSC-derived cortical

neurons, which is described in the following chapter.
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VII: Assaying glutamatergic synaptic plasticity in iPSC-derived cortical
networks

7.1. Introduction

To date, there have been a small number of studies reporting LTP-like changes in human iPSC-
derived neurons [266, 267, 269]. Kirwan et al., (2015) [269] assessed changes in the calcium
transients generated by cortical neuronal cultures following a chemical LTP (cLTP) induction, which
consisted of a 5 minute exposure to 100 um glycine in the absence of Mg?*. This resulted in NMDA-
receptor dependent changes to the synchronous calcium activity 50 minutes after cLTP induction,
whereby the amplitude of the calcium transients was increased and bursting became more
frequent [269]. In rodent cortical neurons the brief application of glycine has been reported to
increase the amplitude and frequency of synaptic responses. However, in the study by Kirwan et
al., (2015) it is unknown what changes in synapse function may have responsible for driving the

alterations in calcium activity.

Meanwhile, Odawara et al., (2016) [266] assessed network activity on microelectrode arrays in
response to focal high-frequency stimulation. They observed widespread changes in the number of
spikes and the firing rate, which were maintained for up to 1 hour post-HFS and occasionally after
24 hours [266]. However, there was considerable variability in the time-course and direction of
change between cultures, which may have been influenced by age, and the sensitivity to NMDA-
receptor blockade was not tested. Furthermore, the interpretation of data presented in this study

is limited by the small sample size and inconsistent changes.

Most recently, Fink et al.,, (2017) [267] reported NMDA-receptor dependent changes in
spontaneous synaptic activity following the transient exposure of cells to a cLTP cocktail comprised
of 50 uM forskolin, 0.1 uM rolipram and no Mg?* for 15 minutes. In comparison to the baseline

period, the frequency, but not the amplitude, of spontaneous synaptic activity was increased for
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up to 60 minutes following cLTP induction. In addition, the cLTP treatment also caused an increase
in the frequency of calcium transients [267]. The response generated by the human iPSC-derived
neurons in this study contrasts with those described in rodent neurons, whereby the amplitude,
not the frequency of MEPSCs were enhanced [286-288]. However, this may be as a result of differing
experimental methods used to assess the LTP-induced changes. The frequency and amplitude of
mMEPSCs, which are not generated by pre-synaptic action potentials, can reflect the number of
synapses and their strength, respectively. Meanwhile, Fink et al., (2017) detected changes in
spontaneous EPSC frequency, which would primarily arise from action potential-dependent
synaptic release, and thereby could indicate an increase in pre-synaptic excitability [432]. In
contrast to their previous study, Fink et al., (2018) have since reported that control neurons can
exhibit an increase in both the amplitude and frequency of spontaneous EPSCs in response to the
cLTP cocktail [268], which suggests that changes in synaptic efficacy were involved. It is possible
that the latter study detected the small degree of amplitude change (~10 %) by increasing the
sample size, although the authors do not comment on their conflicting results. In comparison to the
described changes in amplitude, the effects of the cLTP induction upon spontaneous EPSC

frequency appear to be robust [268].

The majority of these studies in human iPSC-derived neurons have shown alterations in the patterns
of network activity that are suggestive of LTP, but have not reproducibly demonstrated a change in
the post-synaptic response amplitude, akin to classical LTP. Furthermore, the methods that were
used for LTP induction were non-physiological. In addition, the cultures used in these studies

required extensive culture periods of up to 25 weeks [266, 267, 269].

In this thesis, | have described the isolation of monosynaptic excitatory connections (see Chapter
VI1), which will enable the investigation of physiological LTP induction at unitary connections.
Specifically, STDP protocols are an attractive option for the induction of LTP at synapses between

human iPSC-derived cortical neurons. Firstly, STDP has been robustly demonstrated at excitatory
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synapses in rodent cortex and in excised human cortical tissue [246-248, 250, 264]. Secondly, STDP
has been reliably induced in dissociated rodent neurons, which indicates that such changes can
occur in a simple neuronal network [236]. And thirdly, these protocols are simple and can involve
the pairing of single pre- and post-synaptic action potentials at low frequency for a short period of
time. This is beneficial as the assessment of induced action potential firing (see Chapter V) suggests
that NPC-mNgn2 neurons may not be able to sustain the high firing rates that are required for pre-

synaptic tetanus induced LTP between neuronal pairs [207, 277, 280].

The human iPSC-derived neuronal cultures generated by Kirwan et al., (2015) and Fink et al., (2017),
required lengthy culture periods for the demonstration of cLTP [267, 269]. However, it is uncertain
whether iPSC-derived cortical neurons differentiated with neurogenin-2, which formed active
synaptic networks in just a month, can undergo network wide changes in synaptic efficacy. In
addition, rodent studies have demonstrated that LTP is a developmentally regulated process [433-
435] and that the underlying molecular mechanisms also change in association with postnatal age
[436]. Therefore, it would be interesting to determine whether the intrinsic maturity of human iPSC-

derived neurons correlates with the capacity to undergo synaptic plasticity.

To this end, | wanted to address the following questions within this chapter:

e Can monosynaptic connections between iPSC-derived cortical neurons undergo LTP?
e Canspontaneous excitatory network activity undergo LTP in iPSC-derived cortical neurons?
e Doesthe level of functional maturation affect the capacity for iPSC-derived cortical neurons

to exhibit synaptic plasticity?
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7.2. Results

7.2.1. The amplitude of evoked monosynaptic excitatory currents in iPSC-derived cortical
neurons remains stable throughout sustained low-frequency stimulation

In order to assess the impact of synaptic plasticity induction protocols, the ability for monosynaptic
connections to generate a stable EPSC under control conditions must be ascertained. Monosynaptic
responses were generated by pre-synaptic somatic current injection in synaptically connected pairs
(EPSCp), or by light-activation of pre-synaptic neurons expressing ChR2 (EPSC,), as described in
Chapter VI. To avoid activity-dependent changes in synaptic efficacy, EPSCr and EPSC, responses
were evoked by test stimuli delivered at a low frequency (0.1 Hz). The monosynaptic EPSCs were
recorded in response to test stimulation for a baseline period of 5 minutes and then, at time 0, both
pre- and post-synaptic cells were subjected to a control period of 60 seconds in which no
stimulation was applied. Subsequently, the test stimulation was resumed for a further 20 minutes
(Figure 7.1a). The amplitude of the EPSC that was generated in response to each test stimulation
was measured (Figure 7.1bi), and then the values were averaged from the 5 minute baseline period
‘before’ the no stimulation control period, and 10-20 minutes ‘after’ (see Figure 7.1bii for example
traces). The amplitude of the EPSCs before the control period ranged from 18 to 699 pA, which
after the control period had changed on average by 9.3 £ 11.9 % (n = 8). Across the eight control

experiments that were performed there was no significant change in the response amplitude after

Figure 7.1. iPSC-derived cortical neurons are able to sustain a stable evoked monosynaptic
response. (on following page) (a) Excitatory post-synaptic currents were evoked by either (i) pre-
synaptic somatic current injection in a pair of monosynaptically connected neurons, EPSCy, or (ii)
light stimulation of a ChR2-expressing pre-synaptic neuron, EPSC,. In order to assess the stability of
recordings, a 5 minute baseline period was acquired using 0.1 Hz pre-synaptic test stimulation
before connections were subjected to a control period of 60 seconds in which no stimulation was
provided. Test stimulation was then resumed for a further 20 minute period. (b)(i) Example EPSCp
response recorded under control conditions. (ii) Averaged traces from 5 minutes ‘before’ and 10-
20 minutes ‘after’ no-stimulation. Scale bar 100 pA, 20 ms. (c) Across all experiments there was no
significant change in the response amplitude after the control period of no stimulation (p = 0.4351,
n = 8 cells, paired t-test). Summary data of all no stimulation experiments demonstrate that (d) the
response amplitude, (e) the rise slope of the response (f) the access resistance and (g) the
membrane resistance remained stable throughout the duration of the experiment. Raw data was
averaged across 1-minute bin sizes and normalized to the average of the 5 minute baseline period.
From 4 differentiations across 2 cell lines.
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the no stimulation control period (p = 0.4351, n = 8 cells, paired t-test; Figure 7.1c). Measurements
from these experiments were grouped into 1 minute bin sizes and normalised to the mean of the
baseline in order to generate summary data. Summary data indicated that the EPSC amplitude
(Figure 7.1d) and the response slope (20-80 % rise slope; Figure 7.1e) remained stable throughout
the duration of the recording. The response slope is commonly measured in classical LTP
experiments as it reflects the monosynaptic EPSC size and is less likely to be contaminated by
polysynaptic activity. The access resistance affects the ability to measure or induce electrical
changes in the patched neuron. Large increases in access resistance can introduce errors into
recordings by filtering response kinetics and reducing the ability to detect small events, whilst the
inverse is true for decreases in access resistance. Meanwhile, the membrane resistance is indicative
of the membrane integrity and thus reflects cell viability. Summary data of the access resistance
(Figure 7.1f) and membrane resistance (Figure 7.1g) show that these properties did not change
throughout the course of the experiments, and therefore were unlikely to have influenced the EPSC
amplitude. These data indicate that stable monosynaptic EPSCs can be evoked at low-frequency for
a prolonged duration, and thereby enable the investigation of synaptic plasticity at unitary

connections.

The stability of the response during the baseline period, recording stability and cell viability were
evaluated in all experiments assessing monosynaptic connections (sections 7.2.1-3). In order to be
included for analysis, each experiment was required to meet specific criteria, which were in line
with rodent studies assessing synaptic plasticity [221, 248]. These criteria were devised to eliminate
recordings that were unstable or underwent changes in cell viability which could impact the
detection or expression of activity dependent changes. As a result, less than half of all monosynaptic

connections identified were included for further analysis of synaptic efficacy.
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7.2.2. Monosynaptic excitatory connections between iPSC-derived cortical neurons cannot
undergo spike-timing dependent plasticity

At excitatory synapses in rodent cortex [247, 248, 250], human cortex [264] and dissociated rodent
hippocampal cultures [236], the repetitive pairing of pre- before post-synaptic action potential
firing at short intervals induces LTP, which is reflected by an increase in the evoked post-synaptic
response amplitude. In order to determine if human iPSC-derived cortical neurons could exhibit
similar spike-timing dependent changes in synaptic efficacy, monosynaptic connections (EPSCpand
EPSC,) were assessed using whole-cell patch clamp electrophysiology. As described in section 7.2.1,
EPSCs were evoked using low frequency test stimuli (0.1 Hz) for a 5 minute baseline period.
However, at time 0, a tLTP protocol was applied which involved the repetitive pairing of single pre-
and post-synaptic action potential firing. The repetitive pairing consisted of the induction of a single
post-synaptic action potential <20 ms after a single pre-synaptic action potential, which was
repeated at 1 Hz for a total of 60 pairings. Following tLTP induction the test stimulation was
resumed for 20 minutes (Figure 7.2a). An example EPSC recording is shown in Figure 7.2b. The
EPSC amplitude was compared before and after the tLTP induction, which demonstrated that the
response amplitude did not change significantly (p = 0.8438, n = 10 cells, Wilcoxon signed-rank test;
Figure 7.2c). The initial EPSC amplitude before ranged from 31 to 460 pA and had changed on
average by 12.8 + 6.9 % following tLTP induction. Summary data indicated that throughout the
duration of the recording the response amplitude (Figure 7.2d) and response slope (Figure 7.2e)
were stable and did not deviate from the baseline values. The access resistance (Figure 7.2f) and
membrane resistance (Figure 7.2g) also remained constant during the recordings and therefore
were unlikely to have affected the detection of activity dependent changes in the EPSC amplitude.
These data indicate that the application of a short pre- post- spike-pairing protocol, which has been
shown to induced synaptic changes in other experimental systems, does not result in changes of

monosynaptic connection efficacy in human iPSC-derived cortical neurons.
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7.2.3. Monosynaptic excitatory connections between iPSC-derived cortical neurons do not
exhibit synaptic plasticity in response to a LTP-pairing protocol

Experiments investigating synaptic plasticity in a single post-synaptic neuron are sometimes
performed using perforated patch clamp electrophysiology [236, 437], and some studies have
reported that LTP could not be induced using whole-cell patch clamping [207]. This may be due to
the gradual dialysis of cell contents with the intracellular recording solution, which could ‘wash out’
soluble molecular messengers involved in synaptic plasticity [207]. Intracellular dialysis may have
contributed to the absence of STDP at monosynaptic connections between iPSC-derived cortical
neurons, as these experiments were performed using whole-cell patch clamping. In addition, the
generation of a single post-synaptic spike may not have induced sufficient dendritic depolarization

and calcium influx to activate signalling pathways involved in synaptic plasticity.

As a result, the aims of this experiment were two-fold: 1) to avoid intracellular dialysis, and 2) to
provide strong post-synaptic depolarization in order to drive robust calcium influx. To this end,
monosynaptic EPSCs (EPSCr and EPSC,) were recorded from iPSC-derived cortical neurons using
perforated patch-clamp electrophysiology. Using this method the membrane is not ruptured, but
instead perforated by an anti-biotic, which is added to the intracellular solution in the patch pipette.

In this case, amphotericin-B was used, which forms pores in the membrane that are only permeable

Figure 7.2. iPSC-derived cortical neurons do not exhibit spike-timing dependent long-term
potentiation (tLTP). (on previous page) Excitatory post-synaptic currents were evoked by either (i)
pre-synaptic somatic current injection in a pair of monosynaptically connected neurons, EPSCs, or
(i) light stimulation of a ChR2-expressing pre-synaptic neuron, EPSC,. A 5 minute baseline period
was acquired using 0.1 Hz pre-synaptic test stimulation before connections were subjected to a tLTP
induction protocol. tLTP induction consisted of 60 pairings at 1 Hz, whereby an action potential was
induced in the post-synaptic cell with the peak occurring no later than 20 ms after the pre-synaptic
action potential peak. Test stimulation was then resumed for a further 20 minute period. (b)(i)
Example recording of EPSCr amplitude for a monosynaptic connection obtained from a pair of dual-
patched neurons undergoing tLTP induction at time 0. (ii) Averaged traces from 5 minutes ‘before’
and 10-20 minutes ‘after’ tLTP induction. Scale bar 10 pA, 10 ms. (c) Across all experiments there
was no significant change in the response amplitude after tLTP induction (p = 0.8438, n = 10 cells,
Wilcoxon signed rank test). Summary data of all tLTP experiments demonstrate that (d) the
response amplitude and (e) the rise slope of the response did not change after tLTP induction. (f)
The access resistance and (g) the membrane resistance remained stable throughout the duration
of the experiment. Raw data was averaged across 1-minute bin sizes and normalized to the average
of the 5 minute baseline period. From 3 differentiations from 1 cell line.
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to monovalent ions, thereby preventing dialysis of intracellular signalling molecules [438].
Following perforation, monosynaptic EPSCs were evoked by low frequency test stimulation (0.1 Hz)
for a 5 minute baseline period, which was then resumed for 20 minutes after the delivery of a
pairing-protocol for LTP induction at time O (Figure 7.3a). The pairing-protocol consisted of the
stimulation of 360 pre-synaptic action potentials evoked at a frequency of 2 Hz, whereby the post-
synaptic cell was held at Vm = +20 mV for the duration of the pairing. An example EPSC recording is
shown in Figure 7.3b. Comparison of the EPSC response amplitude before and after the pairing-
protocol revealed that there was no significant difference after LTP induction (p = 0.1259, n = 8
cells, paired t-test; Figure 7.3c). The amplitude of EPSCs before LTP induction ranged from 24 to
305 pA, and were changed by 6.1 + 4.6 % on average. Summary data indicated that the response
amplitude (Figure 7.3d) and the response slope (Figure 7.3e) did not change throughout the
recording. Similarly, as in previous experiments, the access resistance (Figure 7.3f) and the
membrane resistance (Figure 7.3g) also remained constant. These data demonstrate that a strong
LTP pairing-protocol delivered to cells that were recorded using perforated patch clamping was

unable to induce synaptic plasticity.

Figure 7.3. iPSC-derived cortical neurons do not exhibit long-term potentiation in response to
synaptic stimulation paired with post-synaptic depolarization. (on following page) Excitatory post-
synaptic currents were evoked by either (i) pre-synaptic somatic current injection in a pair of
monosynaptically connected neurons, EPSCp, or (ii) light stimulation of a ChR2-expressing pre-
synaptic neuron, EPSC,. A 5 minute baseline period (before) was acquired using 0.1Hz pre-synaptic
test stimulation before connections were subjected to LTP induction using a pairing-protocol. The
pairing-protocol used for LTP induction consisted of 360 pairings at 2 Hz whereby the post-synaptic
cell was depolarized to +20 mV for the duration of the pairings. Test stimulation was resumed for a
further 20 minute period. (b)(i) Example EPSC. amplitude undergoing LTP induction using the
pairing protocol at time 0. (ii) Averaged traces from 5 minutes ‘before’ period and 10-20 minutes
‘after’ no-stimulation. Scale bar 20pA, 10ms. (c) Across all experiments there was no significant
change in the response amplitude after using the pairing protocol (p = 0.1259, n = 8 cells, paired t-
test). Summary data of all LTP experiments demonstrate that (d) the response amplitude and (e)
the rise slope of the response did not change after LTP induction. (f) The access resistance and (g)
the membrane resistance remained stable throughout the duration of the experiment. Raw data
was averaged across 1-minute bin sizes and normalized to the average of the 5 minute baseline
period. From 5 differentiations across 2 cell lines.
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7.2.4. EPSCr and EPSC,_had comparable stability and responsivity to LTP induction

In Chapter VI, a number of differences were identified between monosynaptic EPSCs that were
evoked by pre-synaptic somatic current injection and those evoked by light-activation of ChR2. To
determine whether the method used to evoke a pre-synaptic action potential affected either the
long-term stability of the post-synaptic response, or the capacity for LTP induction, the changes in
EPSC amplitude for EPSCrand EPSC, were compared. For control experiments, where no stimulation
was given at time O (see section 7.2.1), the change in EPSC amplitude was indistinguishable between
EPSCp and EPSC, responses (0.93 £ 0.17, n = 4 cells for EPSCp, and 0.88 £ 0.19, n = 4 cells for EPSC,,
p = 0.6857, M-W test; Figure 7.4a). Similarly, for LTP experiments, undergoing either a tLTP or
pairing-protocol at time O (see section 7.2.2-3), the change in EPSC amplitude was also comparable
between EPSCp and EPSC, (0.92 + 0.13, n =5 cells for EPSCp, and 0.89 + 0.04, n = 13 cells for EPSC,,
p = 0.5663, M-W test; Figure 7.4b). Given that the change in response amplitude was no different

for EPSCrand EPSC,, these groups were pooled in order to assess whether the initial EPSC amplitude
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Figure 7.4. Monosynaptic EPSCP and EPSCL responses do not differ in their stability or responsivity
to LTP induction. (a) The monosynaptic response amplitude (after / before) following control
experiments, where no stimulation was given for 60 s at time 0, was comparable for EPSCrand EPSC,
(p = 0.6857, n = 4 cells for both EPSCr and EPSC,, M-W test). (b) The monosynaptic response
amplitude (after / before) following LTP induction at time 0 using a tLTP protocol or pairing-
protocol, was also comparable for EPSCp and EPSC, (p = 0.5663, n = 5 and 13 cells for EPSCp and
EPSC,, respectively, M-W test). (c) LTP experiments using EPSCp and EPSC, were pooled and showed
that there was no significant correlation between the initial response amplitude and the change (%)
in the monosynaptic response amplitude following LTP induction (tLTP and pairing-protocol) (p =
0.6364, r? = 0.0143, n = 18 cells, Pearson’s correlation coefficient). From 6 differentiations across 2
cell lines.
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affected the ability to undergo changes in synaptic efficacy when using a LTP induction protocol
(tLTP or pairing-protocol). This revealed that there was no correlation between the initial EPSC
amplitude and the percentage change following LTP induction (p = 0.6364, r? = 0.0143, n = 18 cells,
Pearson’s correlation coefficient; Figure 7.4c). Overall, the monosynaptic response stability or
responsivity to LTP induction was unaffected by the method used to evoke pre-synaptic action
potential firing. Furthermore, the initial response amplitude did not impact the sign or magnitude

of the change in response amplitude following an LTP induction protocol.

7.2.5. Miniature excitatory synaptic transmission in iPSC-derived cortical cultures is unaffected
by a chemical LTP induction protocol

The investigation of synaptic plasticity at monosynaptic connections was limited to a relatively small
number of cells and involved a short induction protocol. Therefore | sought to explore whether
synaptic changes in iPSC-derived cortical neurons could be generated by a chemical LTP induction
protocol, which would stimulate synapses across the entire culture and pharmacologically stimulate
changes involved in LTP induction. The cLTP protocol involved the application of forskolin, rolipram,
and picrotoxin, in the absence of Mg, for 16 minutes and has been shown to upregulate post-
synaptic AMPA receptors at rodent synapses, which can be reflected by changes in mEPSC

amplitude [286-288].

To assess the effects of cLTP induction on human iPSC-derived neurons, cortical cultures were
treated with the cLTP drug cocktail, or with a DMSO (0.2%) control, for 16 minutes. Subsequently,
cultures were perfused with standard extracellular solution and mEPSCs were recorded from cells
using whole-cell patch clamp electrophysiology for a period of up to 2 hours following induction
(Figure 7.5a). In comparison to recordings of spontaneous EPSCs, which are action-potential
dependent, the detection of mEPSCs offers a cleaner method to investigate synapse strength and
number. Each miniature excitatory synaptic current represents the spontaneous quantal release at

a single synaptic bouton and therefore changes in mEPSC amplitude reflect a change of synapse
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strength, whilst changes in mEPSC frequency reflect alterations in the number of functional
synapses. Assessment of mEPSC frequency showed that there was no difference between control
and cLTP conditions (2.2 + 0.3 Hz, n = 73 cells for control, and 2.6 + 0.3 Hz, n = 68 cells for cLTP, p =
0.4385, M-W test; Figure 7.5b). Similarly, no difference was detected in the mEPSC amplitude (15.5
1+ 0.9 pA, n =71 cells for control, and 17.0 £ 1.6 pA, n = 67 cells for cLTP, p = 0.5925, M-W test;
Figure 7.5c). Taken together, this data indicates that the cLTP induction did not affect the efficacy

of miniature excitatory synaptic transmission in human iPSC-derived cortical cultures.
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Figure 7.5. iPSC-derived cortical neurons do not exhibit chemical LTP. iPSC-derived cortical cultures
were treated with a DMSO control or a chemical LTP (cLTP) solution for 16 minutes. Following cLTP
induction, mEPSCs were recorded in standard HEPES external. (a) Representative traces of mEPSCs
recorded following control (left) or cLTP induction (right). Scale bar 10 pA, 2 s. (b) Summary bar
graph and cumulative distribution of the frequency of mEPSCs showing no significant difference
between control and cLTP treatments (p = 0.4385, n = 73 and 68 cells for control and cLTP,
respectively, M-W test). (c) Summary bar graph and cumulative distribution of the amplitude of
MEPSCs showing no significant difference between control and cLTP treatments (p = 0.5925, n =71
and 67 cells for control and cLTP, respectively, M-W test) (From 3 differentiations across 2 cell lines).
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7.2.6. Prolonged optogenetic activation of pre-synaptic iPSC-derived cortical neurons can induce
a potentiation of miniature excitatory synaptic transmission

The absence of plasticity induced by relatively short protocols suggested that long-term pre-
synaptic stimulation may be required to generate activity-dependent changes in synaptic efficacy.
Therefore, | sought to determine if prolonged pre-synaptic stimulation, delivered over several days,
could generate synaptic plasticity at excitatory synapses in iPSC-derived cortical neurons. The
establishment of iPSC-derived cortical cultures where pre-synaptic ChR2-expressing neurons can be
activated by light (see Chapter VI) provides the opportunity for prolonged pre-synaptic stimulation
without electrodes. Using a custom-built LED set-up, 10 Hz trains of 10 ms duration light flashes
were delivered every 10 s to iPSC-derived cortical cultures in the incubator for a period of 2-4 days.
To assess the impact of pre-synaptic ChR2 activation, the LED stimulation protocol was delivered to
co-cultures comprised of CaMKlla-mKate2 neurons co-cultured with either hSyn-ChR2-YFP neurons
or CAG-YFP neurons, to generate ‘activated’ and ‘control’ cultures, respectively (Figure 7.6a,b). To
determine whether the LED stimulation resulted in phototoxicity, cell cultures that had and had not
been subjected to prolonged light stimulation were stained with propidium iodide to assess cell
death. This revealed minimal levels of necrotic cell death, which was no different between iPSC-
derived cultures containing either hSyn-ChR2-YFP-positive neurons or CAG-YFP-positive neurons,
and was not affected by exposure to prolonged light stimulation (0.4 £ 0.2 % for hSyn-ChR2-YFP-
containing cultures with light, and 0.3 £ 0.2 % without light, 0.1 + 0.1 % for CAG-YFP-containing
cultures with light, and 0.1 £ 0.1 % without light, n = 10 FOV for each experimental group, p =
0.2539, one-way ANOVA). In order to specifically address the impact of pre-synaptic ChR2
activation on synaptic efficacy, mEPSCs were recorded from CaMKlla-mKate2-positive cells (Figure
7.6¢). This revealed that the mEPSC-frequency was unaffected (1.0 £ 0.2 Hz, n = 49 cells for control,
and 1.5 £ 0.3 Hz, n = 68 cells for activated, p = 0.4648, M-W test; Figure 7.6d). However, the
distribution of mEPSC amplitudes in activated cultures was shifted towards larger values and was

significantly different from control cultures (18.9 + 1.5 pA, n = 40 cells for control, and 21.1 £+ 1.2
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Figure 7.6. iPSC-derived cortical neurons demonstrate post-synaptic potentiation in response to
long-term optogenetic pre-synaptic activation. (a) Schematic of the experimental set-up. ‘Control’
co-cultures, comprised of CAG-YFP and CaMKIla-mKate2 expressing neurons, and ‘Activated’ co-
cultures, comprised of hSyn-ChR2-YFP and CaMKlla-mKate2 expressing neurons, were subjected to
2-4 days LED stimulation during culturing. The LED stimulation consisted of 5 flashes of 10 ms
duration at 10 Hz delivered every 10 s. (b) Example images of control (left) and activated (right)
neuronal cultures. Scale bar 20 um. (c) Representative traces of mEPSCs recorded from mKate2-
positive neurons from control (left) and activated (right) cultures. (d) Summary bar graph and
cumulative distribution of the frequency of mEPSCs showing no significant difference between
control and activated cultures (p = 0.4648, n =49 and 68 cells for control and activated, respectively,
M-W test). (e) Summary bar graph and cumulative distribution of the amplitude of mEPSCs
demonstrating a significant difference in the distribution between activated and control cultures (p
=0.0448, n =40 and 55 cells for control and activated, respectively, K-S test) (From 4 differentiations
across 3 cell lines). * p < 0.05.
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pA, n =55 cells for activated, p = 0.0448, K-S test; Figure 7.6e). Taken together, this data suggests
that the prolonged optogenetic stimulation of pre-synaptic neurons can result in an activity-

dependent potentiation of synaptic transmission.

7.2.7. The synaptic potentiation induced by prolonged optogenetic activation of pre-synaptic
neurons is only expressed by mature post-synaptic iPSC-derived cortical neurons

Given the developmental regulation of synaptic plasticity, | set out to determine whether the
expression of synaptic potentiation induced by prolonged pre-synaptic optogenetic stimulation was
universally expressed by all iPSC-derived cortical neurons, or whether it was influenced by the
relative degree of functional maturity. Membrane capacitance is a passive membrane property that
can be reliably measured in electrophysiological recordings and, in rodent neurons, has been
demonstrated to predict morphological and synaptic maturity [439]. The potential for membrane
capacitance to reflect the degree of functional maturity in human iPSC-derived cortical neurons was
therefore explored. To that end, the relationship between membrane capacitance and other
intrinsic properties that are affected by neuronal maturation was assessed [304]. Membrane
resistance, which decreases with neuronal maturation, demonstrated a highly significant inverse
correlation with membrane capacitance (p < 0.001, r> = 0.5018, n = 44 cells; Figure 7.7a).
Meanwhile, sodium and potassium voltage-gated currents, which are increased during neuronal
maturation, showed a similarly strong positive correlation with membrane capacitance (maximum
sodium current: p < 0.001, r? = 0.3905, n = 44 cells; Figure 7.7b; maximum potassium current: p
=0.0077, r* = 0.1573, n = 44 cells; Figure 7.7c). Likewise, the number of induced action potentials
was also positively correlated with membrane capacitance (p = 0.0361, r? = 0.1004, n = 44 cells;
Figure 7.7d). In addition, rodent neurons with a larger membrane capacitance also have a higher
frequency of synaptic inputs, and their synapses exhibit more mature characteristics [439]. In
human iPSC-derived cortical neurons the frequency of mEPSCs demonstrated a strong positive

correlation with membrane capacitance (p < 0.001, r2=0.3557, n = 73 cells; Figure 7.7e). However,
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the amplitude of mEPSCs did not correlate with membrane capacitance (p = 0.7615, r? = 0.0013, n
= 71 cells; Figure 7.7f). Overall, the membrane capacitance was robustly correlated with markers
of intrinsic neuronal maturity. Meanwhile, the correlation of mEPSC frequency, but not amplitude,
with membrane capacitance suggests that a greater number of synapses are formed onto larger,

more mature iPSC-derived cortical neurons, but that these synapses do not differ in strength.

Having established that membrane capacitance could be used as an indicator of relative neuronal
maturity, | investigated whether there was a relationship between functional maturity and the

capacity to demonstrate synaptic potentiation in response to prolonged optogenetic stimulation.
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Figure 7.7. The membrane capacitance of the post-synaptic neuron strongly correlates with
markers of intrinsic functional maturation and mEPSC frequency. (a) Membrane capacitance
showed a significant inverse correlation with membrane resistance (p < 0.001, r> = 0.5018, n = 44
cells). (b) Membrane capacitance has a significant positive correlation with maximum sodium
current (p <0.001, r>=0.3905, n = 44 cells), (c) maximum potassium current (p = 0.0077, r*=0.1573,
n = 44 cells) and (d) the number of consecutive action potentials (p = 0.0361, r? = 0.1004, n = 44
cells) (From 2 differentiations across 2 cell lines). Membrane capacitance showed a significant
positive correlation with (e) mEPSC frequency (p < 0.001, r? = 0.3557, n = 73 cells) but not (f) mEPSC
amplitude (p = 0.7615, r? = 0.0013, n = 71 cells) (From 3 differentiations across 2 cell lines). The
relationship between all properties was assessed using Pearson’s correlation coefficient. * p < 0.05,
**p<0.01, *** p<0.001.
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To that end, the neurons that were assessed in Figure 7.6 were ranked according to their
membrane capacitance (Figure 7.8a). Neurons with membrane capacitance values in the 1%
quartile represented the most immature neuronal subpopulation, whilst those in the 4™ quartile
were from the subpopulation of neurons with the greatest functional maturity (Figure 7.8b). The
membrane capacitance of control and activated neurons within these two subpopulations was
comparable (1%t quartile: 39.7 + 1.2 pF, n = 13 cells for control, and 38.6 + 1.8 pF, n = 17 cells for
activated, p = 0.9671, M-W test; 4™ quartile: 99.8 + 5.4 pF, n = 13 cells for control, and 94.1 + 5.9
pF, n = 18 cells for activated, p = 0.2107, M-W test). Interestingly, neurons in the 1%t quartile showed
no difference in either mEPSC frequency (0.7 * 0.4 Hz, n = 13 cells for control, and 0.9 + 0.3 Hz, n =
17 cells for activated, p = 0.8773, M-W test; Figure 7.8c), or mEPSC amplitude (23.2 + 4.7 pA, n =
10 cells for control, and 21.3 + 3.3 pA, n = 11 cells for activated, p = 7564, M-W test; Figure 7.8d)
following the prolonged optogenetic activation of pre-synaptic neurons. Similarly, neurons in the
4™ quartile also showed no difference in mEPSC frequency (1.1 + 0.3 Hz, n = 13 cells for control, and
1.6 £ 0.7 Hz, n = 18 cells for activated, p = 0.8668, M-W test; Figure 7.8e). In contrast, neurons in
the 4™ quartile had a significantly increased mEPSC amplitude, which was ~30 % larger, for
activated cultures compared to controls (16.8 £ 1.6 pA, n = 10 cells for control, and 27.2 + 2.2 pA, n
=13 cells for activated, p = 0.0016, unpaired t-test; Figure 7.8f). Taken together, this data suggests
that a subset of more mature post-synaptic neurons are largely responsible for the synaptic
potentiation elicited by prolonged optogenetic activation of pre-synaptic neurons. Meanwhile,
neurons with relatively immature properties do not undergo changes in synaptic efficacy in

response to this protocol.
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Figure 7.8. A mature subpopulation of post-synaptic neurons are responsible for driving the post-
synaptic potentiation observed in response to prolonged optogenetic pre-synaptic activation.
(a) Neurons were ranked according to their membrane capacitance and those with values in the 1°
quartile and 4™ quartile were taken for further analysis. (b) Representative traces of mEPSCs from
neurons in the 1%t quartile (upper) and 4™ quartile (lower) from control (left) and activated (right)
cultures. Scale bar 20 pA, 2 s. For neurons with lower membrane capacitance (1 quartile), summary
bar graphs and cumulative distributions show that control and activated cultures did not differ in
(c) the frequency of mEPSCs (p = 0.8773, n =13 and 17 cells for control and activated, respectively,
M-W test), or (d) the amplitude of mEPSCs (p = 0.7564, n = 10 and 11 cells for control and activated,
respectively, M-W test). For neurons with high membrane capacitance (4™ quartile), summary bar
graphs and cumulative distributions show that control and activated (cont. on following page)
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7.3. Discussion

In this chapter, | sought to assess the ability for excitatory synaptic connections to undergo synaptic
plasticity utilising the methods established in Chapter VI. | first set out to determine whether
monosynaptic excitatory connections could undergo spike-timing dependent plasticity. Stable
monosynaptic EPSCs, generated by pre-synaptic electrical current injection (EPSCp) or light
activation of ChR2 (EPSC,), could be evoked throughout the duration of recordings in response to
low frequency test stimuli. However, a STDP protocol comprising repetitive pre- post-spike pairing
at short intervals was unable to induce changes in synaptic efficacy. In order to elicit stronger post-
synaptic depolarization than that induced by pre- post-spike pairing, a classical LTP induction
protocol that combined pre-synaptic stimulation with sustained post-synaptic depolarization was
assessed. However, this pairing-protocol also failed to generate changes in synaptic efficacy. As
these protocols manipulate only a single synaptic connection, the capacity for iPSC-derived cortical
cultures to undergo widespread changes in synaptic efficacy was also evaluated. To assess changes
in excitatory synaptic transmission the mEPSC frequency and amplitude were analysed. Neither of
these properties were significantly changed following the application of a cLTP induction protocol.
With the aim to provide prolonged bursts of synaptic activity, co-cultures of hSyn-ChR2-YFP and
CaMKlla-mKate2 neurons were subjected to prolonged LED stimulation over several days.
Assessment of synaptic transmission was performed in CaMKIla-mKate2-positive neurons, which
receive synaptic inputs from light-activated hSyn-ChR2-YFP neurons. This revealed that the
amplitude, but not the frequency, of mEPSCs were significantly different in ‘activated’ cultures
compared to ‘control’ cultures. Further interrogation revealed that the effect was largely driven by
neurons with greater levels of maturity, whilst relatively immature neuronal subpopulations were
unaffected by the stimulation protocol. This demonstrates that iPSC-derived cortical neurons are

able to exhibit activity-dependent synaptic plasticity, but not via classical LTP or STDP protocols.

Figure 7.8. (cont. from previous page) neurons showed no difference in (e) the frequency of mEPSCs
(p = 0.8668, n = 13 and 18 cells for control and activated, respectively, M-W test) but had a
significant increase in (f) the amplitude of mEPSCs (p = 0.0016, n = 10 and 13 cells for control and
activated, respectively, unpaired t-test) (From 4 differentiations across 3 cell lines). ** p < 0.01
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7.3.1. The influence of post-synaptic maturity on LTP induction

The absence of classical LTP or STDP at monosynaptic connections, alongside the finding that only
more mature subsets of post-synaptic human iPSC-derived cortical neurons exhibited synaptic
potentiation following prolonged optogenetic activation of pre-synaptic neurons, strongly
implicates maturity as a contributing factor. In the sections below, | will discuss the potential impact
of neuronal maturity and other contributing factors on each of the synaptic plasticity protocols used

here.

7.3.2. Synaptic plasticity at monosynaptic excitatory connections using classical LTP and STDP
protocols

Control recordings revealed that monosynaptic responses did not exhibit any consistent long-term
changes in EPSC amplitude throughout the duration of recordings (~30 minutes). Similarly,
monosynaptic responses did not show any changes in EPSC amplitude following a STDP or classical
LTP protocol at a population level. The characterization of EPSCr and EPSC, (see Chapter VI) had
identified some differences arising from the use of ChR2-activation to evoke pre-synaptic action
potential firing, which may have influenced the induction or expression of synaptic plasticity.
Although, these were consistent with observations made in rodent studies, which had also reported
that EPSC, responses were capable of undergoing LTP [201]. Comparison of the changes in response
amplitude for EPSCr and EPSC,in human iPSC-derived cortical neurons revealed that the previously
identified differences in monosynaptic response properties had no apparent impact on either the
long-term stability or responsivity to LTP induction. This data suggests that it was unlikely that the
absence of LTP was due to the grouping of experiments that used different methods to evoke a pre-

synaptic action potential.

The failure to induce STDP at monosynaptic connections between human iPSC-derived cortical
neurons may have been a result of insufficient post-synaptic calcium influx. Others have

demonstrated that both LTP and LTD have a calcium threshold that must be surpassed in order for
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synaptic plasticity to occur [231]. In the case of STDP, the co-incidence of the back-propagating
action potential (bAP) with the EPSP results in the non-linear summation of calcium transients
[238]. The amplitude of the bAP decreases with distance from the soma [238, 440, 441]. Factors
that affect bAP propagation, such as morphology and voltage-gated channel activation [441], could
have resulted in limited bAP-mediated voltage changes in the post-synaptic dendrite, which would
be particularly pronounced for more distal inputs. Whilst the efficacy of action potential back-
propagation within trains is inversely affected by frequency, the overall magnitude of dendritic
calcium flux is greater than that evoked by single action potentials [442]. Moreover, the initiation
of post-synaptic high-frequency action potential bursts has been shown to induce synaptic plasticity
at connections where the pairing of single action potentials was insufficient [386]. Therefore,
plasticity protocols using post-synaptic bursting could be explored in human iPSC-derived cortical

neurons.

The depolarizing after-potential (DAP), which follows an action potential, also influences dendritic
calcium transients by providing a more sustained period of depolarization and has been associated
with the activation voltage-gated calcium channels (VGCCs) [265]. The DAP is thought to contribute
to the associativity of STDP and has been shown to be essential for STDP generation in human and
rodent neurons [265]. The characteristics of the DAP change with developmental age, such that
DAPs in more mature neurons have a longer duration and larger calcium transients. The gradual
developmental increase in DAP-associated calcium influx also correlates with the emergence of LTP
in rodents [443]. The properties of DAPs in human iPSC-derived neurons have not been reported,
and could not be assessed in the recordings here due to contamination of the depolarizing voltage
step with the decay-phase of the action-potential. However, should iPSC-derived cortical neurons
possess poorly developed DAPs, this could present a limiting factor to increases in post-synaptic
calcium. The kinetics of an action potential induced by ChR2 activation have been reported to differ

from those generated by somatic current injection. In rodent neurons, ChR2-induced action
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potentials have a larger, slower DAP and are associated with larger calcium transients, which are
thought to be caused by the activation of VGCCs rather than direct calcium influx through ChR2
[201]. Therefore, it would be interesting to explore whether promoting post-synaptic calcium influx
by driving post-synaptic firing using ChR2-activation could result in potentiation of a monosynaptic
response when using tLTP induction protocols. Such protocols have been successfully used to
induce LTP at excitatory synapses between pairs of synaptically connected neurons in rodent

hippocampal slice preparations [200].

Despite these considerations, the failure of the classical LTP pairing-protocol suggests that
insufficient post-synaptic depolarization may not be responsible for the lack of synaptic plasticity
observed with the tLTP protocol. In the LTP pairing-protocol, the post-synaptic neuron is
depolarized for 3 minutes, which represents a very intense membrane depolarization. Although it
should be remembered that, whilst the voltage at the soma was successfully maintained at
depolarized potentials, the extent of dendritic depolarization achieved during this protocol was
unknown. Others have used caesium-based internal solutions to block potassium channels and
thereby enable better spatial clamping of the membrane voltage to promote the induction of
synaptic plasticity [190, 220, 250]. Nevertheless, providing post-synaptic depolarization alone does
not result in changes to synaptic efficacy, but still requires the generation of associative calcium
signals induced by synaptic activation [444]. Previous work has demonstrated spike-pairing induced
LTP in rodent cortical neurons, whilst a pairing-protocol delivered in TTX to prevent action potential
firing failed to have an effect. This also suggests that the coincidence of a bAP with an EPSC can be

important for LTP induction at some synapses [247].

A feature of synaptic plasticity is that it can be saturated [228, 246]. The magnitude of LTP at rodent
synapses has been shown to inversely correlate with the initial response amplitude, which may
indicate that large responses are already maximally potentiated [201, 219, 236]. However, in

recordings from iPSC-derived cortical neurons there was no correlation in the initial response
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amplitude and the magnitude or direction of change following a LTP induction protocol at
monosynaptic connections. Furthermore, the range of initial response amplitudes was similar to
those observed at monosynaptic connections in dissociated rodent hippocampal neurons, which
could undergo LTP. Therefore, there was no evidence for a limit on the initial response amplitude

for synaptic plasticity.

The expression of LTP can be associated with a decrease in synaptic failure rate (see Chapter I).
However, the characterization of monosynaptic connections between human iPSC-derived cortical
neurons (see Chapter VI) revealed relatively low variability, a low failure rate and a high probability
of neurotransmitter release, which suggests that these properties may not be able to undergo
further enhancement. Indeed, the ability to induce LTP in rodent hippocampal slices has been
shown to inversely correlate with release probability [433]. Over the same period that rodent
hippocampal neurons start to express LTP, their excitatory synapses switch from exhibiting paired-
pulse depression (PPD) to paired-pulse facilitation (PPF), thereby reflecting changes in
neurotransmitter release probability [433]. Meanwhile, decreasing the extracellular calcium
concentration, which can artificially decrease release probability, can reveal LTP earlier in
development [433]. Similar developmental changes in release probability have also been observed
at synapses in rodent cortex [445]. Therefore, it is possible that the saturation of neurotransmitter
release probability may have prohibited the expression of synaptic plasticity at monosynaptic

connections between human iPSC-derived cortical neurons.

GABAergic synaptic transmission has also been demonstrated to affect LTP induction, and some
studies have been unable to induce LTP in rodent cortex without the blockade of inhibitory
transmission [243, 245]. In addition, there is evidence that the threshold for LTP induction in
immature neurons may be lower, although this is thought to be due to developmental changes in
GABAergic inhibition [437, 446]. In the first two weeks of life, GABAergic synaptic inputs have been

found to be depolarizing in rodents as a result of elevated intracellular chloride concentrations
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[447]. Therefore, the simultaneous activation of GABAergic inputs with glutamatergic inputs could
promote post-synaptic depolarization and the induction of LTP. However, changes in chloride
homeostasis, which is maintained throughout adult life, cause GABA to become hyperpolarizing.
Subsequently, simultaneous activation GABAergic inputs can counteract depolarization induced by
glutamatergic synapses activation, and thereby increase the threshold for LTP [437]. This
developmental regulation of GABAergic synaptic transmission has also been observed in human
iPSC-derived neurons [448]. Although the influence of GABAergic synaptic inputs is likely to have
been limited (see Chapter V), the GABAa receptor antagonist picrotoxin was included throughout
all monosynaptic plasticity experiments. Therefore, the influence of GABAergic synaptic

transmission could not account for the absence of synaptic plasticity.

7.3.3. Chemical LTP induction in iPSC-derived cortical cultures

The cLTP protocol that uses the combined application of forskolin, rolipram and picrotoxin in the
absence of Mg#, has been shown to induce changes in excitatory synaptic transmission. In rodent
neurons the application of this cLTP treatment has been shown to increase the amplitude of evoked
synaptic responses and the amplitude, but not the frequency, of mEPSCs [286-288]. In contrast,
Fink et al., have reported a robust increase in the frequency of spontaneous EPSCs, and in some
cases this was associated with an increase in spontaneous EPSC amplitude [267, 268]. The effects
observed by Fink et al., in human iPSC-derived neurons manifested as alterations in synaptic activity
recorded without TTX, and were therefore likely to be primarily action-potential dependent
synaptic events [267, 268]. In comparison, the excitatory currents assessed here (Figure 7.5) are
action-potential independent, and therefore some effects, such as changes in pre-synaptic
excitability, would not be detected. In contrast to this previous work, | did not observe any changes
in the excitatory synaptic activity of human iPSC-derived cortical neurons in response to this cLTP

protocol.
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The application of this cLTP cocktail has been reported to cause large increases in synaptic activity
and drive synchronous bursting [267, 288]. The simultaneous and repetitive activation of synapses
is thought to result in the strong activation of NMDA-receptors and the generation of LTP. Here, it
is unknown to what extent spontaneous excitatory transmission was increased during the period
of cLTP induction. This protocol is likely to rely upon the simultaneous activation of convergent
inputs in order to drive sufficient post-synaptic calcium influx for LTP induction. Therefore it is
possible that, in the human iPSC-derived cortical neurons assessed here, the cLTP protocol was
unable to produce the network drive and synchronous bursts of activity, which are required for LTP.
Application of the cLTP drug cocktail in the presence of Mg?* has been demonstrated to induce a
sensitized state that is then able to undergo LTP in response to minimal, low-frequency synaptic
stimulation [286]. Therefore, it would be interesting to determine whether combining this cLTP
cocktail with a stimulation protocol that could drive synchronous synaptic activation, such as bursts

of optogenetic stimulation, would enable the generation of LTP.

The frequency of mEPSCs in the cultures used for cLTP induction was higher than has been observed
in other experiments using NPC-mNgn2 neuronal cultures, which is likely due to culture variability.
However, as discussed in section 7.3.2, LTP can be saturated, and it is therefore possible that the
synapses in these culture could not have been further potentiated. However, the mEPSC amplitude
was similar to that observed in neurons following prolonged LED stimulation, which may suggest
that this is not the case. In comparison to experiments assessing the effects of prolonged LED
stimulation, which specifically targeted CaMKlla-mKate2 neurons, no cell selection was performed
for electrophysiological recordings following cLTP induction. As has been shown by Nehme et al.,
(2018) using iPSC-derived neurons differentiated with neurogenin-2, the CaMKlla-mKate2-positive
neurons may represent a subset of neurons with different properties, such as greater functional

maturity [275]. Such differences may also include an increase in the capacity for CaMKlla-mKate2-
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positive neurons to undergo LTP, and therefore may have contributed to the differences observed

between cLTP and prolonged LED stimulation experiments.

7.3.4. Changes in synaptic efficacy induced by prolonged optogenetic pre-synaptic activation

Prolonged optogenetic activation of pre-synaptic neurons delivered during cell culturing was found
to result in a potentiation of glutamatergic synaptic strength, which was primarily mediated by
effects in a subpopulation of more mature post-synaptic neurons. Therefore, this study provides
direct evidence for an activity-dependent change in synaptic transmission in iPSC-derived cortical
neurons. Importantly, because this effect was observed in CaMKIlla-positive neurons, which were
post-synaptic to the optically activated pre-synaptic ChR2 neurons, this shows a clear requirement

for synaptic transmission.

It seems reasonable to propose that it was the different temporal and spatial patterns of activity
evoked by prolonged optogenetic stimulation that resulted in the synaptic potentiation of the
human glutamatergic synapses. For example, the whole-field illumination would be expected to
cause the simultaneous activation of multiple ChR2-expressing pre-synaptic neurons, which would
elicit synchronous light-evoked post-synaptic responses in the CaMKlla-mKate2 neurons. As a
result, the prolonged LED stimulation protocol could satisfy the cooperative aspects of LTP,
whereby the activation of single ‘weak’ monosynaptic connections is insufficient, and rather the
simultaneous activation of many inputs is required to induce LTP [77, 248]. This mechanism would
also be consistent with the demonstration of potentiation only in post-synaptic neurons with a high
membrane capacitance, as this property was associated with a greater frequency of mEPSCs,
indicating that these neurons received larger numbers of synaptic inputs. Taken together, these
experiments reveal that human iPSC-derived cortical neurons can support synaptic plasticity, but

that this critically depends upon the maturational state of the post-synaptic neuron.
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STDP at some cortical synapses in rodents has been shown to be frequency-dependent, such that
spike-pairing at low frequencies (< 10 Hz) failed to induce LTP [247, 248]. The potentiation that was
observed in response to the 10 Hz bursts of LED stimulation, which did not occur in the LTP
experiments performed at 1-2 Hz at monosynaptic connections, could suggest that synaptic
plasticity at human iPSC-derived cortical neurons may also be dependent upon the frequency of
stimulation. Furthermore, it is uncertain whether the prolonged stimulation was necessary for the
induction of potentiation in these cultures, and therefore it would be interesting to determine
whether the same pattern of LED stimulation could induce changes in excitatory synaptic

transmission when delivered for short periods during electrophysiological recordings.

The induction of LTP at cortical excitatory synapses is an NMDA-receptor dependent process [77,
236, 250, 449]. The culture of neurons in the presence of an NMDA-receptor antagonist, during the
delivery of LED stimulation, could provide one method to ascertain whether the potentiation
induced by prolonged optogenetic stimulation also required the activation of NMDA-receptors. The
change in mEPSC amplitude (Figure 7.8), but not frequency, is indicative of a post-synaptic locus
of expression. LTP is typically associated with changes of AMPA-receptor mediated responses,
whilst NMDA-receptor mediated synaptic transmission undergoes little to no change [190, 219,
220, 222]. Here an increase was detected in the amplitude of AMPA-mediated mEPSCs, but it
remains to be determined whether the LED stimulation also induced changes in NMDA-receptor

mediated transmission.

Overall, the induction of LTP in human iPSC-derived cortical neurons proved to be challenging.
Neither STDP, nor a classical pairing-protocol that resulted in more intense depolarization, were
able to induce changes in monosynaptic connection efficacy. Similarly, a cLTP protocol also failed
to alter miniature excitatory synaptic transmission. However, providing bursts of pre-synaptic
stimulation over several days during cell culture induced the potentiation of mEPSC amplitude. This

effect was largely driven by a relatively mature neuronal subpopulation, whilst neurons with
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immature properties were unaffected. Synaptic plasticity is a complex process that can be affected
by many factors. However, the findings presented here suggest that the degree of maturity is likely

to be critical when exploring synaptic plasticity in human iPSC-derived cortical cultures.
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VIII: Discussion

The principal aim of this thesis was to develop methods for the investigation of phenotypes in
synaptic transmission and synaptic plasticity in fAD patient iPSC-derived neurons. Specifically, |
sought to: (1) characterize the molecular and functional properties of iPSC-derived cortical neurons
generated from healthy control individuals and fAD patients; (2) to explore methods to generate
active and mature synaptic networks; and (3) to develop assays of glutamatergic synaptic plasticity.
In this chapter | will briefly review how these aims were addressed experimentally and summarise
the major experimental findings. | will discuss the potential applications of the techniques
developed here, and the aspects that could be further refined. | will then consider the limitations
of the methodological approaches that have been used, and the broader challenges associated with

iPSC-derived models of AD.

8.1. Summary of experimental findings

In Chapter Il | generated cortical neurons from iPSCs derived from a healthy control and four
patients with fAD using a protocol previously published by Shi et al., (2012), which recapitulates
many aspects of in vivo cortical development. In line with the published protocol, neuronal
differentiation of control and fAD patient iPSC monolayers resulted in the generation of primarily
excitatory neurons that expressed deep and upper layer cortical markers. Examination of the
intrinsic membrane properties at two time points showed that increasing the culture duration could
enhance functional neuronal maturity. Nonetheless, functional assessment of the control iPSC-
derived cortical neurons, following 2 - 4 months of culture, revealed that the functional properties
of neurons were heterogeneous and that the majority of cells fired only a single action potential
and exhibited minimal or absent excitatory synaptic transmission. Similarly, fAD patient derived
cortical neurons demonstrated comparable intrinsic membrane properties to healthy control
neurons. Despite the relative functional immaturity, cortical cultures derived from fAD-patient

iPSCs had a significant elevation in the AB42:40 ratio of secreted peptides, thereby demonstrating
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that these cells could exhibit biochemical phenotypes in line with disease pathology. Whilst the
neurons acquired key functional neuronal properties, they were not reminiscent of mature, adult
cells, which is consistent with the physiology reported in other studies using iPSC-derived neurons.
Therefore, the level of functional maturity demonstrated by these cultures was not conducive to

the assessment of complex functional phenotypes.

Having established that neurons were functionally immature, | then set out in Chapter IV to explore
methods that may promote neuronal maturation and the formation of active synaptic networks, or
enable the targeting of functionally mature subsets of neurons. The co-culture of human iPSC-
derived cortical neurons with rat astrocytes was found to significantly enhance intrinsic neuronal
maturity and promote the formation of excitatory synaptic networks. As a result, neuronal co-
culture with rat astrocytes was consistently used for all functional studies in this thesis. Although
rat astrocytes increased the proportion of cells with excitatory synaptic inputs, the frequency of
EPSCs remained low and therefore other strategies were tested. | determined that the expression
of a CaMKlla-mKate2 reporter construct was unable to identify neurons of greater functional
maturity within these heterogeneous cultures. The culture of neurons in BrainPhys™ medium
alone, or supplemented with additional factors, was also found to have no effect upon neuronal
maturation. Meanwhile, recordings from human iPSC-derived cortical neurons co-cultured for
several weeks with primary rodent cortical neurons exhibited low levels of synaptic activity, but
demonstrated immature intrinsic maturation and had a limited culture duration due to rodent
neuron viability. Therefore, whilst the benefits of rat astrocytes were clearly demonstrated in this
chapter, it was apparent that a different approach was required for the generation of mature

human synaptic networks.

In Chapter V, | investigated whether the exogenous expression of neurogenin-2, in either iPSCs or
NPCs, could generate active synaptic networks of cortical neurons. Both experimental approaches

generated functional neurons with cortical identities within a few weeks. However NPCs
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differentiated with neurogenin-2 exhibited a greater enhancement of excitatory synaptic activity,
whereby the majority of cells had excitatory inputs (86 %), which occurred at a twenty-fold higher
frequency (~1 Hz) than the control group (~0.05 Hz), and also generated a much higher cell yield.
Furthermore, the elevated AB42:40 phenotype previously identified in fAD-patient derived neurons
was still evident in the neurogenin-2 cultures. These data demonstrated that exogenous expression
of neurogenin-2 could be used to accelerate the functional maturation of human iPSC-derived
cortical neurons, whilst conserving biochemical phenotypes. As a result of the enhanced synaptic
properties, the neurogenin-2 differentiation of NPCs was used for the experiments in Chapters VI

and VII.

The aim of Chapter VI was to optimise the detection and isolation of excitatory monosynaptic
connections between human iPSC-derived cortical neurons, and to characterize the properties of
these unitary connections. Dual whole-cell patch clamp experiments demonstrated the detection
of primarily unidirectional monosynaptic connections at low frequency (7 %). The excitatory
monosynaptic connections exhibited paired-pulse depression, low variability and high reliability,
and had very similar properties to excitatory synapses in rodent cortex. The optogenetic tool, ChR2,
was recruited with the aim of increasing the probability of detecting a monosynaptic connection.
Human iPSC-derived cortical neurons expressing ChR2 could reliably generate light-evoked action
potentials at high frequencies and with minimal temporal jitter. In co-cultures of ChR2-YFP and
CaMKlla-mKate neurons (used to facilitate the targeting of ChR2-negative neurons), 34 % of ChR2-
negative neurons were found to generate light-evoked monosynaptic responses, which were
qualitatively similar to those evoked in connected neuronal pairs. Assessment of the AMPA/NMDA
ratio at monosynaptic connections revealed that the vast majority (89 %) displayed functional
AMPA and NMDA receptors, which are critical for the induction and expression of synaptic

plasticity.
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| set out in Chapter VII to determine whether human iPSC-derived cortical neurons could exhibit
synaptic plasticity. | ascertained that stable monosynaptic responses could be evoked by test stimuli
under control conditions. Neither a STDP protocol nor a LTP pairing-protocol induced changes in
synaptic efficacy. The initial response amplitude or the method used to evoke a pre-synaptic action
potential had no apparent effect upon the outcome of these experiments. Similarly, a cLTP protocol
also failed to alter miniature excitatory synaptic transmission. In contrast, an optogenetic strategy,
in which ChR2-expressing cultures were stimulated over a period of days, did produce synaptic
plasticity effects. Neurons post-synaptic to ChR2-expressing neurons exhibited a significant
potentiation of mEPSC amplitude. The observed potentiation of synaptic efficacy was primarily
driven by a subset of neurons with greater maturity, which exhibited a ~30 % increase in mEPSC
amplitude, whilst relatively immature neurons were unaffected. Together, these data provide
direct evidence for an activity-dependent change in synaptic efficacy in a subset of human iPSC-
derived cortical neurons, but suggest that neuronal maturity remains a major limiting factor in the
synaptic phenotypes that can be explored in these cultures. Further interrogation into the
mechanisms underlying optogenetic induced synaptic plasticity may offer important insights for

future investigations in iPSC-derived cortical cultures.

8.2. Establishing the potential of an iPSC-derived cortical neuronal platform for the study of
excitatory synaptic transmission

An important contribution of this thesis is the development of a well-characterized iPSC-derived
cortical neuronal platform that can be used to interrogate excitatory synaptic transmission at the
level of a single connection. The methods developed in this thesis present the opportunity to
investigate pre- and post-synaptic alterations following experimental manipulations or in patient
iPSC-derived neurons, and thus have broad applications for the study of neurological disorders.
Furthermore, the refined neurogenin-2 differentiation protocol offers a scalable approach for the
generation of active synaptic networks within a short time period. The optogenetic strategy

developed in this thesis provides the reliable and frequent detection of monosynaptic responses,
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thereby increasing experimental throughput, and is a method that could be further refined for

studies of monosynaptic connectivity.

The methods developed in this thesis will enable further investigations of excitatory synaptic
transmission in iPSC-derived models of AD. Specifically, rodent models with fAD mutations have
exhibited alterations in basal excitatory synaptic transmission, alongside changes in synaptic
plasticity [51, 78, 79]. The phenotypes that have been reported include decreased amplitudes of
evoked glutamatergic synaptic responses, changes in short-term plasticity and alterations in
AMPA/NMDA ratios [51, 78, 79]. Given the species-specific differences in AB, tau and the synaptic
proteome between mice and humans [53, 55, 97], it is uncertain whether the effects upon
glutamatergic synapses that have been observed in rodents also manifest in human neurons with
fAD mutations. Now these synaptic properties could be explored in a human-specific model. The
conservation of the AB phenotype in neurogenin-2 neurons further supports the use of this method

for the investigation of excitatory synaptic transmission in fAD patient iPSC-derived neurons.

To date, 85 human central nervous systems diseases have been associated with mutations in 82
genes encoding post-synaptic proteins placing synaptic dysfunction central to a substantial number
of neurological disorders [450]. As a result, the experimental approaches developed in this thesis
could also support the study of other neurological disorders where excitatory synaptic transmission
is thought to be impaired, such as autism and schizophrenia. A multitude of mutations affecting
genes encoding proteins involved in synapse structure and function result in neurological disorders
associated with intellectual disability and autism, for example SHANK3 mutations which cause
Phelan-McDermid Syndrome [451]. Shank proteins are highly expressed in cortical neurons and are
localised to the post-synaptic density [452]. Rodent models exploring the function of Shank3 have
implicated this protein in basal synaptic transmission, synaptic plasticity, AMPA receptor trafficking
and regulation of dendritic spine morphology [453, 454]. Specifically, alterations in miniature

excitatory glutamatergic synaptic transmission, paired-pulse ratio and evoked AMPA-receptor
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mediated synaptic responses have been reported in Shank3 mutant mice and could now be
explored in a human-specific system using the methods developed in this thesis [454]. Similarly,
Rett syndrome is a genetic form of autism caused by mutations in MECP2 that disrupt the function
of the protein as a transcriptional repressor [455]. Loss of Mecp2 function in rodents has been
associated with reductions in glutamatergic cortical synaptic connectivity, decreased mEPSC
frequency and increased short-term synaptic depression [456-458]. There is also evidence for
altered glutamatergic synaptic connectivity in the cortex of patients with schizophrenia. For
example, studies using post-mortem tissue and animal models have reported decreases in dendritic
spine density, altered PSD95 expression and NMDA receptor hypofunction [459-461].
Schizophrenia is a complex psychiatric disorder that commonly manifests in adolescence; a time
when major synapse remodelling occurs [462]. Schizophrenia exhibits high heritability and GWAS
studies, which have implicated = 600 genes in the disorder, suggest that the genetic risk arises from
the complex interactions of multiple genetic variants [463, 464]. This complex genetic background
and the difficulties associated with modelling psychiatric disorders in animal models make human
iPSC technology an attractive model for investigating disease pathogenesis in schizophrenia.
Several studies have generated iPSC-derived neurons from patients with Rett Syndrome [465, 466],
Phelan-McDermid Syndrome [162], and schizophrenia [163, 467], but investigations into synapse
function have often been limited by the immature properties of the iPSC-derived neurons
generated. Therefore, the enhanced synaptic connectivity and functional synaptic assays developed

in this thesis could be easily applied to such studies.

Given the relatively low connectivity in iPSC-derived cortical cultures, the greatly enhanced
probability of light-activated monosynaptic responses make ChR2 a powerful tool in the
investigation of unitary connections in these cultures. This ChR2 approach could be further refined
and utilised as a high-throughput method to probe connectivity from putative pre-synaptic

neurons. Others have developed techniques that can promote the generation of a somatic action-
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potential and limit axonal stimulation through the spatial restriction of light exposure or ChR2
expression [468-471]. This may produce more physiological pre-synaptic activation and enable the
activation of a single pre-synaptic neuron, rather than a population that are activated by wide-field
illumination. The use of a narrow diameter fibre-optic can enable the generation of a small <5 um
light spot, which can be focussed onto the soma of a putative pre-synaptic neuron to evoke an
action potential [468]. This would reduce the direct activation of axonal fibres and therefore the
generation of polysynaptic activity. Similar methods have also been devised using two-photon
activation of ChR2, which can limit light scatter and enhance the cellular specificity of ChR2
activation [469, 470]. However, these approaches are limited to only high ChR2 expressing cells and
require longer light-durations in order to reach action potential threshold as a result of the
activation of a smaller area of membrane, which generates a smaller photocurrent [468, 469].
Alternatively, the use of ChR2 that has been genetically tagged to target expression to the soma
and proximal dendrites would similarly promote somatic action potentiation generation and

prevent direct axonal activation [471].

ChR2 could be used to probe pre- and post-synaptic mechanisms, in a similar manner to dual-
patching. As described in this thesis, the reliable generation of optically evoked monosynaptic
responses allows the assessment of variability, failure rate, short-term plasticity and the properties
of post-synaptic receptors. Therefore, ChR2 can enable a detailed interrogation of synaptic function
and insights into the locus of change following a manipulation. ChR2 could also be used to probe
synaptic changes in a disease context using co-cultures of patient and control neurons that are
transduced separately with ChR2-YFP or mKate2 constructs. Similar cultures were generated by
Shcheglovitov et al.,, (2013) and used the expression of fluorescent reporter constructs to
distinguish between patient and control neurons in order to reduce the impact of culture variability
in an iPSC-derived model of autism [162]. | have shown that it is possible to combine this method

with ChR2 in order to specifically activate control pre-synaptic neurons and record from patient
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post-synaptic neurons, or the inverse. This experimental design will facilitate investigations into the

locus of any synaptic alterations.

The demonstration of an activity-dependent change in excitatory synaptic transmission using
prolonged optogenetic stimulation provides a foundation for the future investigation into synaptic
plasticity in iPSC-derived cortical neurons. Further experiments could be performed to identify
molecular mechanisms involved in the potentiation of synaptic transmission. Delivery of the
optogenetic stimulation in the presence of NMDA-receptor antagonists would ascertain whether
the potentiation is dependent upon NMDA-receptor activation. Meanwhile, the delivery of the LED
stimulation paradigm for a brief period during electrophysiological recordings could determine the

importance of the duration and spatiotemporal pattern of the optogenetic stimulation protocol.

8.3. Methodological considerations and broader challenges associated with the study of
excitatory synaptic transmission in an iPSC-derived cortical neuronal platform

In this section | will consider the methodological approaches used and how these could have
influenced the outcome of the experiments conducted in this thesis. | will also discuss the broader
challenges that are associated with investigations into excitatory synaptic transmission and
plasticity in an iPSC-derived cortical neuronal platform, with a specific focus on the factors that are

most relevant for the study of AD.

8.3.1. Were the recording conditions optimal for the induction and detection of synaptic
plasticity at monosynaptic connections?

An important question is how the recording conditions and protocols used during my assessment
of synaptic plasticity in human iPSC-derived cortical neurons may have influenced the properties of
excitatory synapses and the induction or detection of classical LTP. The extracellular recording
solution has been primarily designed to reproduce the in vivo extracellular ion composition of the

brain. Small adjustments to the extracellular concentration of ions such as Ca** and Mg?* can affect

-214-



CHAPTER | VIlI

synaptic plasticity. For example, decreasing extracellular Ca** concentration during the induction
period can significantly impair LTP, whilst raising Ca®* can facilitate LTP by increasing the calcium
influx in response to stimulation [472]. Comparatively, the extracellular Mg?* concentration
influences NMDA receptor activation and has been shown to negatively correlate with LTP
magnitude [472, 473]. However, the complete absence of Mg? increases neuronal excitability and
can induce spontaneous LTP-like changes that potentiate synaptic activity and prohibit subsequent
LTP induction [474]. The concentration of Ca** and Mg?* in the extracellular solution was similar to
other studies of synaptic plasticity and was comparable to the levels found in the culture medium
used during the prolonged optogenetic stimulation [209, 249, 250, 264]. Therefore the
concentrations of Ca* and Mg?* are unlikely to account for the failure to induce classical forms of

LTP.

In development, newly generated glutamatergic synapses are thought to be initially ‘silent’, due to
the presence of only NMDA receptors in the post-synaptic membrane, which are largely inactive at
resting membrane potential [353]. Rodent studies in slice preparations and cultured neurons have
demonstrated that neurons can be connected by only silent synapses, and that the proportion of
these silent connections decreases with developmental age [216, 217, 219, 220, 405, 475, 476]. In
this thesis, synaptic connectivity between human iPSC-derived cortical neurons was assayed at V,
=-70 mV in a Mg?* containing extracellular recording solution, and therefore only AMPA-mediated
responses would have been detected. Therefore, neurons connected by purely silent synapses
would not have been identified under the recording conditions used here, and instead would
require removal of Mg?* or depolarization to a positive membrane potential. The mechanism of
unsilencing appears to be analogous to LTP, whereby the activation of NMDA receptors, coupled to
post-synaptic depolarization, leads to the insertion of AMPA receptors [216, 217, 220, 477]. The
relative immaturity of the human iPSC-derived cortical neurons may suggest that there is a high

probability that silent connections could be present in these cultures. In rodent neurons classical
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LTP-pairing protocols have similar effects on silent connections as they do on AMPA-containing
synaptic connections, however, instead of potentiating an existing AMPA component they result in
the generation of an AMPA-mediated response [217]. The very nature of silent synapses suggests
that they provide a synaptic state with the greatest capacity for potentiation. Thus, the
investigation of silent synapses would be an interesting avenue for future exploration in human

iPSC-derived cortical neurons, and could provide a further opportunity for the interrogation of LTP.

In patch-clamp electrophysiology experiments, cells were targeted that had a neuronal morphology
and appeared healthy, but the neuronal subtype of the patched cell was unknown. In experiments
where CaMKlla-mKate2 positive cells were targeted the neuron is expected to be glutamatergic
[346], albeit with an unknown regional identity. Comparatively, the hSyn-ChR2-YFP construct has a
pan-neuronal promoter and therefore would be expressed by all neuronal subtypes [478]. As a
result, patched neurons or activated ChR2-YFP-positive cells are likely to have represented a range
of cortical identities and may have included a subset of GABAergic neurons. In rodent cortex,
GABAergic neurons are highly connected to glutamatergic neurons, and in some regions these
inhibitory connections have been found to be 10 times more prevalent than connections between
excitatory connections, and are frequently bidirectional [479, 480]. Furthermore, studies have
reported that glutamatergic connections onto some subtypes of GABAergic neurons cannot
undergo synaptic plasticity [236, 481, 482]. Although only half of the neurons assayed exhibited
spontaneous GABAergic synaptic activity, it is possible that excitatory monosynaptic connections
onto GABAergic interneurons could have been detected, but are likely to represent a minority of

the connections assayed.

As outlined above, a number of factors associated with the recording conditions and protocols used
could be altered to facilitate classical LTP induction and expression in future experiments. However,
it seems unlikely that these factors could account for the complete absence of monosynaptic

plasticity observed in this thesis.
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8.3.2. Could alternative differentiation methods or further protocol refinement generate iPSC-
derived neuronal networks with enhanced maturity?

| have demonstrated that the expression of neurogenin-2 can enhance neuronal maturation.
However, the observation that functional maturity is likely to still represent a limiting factor in the
investigation of excitatory synaptic plasticity, indicates that alternative differentiation methods or
further protocol refinements may be necessary. In this thesis, 2D monolayer cultures were used
due to their simplicity and amenability for functional assessment. The directed differentiation of
iPSCs into neurons in either 2D or 3D cultures can recapitulate many aspects of in vivo cortical
development [144, 145, 150, 151]. However, 3D cultures are thought to better recreate the
cytoarchitecture of the brain and can exhibit some degree of cortical layer formation [144, 151].
This poses the question: can the 3D culture environment promote functional maturation? There
have been limited reports describing the electrophysiological characterization of neurons in 3D
cultures [151, 483]. Pasca et al., (2015) generated 3D cultures comprised of progenitor cells and
neurons expressing cortical markers, which they termed cortical spheroids [151]. After prolonged
time periods (> 130 days), these cultures were functionally assessed following dissociation and
short-term culture (akin to primary neuronal cultures), or in acute slice preparations. In both cases,
most cells had a relatively hyperpolarized resting membrane potential, were capable of induced
action potential firing and received excitatory inputs, albeit at relatively low frequency [151].
Extracellular electrical stimulation of slices appeared to evoke primarily polysynaptic activity,
which, taken together, suggest that these cultures exhibit relatively low connectivity even after
extensive cell culture periods. Similar results were also obtained by Li et al., (2017) in human iPSC-
derived organoid cultures [483]. Furthermore, the transcriptome of 3D cultures, like 2D cultures,
maps to foetal tissue, not adult tissue [144, 151, 316]. Therefore, the data generated by these
studies suggests that 3D cultures do not offer advantages for neuronal maturation and synaptic

network formation.
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During the course of this thesis, there have been a number of studies describing modified 2D
differentiation protocols designed to generate mature cortical neurons within a short-time period
[275, 484]. The Studer laboratory have adapted their 2D monolayer neuronal differentiation
protocol to include the addition of several small molecules in order to accelerate neuronal
differentiation and maturation [148, 484]. This protocol generated primarily post-mitotic neurons
after 13 days however, these cultures were predominantly comprised of deep-layer Tbrl-positive
neurons. The generation of upper-layer neurons required the removal of small molecules that
promoted differentiation, and thereby compromised functional maturation, which required more
than double the culture time to achieve similar electrophysiological properties [484].
Comparatively, Nehme et al., (2018) combined dual-SMAD inhibition with neurogenin-2 expression
which generated neurons primarily expressing upper layer markers, similar to the original
neurogenin-2 publication [158, 275]. They identified that CaMKIlla-expressing neurons
demonstrated more mature functional properties, and in transcriptome analysis, this subset of cells
were found to cluster with both foetal and adult human neurons [275]. In this study, following 28
days of culture, electrophysiological characterization of the CaMKIlla-positive population showed
that the majority of neurons received synaptic inputs at frequencies of ~1 Hz, and overall, had
similar properties to the 21 day NPC-mNgn2 neurons described in this thesis [275]. Overall, the
membrane properties and electrical activity of the neurons generated by these studies are largely
comparable to those observed in the NPC-mNgn2 neurons, described in Chapter V, and indeed were
achieved using similar methods: anti-mitotic treatment, directed differentiation to a neural lineage,
and neurogenin-2 expression. Nonetheless, these protocols are still unable to generate iPSC-
derived neurons that fully resemble adult human neurons which, for example, have a many-fold
lower membrane resistance and a more hyperpolarized membrane resistance [303]. Therefore,
alternative neuronal differentiation protocols do not appear to be more appropriate for the
generation of mature neurons than the strategies used here. However, as discussed in Chapter VII,

there are a number of intrinsic properties that could impact the ability of a neuron to change
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synaptic strength in response to plasticity protocols. One outstanding question from the current
work is whether the enhanced intrinsic maturity observed in iPSC-mNgn2 neurons (see Chapter V)

could enable these neurons to undergo synaptic plasticity.

The use of inducible neurogenin-2 constructs enabled the temporal control of neurogenin-2
expression. However, this method requires high viral efficiency as it is necessary for cells to be
transduced independently with both rtTa and TetO-mNgn2-T2A-Puro lentivirus. Low copy number
of integrated transgenes can linearly correlate with transgene expression, however, high viral
transduction efficiency, as was typically observed in NPCs, results in a wide variation in the
transgene copy number per cell and can result in considerable variability in transgene expression
between cells [485]. Indeed, the functional properties of neurogenin-2 neurons were
heterogeneous, which may reflect transgene expression variability. Further investigation would be
required to determine whether the relative level of neurogenin-2 expression correlates with
neuronal maturation. In addition, doxycycline was added on day O and maintained during the
culture period to induce neurogenin-2 expression throughout the experiment. Whilst this was
consistent with the original protocol from Zhang et al., (2013), Ho et al., (2015) reported that only
a short period of neurogenin-2 induction was sufficient to upregulate the expression of genes
associated with neuronal differentiation. Although this was assessed after only 14 days and
differences arising from the limited duration of neurogenin-2 expression may manifest later [375].
Further work is required to establish whether prolonged neurogenin-2 expression is required for
the functional effects, or whether the expression of this pro-neural transcription factor is
detrimental to long-term neuronal maturation, as neurogenin-2 is not expressed by mature adult
neurons [486]. There are also questions regarding the artificial nature of the manipulations used to
promote the generation of mature neurons, which may result in the acquisition of neuronal
characteristics that do not exist in vivo. For example, the mechanism by which exogenous

neurogenin-2 expression promotes neuronal maturation is unknown, and may simply accelerate
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the transcriptional timeline of development. Alternatively, exogenous neurogen-2 may bypass the

activation of developmental signalling pathways that are required for functional maturation.

At present, the electrophysiological characterization of neurons derived from alternative
differentiation protocols suggest that other current strategies are unlikely to enhance neuronal
maturation above that achieved by the neurogenin-2 differentiation described in this thesis. Whilst
the pro-maturational consequences of neurogenin-2 expression are beneficial, further
investigations may be necessary to determine how closely neurogenin-2 neurons resemble those

found in vivo.

8.3.3. How may cortical cell types that are not present in iPSC-derived cortical cultures contribute
to neuronal function and disease pathology?

The modelling of AD using human iPSC-derived cortical cultures that contain primarily
glutamatergic neurons is somewhat simplistic. The cortex is comprised of diverse, interacting cell
types, which include GABAergic neurons, astrocytes and microglia. Some of these occur in low
numbers in the iPSC-derived cortical cultures, whilst others are entirely absent. Furthermore, these
cell types have been reported to have a role in the modulation of excitatory synaptic maturation or
an involvement in AD pathology. Below, | will discuss each of these cell types in turn, considering

how they might impact iPSC-based investigations into synaptic phenotypes in the context of AD.

Astrocytes

The pro-maturational effects that astrocytes have on iPSC-derived neurons, as demonstrated in
Chapter IV, has resulted in the increasing use of astrocyte co-culture in iPSC studies [162, 163, 356].
Given the abundance of astrocytes in the brain, the inclusion of this cell type seems necessary for
a physiologically-relevant iPSC-derived cortical model. Whilst the benefit of rodent astrocytes upon
neuronal function are evident, the use of human astrocytes may better promote neuronal

maturation and the support of synaptic plasticity [487-490]. This idea is supported by studies in in
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a human glial chimeric mouse, which displayed enhanced LTP and learning [491]. In comparison to
rodent astrocytes, human astrocytes span a larger area, have more extensive processes and faster
calcium transients [492]. Researchers are exploring methods to generate human astrocytes from
iPSCs, which typically required extensive culture periods and the resulting cells can exhibit
immature properties [487-490]. Future experiments exploring the impact of substituting rat
astrocytes for human iPSC-derived astrocytes could determine whether there are species-specific
effects associated with astrocyte co-culture that can enhance neuronal maturation. However, it
would be important to first establish an iPSC-derived astrocyte differentiation protocol that
generates astrocytes with mature functional properties in order to assess the full potential of

incorporating this cell type into iPSC-derived cortical cultures.

The generation of human iPSC-derived astrocytes would also be advantageous for the investigation
of non-cell autonomous effects, as this approach would enable the generation of neuron-astrocyte
co-cultures derived from the same individual. A study using rodent ESCs has shown that the co-
culture of healthy motor neurons with astrocytes that express an ALS-associated SOD1 mutation
results in decreased survival of motor neurons [493]. This was the first account demonstrating the
importance of the astrocyte genotype on neurotoxicity in a model of ALS [493]. Non-cell
autonomous effects mediated by astrocytes may also contribute to pathogenesis in AD. In AD
astrocytes acquire an activated phenotype and have been found to associate with AB-plaques [494].
Astrocytes have the ability to uptake and degrade AB [495] and whilst this response may be
protective, at least initially, the accumulation of AP in astrocytes can promote astrocyte-mediated
AB-secretion and cause an impairment of astrocyte function [496, 497]. The application of AB to
rodent primary cultures containing astrocytes has been shown to enhance neuronal toxicity, which
may be partly caused by a decreased ability for the astrocytes to sustain neuronal viability [496,
498]. A human iPSC-derived model of AD has also reported aberrant properties in iPSC-derived

astrocytes which harboured the PSEN1 AE9 mutation and, when co-cultured with healthy control

-221-



neurons, caused a reduction of neuronal calcium transient amplitude in response to exogenous

neurotransmitter application [499].

Typically, as in this thesis, the assessment of AB-peptide secretion is performed on iPSC-derived
neurons that have been cultured alone [164-166, 500]. However, the co-culture of human ESC-
derived neurons with rodent astrocytes has been shown to abolish ApoE isoform associated
differences in AP peptide secretion that were detected in neurons cultured alone [501]. Additional
experiments comparing the composition of secreted AB peptides in medium from cell cultured
alone and with rat astrocytes would establish whether the AR phenotype observed in fAD patient
iPSC-derived neurons is affected by the presence of astrocytes. This should be ascertained before
the assessment of synaptic phenotypes in fAD patient-iPSC derived cortical cultures, which are

thought to be downstream of alterations in AR [8].

GABAergic neurons

Excitatory glutamatergic neurons are the predominant neuronal cell type in the cortex, accounting
for approximately 80 % of the neuronal population, whilst GABAergic neurons comprise the
remaining 20 % [502]. Functional GABAergic neurons were present in the iPSC-derived cortical
cultures described in this thesis however, the number of GABAergic neurons was below
physiological levels. GABAergic neurons have important roles in both the developing and adult
cortex, and their incorporation into human iPSC-derived models is likely to be crucial for complex
patterns of synaptic transmission. In the adult cortex, GABAergic neurons have a largely inhibitory
action and are highly connected to pyramidal cells, thereby exerting a strong influence over
excitatory output [479, 503]. GABAergic neuronal populations are diverse and vary in their spatial
patterns of innervation onto excitatory neurons, and as a result have many functional roles [503].
GABAergic neurons can regulate excitatory neuronal firing, prevent runaway excitation, shape

oscillatory activity and modulate synaptic plasticity. The balance between excitation and inhibition
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(E/I balance) is essential for normal circuit function, whilst an aberrant E/I balance can lead to

pathological activity, such as epileptogenesis [503].

Animal studies have identified that in the developing cortex GABA actually has a primarily
depolarizing action and can often excite target neurons [504-506]. Furthermore, GABAergic
neurons not only mature before glutamatergic neurons, but also form the first synapses [439, 505].
Studies have also shown that GABA-mediated depolarizing input is critical for normal glutamatergic
synapse formation [506, 507]. In rodents where GABA had been artificially converted to exert a
hyperpolarizing effect, the frequency of spontaneous excitatory transmission in cortical neurons
was greatly reduced [507]. The enabling effect that GABA has on functional excitatory synapse
formation is thought to occur through the unsilencing of synapses. It has been suggested that GABA
acts synergistically with glutamate to provide a sufficient depolarization to relieve the NMDA
receptor voltage-dependent block, and thereby trigger an LTP-like mechanism that causes the
insertion of synaptic AMPA receptors [353, 507]. Interestingly, the promotion of excitatory synapse
formation elicited by BDNF and NT-3 in rodent cultured neurons affects the morphological
properties of GABAergic neurons, not glutamatergic neurons, suggesting a key role for this cell type

in mediating the effects of neurotrophic factors [347].

There have been several reports describing the directed differentiation of human iPSCs to a ventral
fate and the subsequent generation of a neuronal population enriched for GABAergic neurons,
which occurs over a protracted time period [508-513]. Alternatively, GABAergic neurons can also
be generated by expressing a combination of transcription factors [422]. Some studies have begun
to explore the interactions between iPSC-derived GABAergic and glutamatergic neurons by
combining the two populations in 3D and 2D cultures, which have demonstrated functional synapse
formation between these cell types and GABAergic involvement in network activity patterns [422,
513]. In contrast to findings in animal studies, a small number of human iPSC-derived neuronal

studies have reported that spontaneous excitatory synaptic transmission was observed before
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inhibitory synaptic activity in cultures containing glutamatergic and GABAergic neurons [276, 514].
Further work is needed to determine how closely iPSC-derived GABAergic neurons resemble

mature adult interneurons, or whether their presence affects excitatory synapse formation.

Microglia

Microglia are not derived from a neural lineage, but instead are generated in the yolk-sac and
migrate into the brain during development. Microglia are considered to be the resident immune
cells of the brain and are involved in the phagocytosis of cellular debris, synaptic pruning, and can
become activated in response to injury or disease and release proinflammatory factors [515]. The
identification of several genes as risk factors for sporadic AD that are highly expressed by microglia,
such as TREMZ2 and ABCA7, has generated increased interest in the role of these cells in AD [43,

516-518].

Microglia have also been shown to modulate and refine synaptic connectivity in animal studies
[519]. In early postnatal development, immature microglia have been reported to promote spine
and synapse formation in rodent cortical neurons in vitro and in vivo [520, 521]. Later in
development, microglia have a key role in refining neuronal circuitry through the remodelling and
elimination of synapses, known as synapse pruning [522]. Several protocols have been developed
for the differentiation of microglia from iPSCs, which have been reported to adopt a dynamic and

mature morphology when co-cultured with iPSC-derived cortical neurons [523-527].

As briefly reviewed above, interactions between different cell types is likely to be important for the
generation of mature phenotypes and disease modelling. As a result, iPSC-derived models are
increasingly combining multiple cell types to investigate these interactions. For example, a recent
study used a 3D microfluidic chamber that contained a tri-culture of human neurons, astrocytes
and microglia as a platform for the study of AD-associated inflammation [528]. Currently, such

models are in their infancy and further work is required to establish culture conditions for the
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growth of multiple cell types and to determine the impact of other cortical cell types upon

excitatory synaptogenesis and maturation and disease pathogenesis.

8.3.4. What factors limit the functional maturation of iPSC-derived neurons and how might they
be overcome?

There is mounting evidence that the differentiation and maturation of human iPSC-derived models
is strictly governed by a species-specific developmental timeframe. The in vivo timing of cortical
development in humans is more than 10 times longer than in mice [319]. Protocols that use
directed differentiation of stem cells, which aim to mimic the patterning signals that occur in
development, quite clearly capture this species-specific timeline [149, 161, 317, 318, 529].
Neuronal differentiation and maturation of cultured mouse ESCs occurs far more quickly than that
exhibited by human stem cells [149, 161, 317, 318]. A key factor involved in this process appears to
be the species-specific behaviour of neural progenitor cells. A study by Otani et al., (2016)
demonstrated that human stem cell-derived NPCs underwent a longer proliferative phase and more
frequent symmetric divisions, which resulted in a greater expansion of the progenitor pool than
observed for non-human primate stem cell-derived NPCs [529]. Although neurogenesis started at
a similar time for human and non-human primates, the onset of upper-layer neuron generation was
delayed in the human cortical cultures. Furthermore, the development of action potential firing
occurred later in the human stem-cell derived neurons, in comparison to those generated from
non-human primates. Interestingly, the species-specific timing of cortical neurogenesis was
comparable for 2D and 3D cultures and was conserved by NPCs that were cultured with NPCs from
another species [529]. Such an “intrinsic clock” of stem-cell derived neuronal differentiation and
maturation is further exhibited through transplantation studies. Grafting of dopaminergic NPCs into
the midbrain of 6-OHDA lesioned rats, a commonly used rodent model of Parkinson’s disease,
demonstrated an improvement of motor function in just a few weeks using cells derived from

mouse ESCs [530-532]. Comparatively, a significant behavioural recovery was not observed in rats
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grafted with human ESC-derived cells until 4-5 months post-transplantation [533, 534]. Similar
experiments using foetal tissue-derived grafts have also demonstrated slow behavioural recovery
times for rats transplanted with human cells, which were shorter when using cells isolated from
pigs, and quicker still for mouse-derived grafts [535]. These data indicate that species-specific

aspects of differentiation are not unique to stem-cell derived cells.

The grafting of stem-cell derived cells into rodents offers a method to grow cells in a far more
physiological environment than that currently generated by 2D or 3D cell culture protocols.
Interestingly, a study assessing the functional properties of human ESC-derived neurons that had
been grafted into mouse cortex bore a strong resemblance to mature adult neurons [161].
However, these properties were reported for only a small number of neurons and were assessed
after 9 months post-transplantation [161]. During the post-transplantation period, the human ESC-
derived neurons also exhibited a striking morphological maturation over time and showed MAPT
transcript expression similar to that observed in the adult human brain [161, 184]. Studies that have
performed transplantation of human stem-cell derived neurons have demonstrated the synaptic
integration of grafted cells into host circuitry [158, 161, 536, 537], and perhaps more remarkably,
their ability to induce behavioural improvements in disease models, as described above. These
studies support the in vitro observations of cell-autonomous developmental timing, but perhaps
suggest that the in vivo environment may provide greater support for mature neurons. This
approach could provide a platform to investigate synaptic plasticity at human synapses, which
would firstly require the degree of connectivity between human grafted cells to be established.
Recently, brain organoids have been transplanted into rodents and exhibited neuronal activity and
vascularisation by the host [538]. This strategy is likely to provide a greater probability of intra-graft
connectivity, although the effect of host-cell signals would be diminished. However, the complexity
and time required for such experiments is likely to prohibit their routine use. Transplantation of

human ESC-derived neurons into rodent slice cultures has been tested, and may provide a simpler
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alternative, but is limited by the short viability of the host tissue [539, 540]. Nevertheless, the
successful growth of mature functional neurons in rodent primary cultures suggest that the in vitro

environment can provide sufficient support for mature neurons.

The protracted time-scale of directed human neuronal differentiation is likely to sway researchers
towards the further use and development of transcription-factor based differentiation protocols.
Whilst neuronal differentiation with neurogenin-2 is a simple method that can generate active
neuronal networks, the functional results obtained from the prolonged culture of human iPSC-
derived neurons expressing neurogenin-2 may suggest that this approach has a limited maturation
potential [158, 270]. The derivation of the BAM-factor neuronal conversion protocol in mouse ESCs
clearly demonstrated the synergistic action of multiple transcription factors in the generation of
functional neuronal properties [152]. Neurogenin-2 is a pro-neural transcription factor, which can
initiate neuronal differentiation, but is downregulated during maturation and is not expressed by
adult mature neurons [371, 486]. Perhaps the additional expression of other, possibly unidentified,
transcription factors that are expressed later in neuronal differentiation, may be able to further
advance neuronal maturation in a 2D culture setting. A transcriptomic analysis of developing rodent
cultures at different maturational stages may provide further insights into transcription factors that
are involved in neuronal differentiation and maturation. A similar comparison of iPSC-derived
neuronal transcriptomes with mature human neurons may also highlight subsets of genes that are
absent or poorly expressed, which could be candidates for future transcription-factor based iPSC-

neuronal differentiation approaches.

8.3.5. How well can diseases of aging be modelled using iPSC-derived neurons?

The species-specific timeline of development is likely to pose an additional challenge for modelling
diseases of aging, such as AD. During development the process of maturation is considered to be

the gradual acquisition of functional properties, whilst aging marks a period of deteriorating
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functional capacity [541]. Although iPSCs can be generated from aged donors, the process of
reprogramming has been reported to erase age-dependent differences in cellular phenotypes and
transcriptional profiles [542, 543]. To address this, researchers have begun to develop strategies to
generate age-related phenotypes in iPSC-derived cells. To this end, Miller et al., (2013) explored the
use of progerin in a human iPSC-derived model of Parkinson’s disease [543]. Progerin is a
pathological protein that accumulates in the nuclear membrane of cells in patients with
Hutchinson-Gilford progeria syndrome, which causes premature aging [544]. The overexpression of
progerin in iPSC-derived dopaminergic neurons was found to restore a number of age-related
markers that are lost during the reprogramming of the donor fibroblasts [543]. The expression of
progerin in familial Parkinson’s disease (PD) patient iPSC-derived dopaminergic neurons resulted in
the exhibition of several disease-associated phenotypes, which were not evident otherwise. These
phenotypes were consistent with the age-related pathology observed in PD patients, such as
increased cell death, an enlargement of mitochondria, and greater loss of cells positive for the
dopaminergic neuronal marker TH that had been grafted into a mouse model of PD [543].
Meanwhile, others have used cellular stressors to uncover disease-associated phenotypes in iPSC-
derived neurons, which were not exhibited under control conditions, and to demonstrate enhanced
vulnerability of patient-derived cells [545]. An alternative approach which prevents cellular
rejuvenation has been to avoid reprogramming cells into iPSCs altogether. Instead, the direct
conversion of fibroblasts into neurons has been found to retain cellular markers of age and age-
related transcriptional profiles. The neuronal conversion efficiency is low with this approach,
although was reported to be unaffected by the donor age, which ranged from 0-89 years of age
[542]. Similarly, there was no apparent effect of donor age upon neuronal function, supporting the
idea that aging and maturation are not equivalent processes. This implies that aging is likely to
present a further challenge, operating beyond neuronal maturation, for the demonstration of

synaptic phenotypes and other disease-related changes in iPSC-derived models of AD. The
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strategies summarised above provide several options that could be applied to iPSC-derived models

of AD and may be beneficial in promoting the expression of disease-related phenotypes.

8.4. Concluding remarks

In this thesis | have generated human iPSC-derived cortical neurons from healthy control individuals
and fAD patients. These neurons were able to exhibit a disease associated biochemical phenotype,
but displayed immature functional properties. Firstly, | explored and refined methods to promote
the functional maturation of human iPSC-derived cortical neurons. Secondly, | performed the first
characterization of excitatory monosynaptic connections in human iPSC-derived cortical cultures.
The properties of excitatory monosynaptic connections were found to be similar to those described
in rodent cortex and exhibited robust expression of functional synaptic AMPA and NMDA receptors.
Using dual-patch clamp electrophysiology, | found that the probability of detecting a monosynaptic
connection was low. However, | demonstrated that the expression of ChR2 in a subset of neurons
could enable the generation of light-evoked monosynaptic responses, which were detected more
frequently. Lastly, | explored synaptic plasticity in human iPSC-derived cortical cultures, which could
not be induced at monosynaptic connections. Similarly, miniature excitatory synaptic transmission
was unaffected by a cLTP protocol. However, using ChR2, | show that prolonged activation of pre-
synaptic neurons during culturing induces a potentiation of miniature excitatory current amplitude,
which was primarily driven by a mature subset of post-synaptic neurons. This study provides direct
evidence for an activity-dependent change in synaptic efficacy in human iPSC-derived cortical
neurons, whilst indicating that neuronal maturity continues to limit the investigation of synaptic
transmission in these cultures. This work has extended the range of experimental assays that can
be applied to human iPSC-derived cortical neurons for the study of excitatory synaptic transmission,

and provides a foundation for future investigations into synaptic plasticity.
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