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Abstract

Abstract

As life span increases, neurodegenerative diseases such as dementia, Parkinson’s
disease, Huntington’s disease, amyotrophic lateral sclerosis become an emerging
problem in modern society [2]. In particular Alzheimer’s disease (AD), characterized by
a progressive cognitive impairment and memory loss, is the dominant cause of disability
in people aged over 60. Due to the lack of accurate models, understanding the disease
mechanisms and developing a cure for AD remains challenging. However, a novel
approach based on human induced pluripotent stem cell (iPSC) technology may offer an
opportunity to overcome the limitations of the current models. These cells obtained by
reprogramming patient’s somatic cells such as fibroblasts can be differentiated in vitro
into various types of neural cells which further develop complex networks. To explore
these heterogeneous neural networks, it is often critical to understand the activity of
multiple neurons and how they communicate with each other. The work presented in
this thesis focuses on the development of the first molecular optogenetic tool called
OptoCaMP used in an all-optical assay enabling simultaneous stimulation and calcium
imaging of a large population of neurons with a single-cell readout [3]. This assay was
further adapted to study the spread of excitation in a network thus allowing the
guantification of its connectivity. The application of this assay in conditions where the
neuronal connectivity was enhanced or decreased successfully demonstrated its
sensitivity to changes in connectivity. This assay together with the iPSC technology bring

the promise to greatly improve disease models studies and drug screening platforms [4].
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Chapter 1 - Introduction

1.1 Neuronal activity

Our brain is composed of billions of neurons connected to form neural circuits. Even
though most neurons share the same cellular components, these cells are highly
specialized [5]. They differ in size, shape and function. Neurons consist of a soma that
contains a nucleus, a smooth and rough endoplasmic reticulum, the Golgi apparatus,
mitochondria, and other normal cellular components [5]. Additionally, neurons are
composed of unique structures responsible for neuronal communication such as
dendrites, axons and synapses. Dendrites are tree-like structures that allow the
reception of signals from other neurons at specialized junctions called synapses. An
axon is a structure that propagates the integrated signal to axon terminals. Santiago
Ramén y Cajal was the first to envision the neuron as an individual functional unit,
polarized such that signals are received through its dendrites and transmitted through
its axonal process [6]. Additionally, he suggested that although an axon terminates
adjacent to a dendrite of the next neuron, the cleft between them would act as a
synaptic switch regulating information flow through neural circuits. Chemicals released
at axon terminals, called neurotransmitters, allow signals to be transmitted from one
neuron to another [7]. The neuron transmitting the signal is called the
presynaptic neuron, and the neuron receiving the signal is called the postsynaptic

neuron. To understand how neurons are able to communicate, it is necessary to first

describe the role of their excitable membrane in the generation of these signals.
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1.1.1 Excitable membrane and action potential

Neurons are surrounded by a charged cellular membrane impermeable to charged
molecules or ions. The steady state of a neuron is characterised by a resting membrane
potential of approximately -70 mV [8]. This membrane potential is defined by the
difference in total charges between the inside and outside of the neuron and changes in
response to stimuli. Following a stimulus, voltage-gated ion channels present on the
membrane, change their conformation thus allowing ions to flow through the
membrane down their concentration gradient [8]. When the input is strong enough, it
results in an action potential (AP). The formation of an AP can be divided in several steps
where the opening of the sodium channels allows positive ions to enter the neuron and
results in a depolarization of the membrane to its threshold potential (-55 mV) (Figure
1) [8]. Once the threshold potential is reached, the neuron completely depolarizes to a
membrane potential of about +30/40 mV called the peak action potential (Figure 1).
Once the depolarization is complete, the sodium channels close while the potassium
channels open allowing K*to leave the neuron resulting in its repolarization. This
repolarization allows the membrane potential to become negative again, leading to the
hyperpolarization of the neuron at first and then the restoration of the resting potential

(Figure 1) [8].

Consequently, for a successful transmission, the action potential must travel along the
axon and reach the axon terminals. When an action potential reaches the axon terminal
of the presynaptic neuron, it depolarizes the membrane resulting in the opening of

voltage-gated sodium channels [7]. Consequently, Na* ions flow inside the cell to further
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depolarize the presynaptic membrane. This depolarization causes the opening of

voltage-gated calcium channels thus enabling the flow of calcium ions inside the cell

initiating a signalling cascade and so synaptic transmission (Figure 2) [7].

Figure 1 - The formation of an action potential. (1)
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Figure 2 - Synaptic transmission
The depolarization of the
presynaptic membrane results
in the opening of the voltage-
gated calcium channels thus
allowing calcium ionsto enter
the neuron. The calcium entry
causes synaptic vesicles to fuse
with the membrane and release
neurotransmitter molecules
into the synaptic cleft. The
neurotransmitter diffuses
across the synaptic cleft and
binds to ligand-gated ion
channels in the postsynaptic
membrane, resulting in a
localized depolarization or
hyperpolarization of the
postsynaptic neuron. Image
adapted from [7].

the resting potential. Image adapted from [8].
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1.1.2 Neuronal calcium signalling

Calcium is an essential intracellular messenger in mammalian neurons which
participates in the transmission of the depolarizing signal and contributes to synaptic
activity [9]. At rest, most neurons have an intracellular calcium concentration of about
50-100 nM which is determined by the balance between calcium influx and efflux and
the exchange of calcium within intracellular stores [9]. Neuronal excitation results in a
transient rise of the calcium in the cytoplasm. This calcium influx into neurons involves
multiple mechanisms including voltage-gated calcium channels (VGCCs) and ionotropic
glutamate receptors [10]. The VGCCs are categorised based on their threshold of
voltage-dependent activation. They are divided into two main categories: the high- (HVA)
and low-voltage-activated (LVA) channels and into subgroups called L-, P/Q-, R-, and N-
type calcium channels based on their biophysical and pharmacological properties [11].
Consequently, they are present in various types of neurons and cellular structures. For
example, it has been shown that the T-type LVA channels are highly expressed in
thalamic neurons [12], while P-type channels are highly abundant in cerebellar Purkinje
neurons [13]. In contrast, L-type and R-type VGCCs have been found in abundance in
dendritic spines of pyramidal neurons [14], while P/Q- and N-type channels are found in
many nerve terminals [11]. Additionally, it has been shown that VGCCs are activated by
back-propagation of action potentials [15] and by synaptically mediated depolarization
of dendritic spines [16]. In addition to the calcium flowing through the VGCCs, the
ionotropic glutamate receptors N-methyl-D-aspartate (NMDA) receptors mediate a
major part of the postsynaptic calcium influx in the dendritic spines of various neuronal

cell types. This mechanism is particularly important for the long-term modification of
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synaptic strength and has been demonstrated in hippocampal neurons and cortical
neurons [17]. NMDA receptors are nonspecific cation channels that are permeable for
sodium, potassium, and calcium ions which represent 6-12% of the total cation current
[18]. The specific properties of NMDA receptors are determined by several factors
including their phosphorylation status and the membrane potential of the neuron. An
increased phosphorylation enhances the permeability of the NMDA receptors whereas
the de-phosphorylation decreases it [19]. At resting membrane potential, NMDA
receptors are blocked by magnesium which can be expelled with neuronal
depolarization resulting in an increase of ionic current trough the NMDA receptors [20].
Like the NMDA receptors, another ionotropic glutamate receptors called a-Amino-3-
hydroxy-5-methyl-4-isoxazole Propionic-Acid Receptors (AMPA) receptors reside
postsynaptically [21]. These calcium-permeable receptors play an important role in
mediating fast excitatory neurotransmission and are selectively recruited during
activity-dependent plasticity to increase synaptic strength [21]. In addition to the
calcium influx, calcium is released from intracellular stores such as the endoplasmic
reticulum and intracellular channels. While this mechanism contributes to the elevation
of the cytosolic calcium, the calcium concentration is controlled by the buffering action
of cytosolic calcium-binding proteins and by its uptake and release by the mitochondria
via the sodium-calcium exchanger (NCX) and the plasma membrane calcium ATPase
(PMCA) [22]. Importantly, calcium plays a crucial role in the function and structure of
neural circuits in the brain. Calcium signalling regulates multiple neuronal functions,
such as neuronal growth, exocytosis, synaptic plasticity and cognitive function [23, 24].

A number of studies have demonstrated that disturbances in intracellular calcium
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homeostasis can affect the neuron normal function and structure contributing to the

memory loss and cognitive dysfunction in Alzheimer’s disease [25, 26].

1.1.3 Connectivity and Network

One of the most complex aspect of the human brain resides in the interconnectivity of
neural processing elements. Neural connectivity plays a crucial role in neural function
and can be described at several levels including brain regions, neural networks
connecting neuronal populations and finally individual synaptic connections that link
individual neurons [27]. Moreover, neural connectivity refers to anatomical, functional
or effective connectivity which respectively refer to a pattern of anatomical links,
statistical dependencies or causal interactions between distinct units within a nervous
system [27]. These units can be defined as brain regions, neuronal populations or
individual neurons. Networks formed by physical connections, such as synapses linking
neurons, are characterised by an anatomical connectivity. This connectivity is associated
with structural biophysical parameters such as synaptic strength or effectiveness which
are relatively stable at minute-timescale and subject to morphological changes over
hours [27]. In contrast, functional connectivity is considered as a statistical concept
focusing on the deviations from statistical independence between spatially distributed
neurons which can be estimated by measuring correlations, spectral coherence or
phase-locking [28]. Moreover, functional connectivity is described as highly time-
dependent with statistical patterns between neurons varying on milliseconds to second-
timescale. However, functional connectivity does not reflect the directional effects of
the correlations between neurons. Therefore, the study of a neural networks and the

effects of one neuron over another would require a combination of structural and
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functional connectivity [27]. This connectivity is called effective connectivity where
causal effects can be inferred through systematic perturbations of the system or through
a time series analysis. Therefore, a possible way to extract the effective connectivity
would be to focus on the application of time series causality measures such as Granger
causality or transfer entropy [29]. The investigation of connectivity is crucial to
understand how neurons and neural networks process information and how this is
affected in neurodegenerative diseases such as Alzheimer’s disease. Studies have shown
that the dismantling of synapses and neural networks were associated with the
accumulation of pathogenic AR assemblies in Alzheimer’s disease [30]. Additionally, in
vitro and in vivo studies provide evidence that AP oligomers reduce glutamatergic
synaptic transmission by decreasing the number of surface a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors
[31]. These receptors play a crucial role in excitatory synaptic transmission and have
been associated with a collapse of glutamatergic dendritic spines in Alzheimer’s disease
[30]. Taking these findings into consideration, studying neural networks in Alzheimer’s

disease may reveal key aspects of these mechanisms at a network level.

1.2 Alzheimer’s disease

Alzheimer's disease (AD), the most common neurodegenerative disorder is
characterised by a severe and progressive loss of cognitive function. The symptoms
include memory loss, confusion about the location of familiar places and abnormalities
in language. The brain regions affected by AD are the cerebral cortex and the

hippocampus, areas also involved in memory formation and processing [32]. The
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neuropathology of Alzheimer’s disease consists of amyloid-B (AB) plagues and
neurofibrillary tangles (NFTs) respectively composed of AB peptide and microtubule-
associated tau protein [33]. The causative relationship between these mechanisms is
unclear [34]. The early stages of the disease are marked by the loss of basal forebrain
cholinergic and glutamatergic neurons while GABAergic and other neuronal cell types
are affected at the end-stage of the disease [35]. Studies on AD suggest that the early-
stages of the neurodegenerative process involves synaptic dysfunction [36] and
precedes neuronal loss and clinical symptoms such as cognitive impairment by many

years [37].

The Mini Mental State Exam (MMSE) is commonly used by clinicians to assess the
disease progression and severity. This test relies on a series of questions and tests of
memory attention and language [38]. Additionally, neuroimaging techniques have
contributed to gather information on the brain changes underlying the symptoms of AD.
These techniques include magnetic resonance imaging (MRI) which enables the
visualization of grey matter, white matter and cerebrospinal fluid. Positron emission
tomography (PET) is also used with various tracers such as 18F-2fluoro-2-deoxy-D-
glucose (FDG) in a technique called FDG-PET which helps identify loss of brain mass and
reduction in the glucose metabolic rate. Additionally, the accumulation of AB plaques
can be detected using Pittsburgh compound B (PIB) in a technique called PiB-PET [39].
AD is categorised under two main forms: the early-onset familial AD and the late-onset
sporadic AD [40]. Familial and sporadic forms of AD exhibit different aetiology while

presenting the same hallmarks and symptoms of memory loss and confusion. There is
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currently no definitive diagnosis for AD and the identification of late-onset sporadic AD

is difficult, due to similarities with normal healthy aging [41].

1.2.1 Familial and sporadic Alzheimer’s disease

The familial form is described by classic Mendelian inheritance to occur in an autosomal-
dominant manner [42]. It represents less than 5% of disease burden and it is caused by
mutations in three different genes: amyloid precursor protein APP, presenilin PSEN1 and
presenilin PSEN2 [43, 44]. Multiple mutations in APP have been found including the
London mutation APPV717I, one of the most common APP mutation worldwide [45]
originally identified in an English family in 1991 [46, 47] which affects the y-secretase
cleavage site [48]. Several models have been used to characterize this mutation. Studies
post-mortem have shown elevated AB42 levels relative to total AB in the brain plasma
and lysates of patients carrying the mutation APPV717I [49]. In primary mouse neurons,
this mutation resulted in an increase of the AB42/AB40 ratio caused by high levels of
AB42 [50, 51]. The two most abundant alloforms of this peptide co-exist under normal
physiological conditions in the brain in an AB42/AB40 ratio of ~1:9. This ratio is often
shifted to a higher percentage of AB42 in brains of patients with familial AD and this has
recently been shown to lead to increased synaptotoxicity [52]. This finding has also been
observed in brain lysates from transgenic mice expressing human APPV7171 [53] and
neurons generated from induced pluripotent stem cells (iPSCs) derived from the skin
fibroblasts of mutation carriers [1]. In most studies, the increased ratio of AB42/40 is
mainly attributable to an increase in AB42 with no change or little effect on AB40 levels.

In addition to the increased AP42 levels, the V717] mutation in the iPSCs derived
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neurons showed altered APP subcellular localization and tau expression and

phosphorylation [1].

Interestingly, another recently identified APP mutation (A673V) stands out from all the
genetic defects previously reported in the APP, PSEN1 and PSEN2 genes [54]. A673V is
the first AD-associated mutation with a recessive Mendelian trait of inheritance. It is
associated with the early-onset of AD in homozygous individuals, whereas heterozygous
carriers are unaffected. This mutation consists of a C-to-T transition that results in an
alanine-to-valine substitution at position 673 (APP770 numbering) corresponding to
position 2 of the AB sequence. In vitro studies showed that the A673V mutation shifts
APP processing towards the amyloidogenic pathway with increased production of AB
peptides. Additionally, this mutation resulted in an aggregation and fibrillogenic
properties of AB1-40 and AB1-42. However, the interaction of mutated and wild-type
AB species inhibits AP folding, consistent with the observation that the A673V
heterozygous carriers do not develop the disease [55]. The identification of a mutated
AP sequence which acts in a dominant-negative fashion on amyloidogenesis has
important implications for the development of a novel therapy for both sporadic and

familial forms of AD.

The late-onset sporadic form is the most clinically observed cases of Alzheimer’s disease
in patients over 60 years age [56]. Its development seems to involve a genetically
complex pattern of inheritance in which life exposure events, environmental factors and
genetic risk factors seem to play an important role [57]. Genetic risk factors associated

with the APOE gene have been identified in AD patients. This gene has three alleles (€2,
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€3 and €4) and encodes for a lipid transport protein called apolipoprotein E [58]. Studies
on the APOE gene have identified the prevalence of the allele €4 in AD patients [59]. This
investigation has shown that the APOE-£3/3 genotype was the most common in the
control group whereas the genotype APOE-e3/e4 or APOE-g4/€4) were found in AD
patients. These findings led to the conclusion that carriers of the APOE-£4 allele were at
a greater risk to developing AD than non-carriers [59]. The genetic risk linked to APOE-
€4 and AD resided in the fact that APOE isoforms bind to amyloid B peptides. It has been
shown that APOE3 has greater affinity than APOE4 for both AB1-40 and AB1-42 [60]. The
binding efficiency correlating inversely with the risk of developing late-onset AD, these
results suggest a possible involvement of APOE3 in the clearance of AB from the central
nervous system which would correlate with the build-up of AR in homozygote carriers

of the APOE-e4 allele [60].

Although AP peptides of varying length are produced, AB1-42 has two additional
hydrophobic residues at the C-terminus and readily assembles into soluble oligomers.
Amyloid-B oligomers are linked to synaptotoxicity and progressive cognitive decline in
AD [61] and AB1-42 is considered to be comparatively more amyloidogenic. Moreover,
studies have suggested that AB monomers and plague cores were largely inactive
whereas oligomeric AB may be responsible for synaptic dysfunction and that oligomeric
AP elevation and synaptic loss may indicate the severity of cognitive impairment in AD
patients [62, 63]. Therefore, studying the synaptic dysfunction in AD may reveal the key

characteristics of the early disease mechanisms [64].
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1.2.2 Synaptic dysfunction

Although these mechanisms are still not fully understood, it has been shown that
elevated levels of AP oligomers affect glutamatergic neurotransmission [65]. The
accumulation of AB within neurons has been shown to disrupt axonal transport and
synaptic function, resulting in alterations in protein expression and apoptosis. These
observations correlate with the neurotoxicity and neuronal death resulting in the loss of
memory in the late stage of AD. Further studies on the cortex of mild cognitive
impairment (MCI) or very mild AD patients have demonstrated a significant decrease in
synaptophysin immunoreactivity relative to age-matched subjects with normal memory
function [66]. A decrease in synaptophysin immunoreactivity in presynaptic terminals
together with an increase in AB42 was also observed in a transgenic mouse model
expressing human wild-type APP [67]. Additionally, more recent studies on post-mortem
frontal cortex samples from control and AD patients have correlated high levels of AR
oligomers with a decrease in the postsynaptic protein, post-synaptic density-95 (PSD95)
[68]. Various studies using direct exposure to AB oligomers, which has been linked to
neuronal loss and neuronal network disruption in AD, confirm these observations [61,
62]. Moreover, it has been shown that intra-axonal oligomeric AB42, but not AB40 nor
extracellular AB42, acutely inhibited synaptic transmission [69]. Therefore, the induction
of Alzheimer’s disease-related neuropathy based on high concentrations of soluble
amyloid B oligomers or overexpression of APP constructs, that produce AB at high local
concentrations, may not fully mimic the disease mechanisms in AD patients. In contrast,

induced Pluripotent Stem Cells (iPSC) technology by using somatic cells from patients
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might represent a more accurate model to study synaptic transmission early stages of

AD.

1.2.3 Opportunities and Limitations of Modelling Alzheimer’s disease with iPSC.

Understanding the mechanisms that underlie a pathology may help to target the causes
of a particular disease. Although research has shown impressive advances in analysing
these mechanisms and developing new therapies, numerous disorders such as
Alzheimer’s disease remain with no established methods of treating the underlying
cause [70]. Genetically engineered animal models have contributed to our progress
allowing testing of different therapeutic strategies but the construction of models that
can accurately recapitulate a human pathology remains challenging. Due to species
differences, there is a debate as to whether these systems are reliable and fully reflect
the key aspects of a human disease [71]. This could explain why treatments that have
been developed using animal models are not always effective when transferred to
humans and why all clinical trials for the Alzheimer’s disease have so far dramatically
failed [70]. An alternative modelling strategy may be to use in vitro studies on ex-vivo
tissue but the complexity of the nervous system and the lack of accessibility to human
brain biopsies makes it unfeasible [72]. Thus most of the human studies on Alzheimer’s
disease have been performed on post-mortem tissues, a model that has severe
limitations particularly because it represents the end-stage of the disease which limits
its potential rise towards a better understanding of disease mechanisms [73]. A major
issue of studying Alzheimer’s disease and developing new drugs resides in the fact that

human disease models are not available. However, a novel technology that offers an
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unprecedented way to model a disease in vitro has recently emerged. By reprogramming
somatic cells into a state similar to embryonic stem cell, the iPSC technology represents

a promising tool to overcome the limitations of the disease models described above [73].

Takahashi and Yamanaka’s laboratory first established induced pluripotent stem cells
from mouse fibroblasts in 2006 [74]. Amazingly, these cells present similar properties to
that of embryonic stem cells in terms of morphology, gene expression profile, self-
renewal capacity, and pluripotency [75]. Human induced pluripotent stem cells were
generated by the co-expression of four genes: Oct4, Sox2, KIf4 and c-Myc [76-78]. These
transcriptions factors called the “Yamanaka factors” are naturally expressed in
embryonic stem cells but not in differentiated cells such as fibroblasts. During the
differentiation process, the expression of these genes is silenced, and another set of
genes starts to be expressed which leads the differentiation of stem cells into specialised
cells. Reprogramming and differentiation of somatic cells from patients into disease-
relevant cell types [79] naturally opened new avenues for disease modelling [80]
especially in neuroscience [81]. A wide range of disease-specific iPSC have been recently
established from patients with neurodegenerative diseases. Somatic cells from patients
with amyotrophic lateral sclerosis [82], Parkinson’s disease [83, 84] and Alzheimer’s
disease [1, 85] have been successfully reprogrammed into iPSC and differentiated into
disease-relevant cell types. Indeed, this infinite source of human cells carrying the
genetic variations related to the disease development [86], allow new ways to study
neurodegenerative diseases. In most studies of iPSC models for Alzheimer’s disease,
neuronal differentiation protocols are used to generate glutamatergic cortical forebrain

neurons [87-89]. However, after several weeks, these cultures still consist of a mixture
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of different cell types and maturity. Despite these facts, studies of iPSC for Alzheimer’s
disease have shown an accumulation of amyloid B [89] in Alzheimer’s iPSC-derived
neurons from familial Alzheimer’s disease patients and more recently, also in iPSC-
derived neurons from sporadic Alzheimer's disease patients [85]. In an interesting
experiment, iPSC-derived neurons from two different sporadic patients have been
treated with docosahexaenoic acid, an omega-3 fatty acid abundant in the central
nervous system and a main constituent of the neuron’s plasma membrane [90]. This
treatment resulted in an amelioration of the stress response was observed in one of the
cultures but not the other [88]. These recent studies reveal the remarkable capacity of
these cells to be used as a disease model but also stress the potential variability in iPSC
models. Additionally, three-dimensional (3D) models [91] and 3D human triculture
systems consisting of co-cultures of neurons, astrocytes and microglia have been
established to facilitate the development of more precise human neural cell models of
Alzheimer’s disease [92]. In these studies, the FAD mutations in the APP and PSEN1
genes were able to induce robust extracellular deposition of AB, including B-amyloid

plaques, in a human neural stem cell-derived 3D culture system.

Before the iPSC technology had become available, studying Alzheimer's disease was
challenging due to the lack of appropriate models as previously underlined. Although
the generation of iPSC from patients is possible and has opened new ways to model
Alzheimer’s disease, the interpretation of the results remains challenging. This may
results from the complexity of the mechanisms of neurodegeneration and also from the
typical timescale of late-onset diseases measure in decades [93]. Various approaches

such as a prolonged culture [94], treatment with progerin [95] and oxidative stressors
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[96] have been investigated to mimic the ageing process in vitro. Furthermore, the
extent of neuronal maturation also plays an essential role in the formation of functional
synapses and synaptic plasticity [97]. This might constitute a challenge regarding the
neuronal differentiation in iPSC-derived neurons compared to the natural neuronal

development.

1.3 Tools to investigate neuronal activity

1.3.1 Patch-clamp electrophysiology and Multi-electrode arrays (MEAS)

Our brain is composed of billions of neurons connected to form neural circuits which
encode information in electrical events called action potentials. Hodgkin and Huxley first
described in 1952 the sodium current that triggers the initiation of action potentials
across the neuronal membrane through voltage-gated sodium channels [98]. Positively
charged ions flow through these channels into the neuron resulting in the depolarization
of the neuron. Once a certain threshold is reached, the neuron can fire an AP called a
spike. Recordings of currents or voltage transients can therefore give us insight into
neuronal function [99]. These measurements can be achieved by inserting a glass
pipette containing the electrode into the cellular membrane [100-102]. In the voltage
clamp configuration, a holding voltage is set while measuring the current flowing
through ion channels across the membrane [100]. In the current clamp configuration, a
steady current is maintained to assess the voltage output. Current-clamp is commonly
used to investigate the resting membrane and synaptic potentials, while voltage-clamp

is best-suited to study the neuron firing activity [103]. Various protocols can be applied
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such as a steps of injected current to determine the AP firing pattern at different current

levels or a ramp of increasing current to determine the AP threshold [99, 104].

While electrophysiology enables the study of the functional output of single neurons
[101, 105], this technique exhibits several limitations such as its invasiveness due to the
physical contact established with the neuron thus impairing long term interrogation of
neurons [104, 106]. Additionally, this “gold-standard” technique exhibits limitations
when one wishes to characterise a highly heterogeneous neuronal population. Another
limitation is the low throughput that can be achieved [105] as only a limited number of
cells can be studied at the same time. Moreover, the use of an electrode renders the
patch clamping technique technically demanding and labour intensive [101]. A non-
invasive technique enabling interrogation of multiple cells simultaneously would
overcome these limitations by increasing the number of cells studied, duration of the
experiment and cellular viability thus opening new avenues to the study of neural

networks [106, 107].

Novel technologies such as multi- or microelectrode arrays (MEAs) have been developed
as a means to improve the throughput [108-110]. These devices are composed of
multiple extracellular electrodes to simultaneously stimulate and record from an
ensemble of neurons thus enabling the study of neural networks in vitro, brain slices and
in vivo [108, 111, 112]. The extracellular electrodes allow characterization of single
neurons by triangulating the signal through multiple recording points [108, 110]. Despite
overcoming the limitations described above, MEAs exhibit a prominent drawback. While

enabling the stimulation and recording from multiple neurons simultaneously, it is
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difficult to determine the origin of the electric signals [108, 110]. Moreover, while MEAs
overcome the low throughput issue in terms of number of cells analysed at the same
time, applying this technique in high throughput screening studies remains challenging
as multiple devices might be required to analyse neurons cultured/treated in/with

different conditions.

1.3.2 Optogenetics

Optogenetics, a novel technique developed by Karl Deisseroth and his team may
overcome these limitations [113]. By combining optic and genetic techniques, it allows
light-mediated control of neural activity [114, 115]. This innovative approach introduces
a microbial opsin gene that encodes light-activated channels to be expressed within
specific neuronal populations. This technique consists in the excitation or inhibition
through targeted illumination with high temporal precision [113, 116, 117]. Several
families of opsins have been discovered and further engineered including
bacteriorhodopsin [118], halorhodopsin [119] and channelrhodopsin (ChR) [120].
Optogenetic tools have generated a strong interest as it comes with multiple advantages
[101, 115, 121]. First, this technology opens new avenues in neuroscience by
overcoming the invasiveness of patch clamping with the use of opsins activated by
specific wavelength of light [117, 122]. Moreover, by avoiding physical contact, it does
not impact the cell viability while reducing the labour intensity and the need for
technical skills training [101]. Additionally, this technique has demonstrated its potential
use for network studies by enabling the activation of multiple neurons simultaneously

[101, 114, 123]. Another significant advantage of this technique is the use of genetic
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encoded proteins. Therefore, the optogenetics actuators can be engineered not only to
facilitate their trafficking towards the cell membrane [124] but also to target specific cell
types via transfection and the use of promoters [114, 115, 121]. Up to this day, the most
commonly used and characterised optogenetic actuators are ChR derived actuators [113,
116, 125-127]. Channelrhodopsin-1 (ChR1) and Channelrhodopsin-2 (ChR2) were
originally characterised as light-gated ion channel driving phototaxis in the green
alga Chlamydomonas reinhardtii [120, 128]. These light-gated ion channels belong to a
family of fast light-sensitive proteins found in prokaryotes, fungi and algae called
microbial type | opsin group [121, 129]. Type | opsins consist of seven transmembrane
helices forming the channel pore and contain the light-sensitive chromophore all-trans-
retinal [121, 123, 126, 127, 129]. This chromophore is covalently bonded to the rest of
the protein and changes its conformation to 13-cis-retinal in reaction to photon
absorption. This change of conformation induces a depolarization resulting in the
opening of the pore to allow non-specific cation influx of H*, Na*and Ca?*, but is also
permeable to K* [126, 130]. This capability plays an important role regarding the speed

and spectral properties of the light-gated ion channels [126, 129].

ChR2 for example has been shown to have an augmented rate of expression in
mammalian neurons with a blue-shifted spectrum compared to ChR1 [127, 129, 131].
ChR2 has been shown to reliably evoke action potentials up to 40 Hz in mammalian cells
[113] (Table 1). However, at higher frequencies, the evoked activity has been
demonstrated to be less reliable in terms of spike fidelity [131-133]. The spike fidelity is

linked to the opening and closing kinetics of the channel. ChR2 is relatively fast however

its closing kinetics Tof=~10 ms is slower than a single AP [99, 134] (Table 1). This limitation
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becomes critical for studies involving the auditory system in which neurons can fire at
higher frequencies [135] or to achieve temporally precise manipulation of membrane
potentials [136]. Another crucial aspect is the conductance which directly determines
the effectiveness of the light-induced depolarisation [134]. Single channel conductance
of ChR2 is below 1 picosiemens which is less than the conductance of the common
membrane channels [120, 137]. ChRs exhibit additional limitations such as poor
trafficking resulting in differences in expression levels or intracellular aggregation thus
reducing their effectiveness of membrane depolarisation [131, 138]. Another significant
limitation resides in the desensitisation which reduces the consistency of depolarisation
[120]. In fact, the response of ChR2 decays of 80% from a peak response to a steady-
state level response under continuous or repeated illumination exposure [120]. In
addition, it is essential to focus on the development of opsins with the capability to
generate a robust response at low light intensities to achieve spatial and temporal
manipulation of multiple cells as this requires a higher energy light source [134, 138].
Lastly, the excitation spectrum of ChR2 restricts its use in combination with other
optogenetic tools which can be overcome with the development of red-shifted opsins.
This would enable a wider range of experiments while reducing the light-scattering and
tissue damage through phototoxicity [125, 131, 132]. Efforts have been made towards
the development of opsins addressing the limitations previously described [134].
Photocurrents and light sensitivity have been improved with the alteration of a single
amino acid to create ChR2-H134R, however, this mutation had a negative effect on the
kinetic of the channel [131, 139]. In contrast, the kinetics has been improved to support

frequencies up to 200 Hz with the creation of ChETA (E123T), however, the later
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appeared to display strong light desensitization and reduced photocurrent [131, 133]
(Table 1). A consensus was found between the speed of the kinetics and light sensitivity
with creation of a double mutant (E123T/T159C) which enabled reliable and sustained
optical stimulation of hippocampal pyramidal neurons up to 60 Hz with good

photocurrents [140].

Improvements of ChRs include ChIEF, an opsin based on a chimera of ChR1 and ChR2
named ChEF with an additional point mutation of Ile'’? to Val. ChiEF exhibited increased
channel closure rate compared to ChR2 and ChEF however, the introduction of 1170V
into ChEF reduced the sensitivity to light of ChiEF [137] (Table 1). Further improvements
have given rise to the blue-light activated opsin Chronos, characterized as the fastest
blue light-activated ChR available [141]. Moreover, research to improve the
photocurrent has resulted in the discovery of four previously unknown
channelrhodopsins from the species Chloromonas oogama (CoChR), Chloromonas
subdivisa (CsChR), Stigeoclonium helveticum (ShChR) and Scherffelia dubia (SdChR) that
bore either significantly higher blue photocurrents than ChR2 or significantly higher
green photocurrents than C1V1rr [141]. C1V1tr belongs to the C1V1 variants exhibiting
a redshifted peak of their absorption spectrum (A=560nm) (Table 1). The development
of a wide range of spectral selectivity is particularly important as a means to achieve
independent optical excitation of distinct populations [141] or the use of opsins in
conjunction with indicators of activity to enable all-optical systems [142]. In addition to
the previously mentioned C1V1 variants, ReaChR has been designed to be activated
under orange to red light (A= ~590nm) [143], Chrimson channelrhodopsin and his

mutant ChrimsonR with augmented kinetics have been developed and characterised as
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the more red-shifted opsins with a peak activation at 625 nm [141] (Table 1).
Additionally, CheRiff was based on SdChR and designed with the mutation E154A which
sped its kinetics and shifted the peak of the action spectrum to Amax = 460 nm to

enable an all-optical electrophysiology in mammalian neurons [142] (Table 1).

While optogenetics provides a powerful tool for studying neural function, as with any
new technology, its limitations are slowly emerging: the poor trafficking resulting in
intracellular aggregation reduces the effectiveness of membrane depolarisation and
may cause toxicity over time [131, 138]; the light stimulation parameters (e.g.
stimulation duration, frequency, and intensity) must be chosen carefully in order to
avoid non-physiologic patterns of activity [144]. Additionally, although light has
desirable properties it may potentially induce over-heating in tissue resulting in
damages. In summary, ChRs are constantly being developed to improve particular
features, however it seems that this generally results in a trade-off of some kind [125].
In conclusion, the advantages and limitations of optogenetics have to be carefully taken
into consideration and the choice of the ChRs to be used depends on the application

[131].
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Max.
. L Speed (ms) Max.
Opsin Activation photo
frequency | Sources
variant Wavelength | current
T T (Hz)
(pA) on off
[113,
500 - 0.2 -
ChR2 ~470 nm 13.5 40 131, 138,
~1000 1.21
145]
7.9-
ChETA 8.5 (124,
~490 nm 645 0.86 200
(E123T) 4.4- 131, 133]
5.2
1.618 [131,
ChiEF ~450 nm ~1400 ~12 50
-2.79 134, 137]
CheRiff ~460 nm 2030 4.5 16 ~ 60 [107]
[135,
Chronos ~500 nm ~ 1000 2.3 3.6 >60
146]
[124,
CiVir ~540 nm 1072 - 34 10
134, 136]
68.1
ReaChR ~590 nm ~1250 137.2 10 [143]
- 100
Chrimson ~590 nm 674 ~7 21.4 10 [146]
ChrimsonR | ~590 nm - - 15.8 <20 [146]

Table 1 - Properties of selected depolarizing opsins. An overview of both fast and red-shifted
ChRs, listed with parameters relevant for this project. Maximal photocurrent describes the
reported peak of current mediated through the variant in pA. Light sensitivity is reported in
mW/mm?, calculated from light power needed for half maximum activation for peak and steady
state responses. Speed of the channel kinetics is given in the rate of activation t o, and
deactivation T o« in ms. The maximal firing frequency (Hz) is the highest frequency supported
reliably by the channel, as reported in the sources. As this table is compiled from the literature,
some parameters may be listed as intervals due to disparate reports.
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1.3.3 Fluorescent reporters of electrical activity

The electrical potential across the plasma membrane of neurons is a key information
carrier in the brain [147]. Therefore, monitoring the voltage dynamics of individual
neurons is critical for understanding neuronal function. As previously mentioned,
although electrophysiological methods for monitoring voltage have been successfully
used for several decades (e.g. patch clamping), optical monitoring of voltage can
overcome the invasiveness of the electrophysiology. Additionally, optical imaging can
allow higher spatial resolution and recording from multiple neurons simultaneously.
Optical methods have been developed to report the change in transmembrane voltage
such as voltage-sensitive dyes (VSDs) and genetically encoded voltage indicators (GEVIs)
[148, 149]. They are characterised by several features such as their brightness, kinetics,

excitation and emission spectrum and signal-to-noise ratio (SNR) [150].

1.2.3.1 Voltage-sensitive dyes

The development and improvement of the voltage-sensitive dyes (VSDs) began in the
1970s. This line of work extends now for several decades, starting with invertebrate
preparations, and has used chromophores for both absorption and emission [151, 152].
The VSDs shift their absorption or emission fluorescence based on the membrane
potential thus enabling the visualization in real time of neuronal activity [153]. Unlike
extracellular electrophysiology techniques, these dyes allow activity measurements in
large populations of neurons simultaneously with high spatial resolution and millisecond
temporal resolution [149]. With such resolutions, the use of voltage-sensitive dyes
appears to enable the study of neural networks dynamics [153]. However, despite

offering a large range of spectral properties and good SNR [107, 154-156], this technique
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does not allow cell-specific targeting. In addition of being challenging to implement, the
use of dyes can induce toxicity and cannot be used over prolonged periods of time which
impairs long-term studies [157, 158]. In contrast, genetically encoded voltage indicators
can be stably expressed to study how neuronal dynamics evolve over time while
allowing selective sampling of neuronal subsets in heterogeneous populations with the

use of genetic labelling [159, 160].

1.2.3.2 Genetically encoded voltage indicators: opportunities and challenges

Genetically encoded voltage indicators (GEVIs) are light-emitting protein-based sensors
sensitive to changes in neuronal voltage. They typically change brightness in response
to changes in membrane potential. They have been developed to overcome the
limitations of the traditional electrophysiology and voltage-sensitive dyes. These two
techniques exhibit significant drawbacks such as their invasiveness, toxicity and non-
specificity [161]. Indeed, the need of selective labelling of specific cell types motivated
the development of GEVIs. In fact, GEVIs can be stably expressed to study how neuronal
dynamics evolve over time while allowing selective sampling of neuronal subsets in
heterogeneous populations with the use of genetic labelling of specific neurons [159,
160]. However, in order to compete with traditional electrophysiology, GEVIs must have
the kinetics to match or surpass those of the transients they are reporting with
sufficiently low SNR [158]. Efforts towards the development of GEVIs started three
decades ago with the design of the first GEVI called Fluorescent Shaker (FlaSh) designed
with the gene fusion of GFP and the Shaker potassium channel that changes
fluorescence emission in response to changes in membrane potential [162]. Additionally,

the introduction of a W434F mutation prevented ions to flow through the pore while
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maintaining voltage-dependent rearrangements [162]. Despite exhibiting a strong signal,
its kinetics is rather slow (t.on ~ 100 ms; Toff ~ 60 ms) however, a strategy consisting of

the replacement of GFP with several different fluorescent proteins resulted in an
improvement in the kinetics [163]. Consequently, variations of GEVIs were designed in
combination with fluorescent proteins that employ fluorescence resonance energy
transfer (FRET) to signal a change in voltage such as VSFP1 [164]. The use of FRET
expands the capabilities of the GEVIs from single wavelength fluorescence intensity
changes to dual wavelength measurements based on both voltage-dependent spectral
shifts and changes in FRET [165]. However, it has been shown that the membrane
localization in mammalian cells was weak [158]. Further improvements led onto the
creation of various GEVIs with faster kinetics including VSFP-Butterflies [166],
Accelerated Sensor of Action Potentials 1 (ASAP1) isolated from the sea squirt Ciona
intestinalis voltage sensitive phosphatase [167] and microbial rhodopsin proton pumps
such as proton Archaerhodopsin-3 (Arch) [168]. Additional mutations resulted in
significantly faster arch-based sensors such as Arch-D95N, Arch-EEQ and Arch-EEN [169]
and QuasArs [107]. Interestingly, one of the improvements answered the need of
enabling deeper imaging with the development of near-infrared GEVIs [170]. Other
improvements focused on the ability to report action potentials with high temporal
fidelity and on limiting the proton pumping with QuasArl which excels in terms of
kinetics and increasing the brightness with QuasAr2, displaying a larger fluorescent
amplitude in response to voltage changes [107]. Additionally, the development of near-
infrared GEVIs enabled the combination with other types of indicators and optogenetic

tools. Based on this approach, QuasArs were combined to CheRiff in a combination
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called the Optopatch [142]. Although, this combination has been used to investigate
neuronal function, it still suffers from various limitations such as the indicator’s
sensitivity and the complexity of the imaging system to enable the study of multiple
neurons in a single recording [142]. As a means to further increase the brightness, a
strategy using FRET was adopted to increase the SNR resulting in the creation of MacQ-
mOrange, MacQ-mCitrine and QuasAr2-mOrange [171, 172]. Despite these
improvements, the development of GEVIs seems to balance between kinetics and
brightness [158, 173]. The ideal GEVIs would exhibit fast kinetics and high SNR in order
to achieve high temporal resolution [154, 156, 174]. Taking all this into account, the
choice of GEVIs must be carefully done considering their limitations and the application.
As the central goal of neuroscience is to understand how the nervous system encodes
and processes information at circuit and cellular levels, it is crucial to enable recordings
from multiple neurons simultaneously to capture neural networks dynamics [167].
Indeed, to report changes in voltage, GEVIs must be expressed in the plasma membrane
resulting in less effective imaging of voltage transients in larger population of cells under
low magnification [175]. Additionally, GEVIs must produce enough photons to be
detected above noise on a millisecond timescale to report action potentials. Taking into
account the kinetics of the indicators and the signals they are monitoring, voltage
imaging has to be performed at high frame rates (e.g. 1kHz) [161]. Consequently, faster
acquisitions result in fewer photons captured per frame, which can be compensated for
by the increased indicator brightness or higher illumination intensity. However, higher

illumination intensities can result in photobleaching and phototoxicity [156].
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In conclusion, GEVIs can enable a direct and precise measure of neuronal activity;
however, these studies can be performed mostly at the single cell level. The complexity
of the imaging setup required to image multiple cells simultaneously limits the
throughput of this technique. In contrast, as previously mentioned, the neuronal
electrical activity is accompanied with a change in the calcium dynamics. Therefore, a
possible strategy to increase the throughput and thus study the neuronal function at a
network level consists of imaging the resulting changes in the intracellular calcium
concentration [176]. Indeed, the kinetics of the calcium dynamics are slower than action
potentials, and so the subsequent recordings of calcium activity requires a lower frame
rate (e.g. 5-10 Hz) compared to the one necessary to image the voltage-based events
(e.g. 1kHz) [176]. Therefore, calcium imaging can be performed with widely accessible
wide-field fluorescence microscopes thus enabling the recording of multiple cells

simultaneously [177].

1.3.4 Calcium imaging

Calcium is a secondary neuronal messenger which participates in the transmission of
the depolarizing signal and contributes to synaptic transmission. Neurons typically
maintain low cytoplasmic-free calcium concentration (50-100 nM) at rest [178]. Action
potentials trigger a large and rapid calcium influx into the cytoplasm through channels
such as voltage-gated channels or is released from calcium-loaded organelles resulting
in an increase of the local calcium concentration [178]. Calcium levels then return to
baseline via extrusion from the cell and reloading of intracellular buffers and stores.
Additionally, the activation of neurotransmitter receptors causes calcium transients

in dendritic spines during synaptic transmission. The spatiotemporal evolution of
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calcium transients is shaped by the localization, mobility, affinity, and kinetics of these
processes [178]. Therefore, the intracellular calcium dynamics reflects neuronal
spiking and synaptic activity across populations of neurons. One of the main
advantages of calcium imaging stems from the larger magnitude and slower kinetics
of these events compared to action potentials. The duration of a single AP from
initiation to completion varies within 3 to 5ms while the resulting calcium transient
can be detected at sampling intervals of 30—-60 ms [179, 180]. The development of
calcium imaging focuses on two aspects: the development of calcium sensors and the
development and implementation of the appropriate imaging setup. The first class of
calcium indicators were bioluminescent calcium-binding photoproteins, such as
aequorin. Aequorin is a monomeric calcium binding protein derived from the marine
and luminescent jellyfish Aequorea victoria [181]. The protein is composed of three
calcium-binding sites and a noncovalently bound chromophore constituted of
coelenterazine and molecular oxygen [182]. Upon binding of calcium ions, light is
emitted via an intramolecular reaction in which the protein undergoes a conformational
change resulting in the oxidation of coelenterazine to coelenteramide. Bioluminescent
recordings have the great advantage of not requiring external illumination [183].
However, since the purified aequorin, is unable to penetrate the plasma membrane of
intact cells, this approach requires single cell loading with a micropipette [184].
Additionally, bioluminescent recordings of calcium signals have been shown to suffer
from a low quantum vyield [185]. As a means to overcome this limitation, fluorescent
proteins have been fused to aequorin in a technique called bioluminescence resonance

energy transfer (BRET) [186]. While displaying the advantage of avoiding phototoxicity
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and photobleaching, the use of bioluminescent calcium-binding photoproteins has a
significant drawback as it is technically demanding and invasive [184]. More recently, to
overcome the limitation of the low tissue permeability, analogues of D-luciferin were
reported such as AkalLumine that when catalysed by Fluc produces near-infrared

emission peaking at 677 nm, which can penetrate most animal tissues and bodies [187].

1.3.4.1 Calcium dyes

Efforts to develop more sensitive fluorescent calcium indicators led onto the
hybridization of highly calcium-selective chelators like ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA) or 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid (BAPTA) with a fluorescent chromophore [188]. This approach resulted
in the design of the first generation of fluorescent calcium indicators with quin-2, fura-
2, indo-1, and fluo-3. These chemical calcium indicators change their conformation upon
calcium ions binding resulting in a change in the emitted fluorescence. Quin-2 excited
by ultraviolet light (339 nm) has been shown to suffer from low brightness and
autofluorescence [189]. In contrast, fura-2 excited at 350/380 nm and significantly
brighter than quin-2, offers improved quantification of calcium activity
by ratiometric method [190]. This method is enabled with the use of dual wavelength
excitation resulting in a quantitative determination of the calcium concentration in a
neuron of interest independently of the intracellular dye concentration [190]. During
the last three decades, several other calcium indicators have been developed with a
higher SNR, wide range of excitation spectra and improved calcium-affinity such as
Oregon Green BAPTA and fluo-4 dye families. These dyes are not only widely used in

single-cell calcium imaging for the analysis of basic mechanisms of calcium signalling in
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neuroscience but also for the monitoring of activity in local populations of
interconnected neurons. Several studies involving dye loading of neuronal populations
in intact tissues include the analysis of the circuitry of the cortex and the hippocampus
[191, 192] and the identification of synaptically connected neurons [193]. Additionally,
this technique has been applied to analyse pathological forms of network activity, such
as epileptiform events [194]. Multicell bolus loading (MCBL) of membrane-permeable
acetoxymethyl (AM) ester calcium dyes, is a common loading technique allowing the
recording at a high spatial resolution of many cells simultaneously [195, 196]. However,
this technique presents important drawbacks such as a high background resulting from
the lack of genetic control [195]. The genetic control is an important feature not only
because it avoids unspecific staining of non-neuronal cells but also allows the targeting
of specific neurons relevant to a research question. Additionally it enables long-term
expression which is more suitable for chronic imaging recordings from the same cell
population [197]. Two decades ago, the introduction of GECls represented an important
breakthrough [198]. The first generation of GECls suffered from their slow kinetics and
low SNR. However, there had been great progress in the recent years towards the

improvement these features.

1.3.4.2 Genetically Encoded Calcium Indicators

Extensive protein engineering efforts have contributed to the success of GECls. Efforts
to match with calcium dynamics in neurons have resulted in the improvement of the
GECIs intrinsic properties such as adequate expression level [199], brightness [200], high
SNR [201], photostability [202], large dynamic range [201] and fast kinetics [203]. The

first GECls to gain wide usage were called Cameleons [198]. These FRET-based indicators
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contain calmodulin (CaM), the calmodulin-binding peptide M13 from myosin light
chain kinase (MLCK) and consist of pair fusions of a blue- or cyan-emitting mutant of
GFP and an enhanced green- or yellow-emitting GFP. Upon binding of
calcium, calmodulin wraps around the M13 domain, altering the overall conformation
of the construct. Consequently, the GFP molecules move closer together and thereby
increase the fluorescence energy transfer between them. Meanwhile, single-fluorescent
protein GECls were developed to improve the dynamic range of FRET-based indicators.
These indicators are based on enhanced yellow fluorescent protein (EYFP) or circularly
permuted fluorescent proteins which change fluorescence intensity upon
calcium binding. Camgaroos design is based on a calmodulin fragment between a split
GFP molecule [204]. In contrast, Pericams and GCaMP family indicators are designed
with CaM, its binding peptide M13 and a circularly permuted green fluorescent
protein [205, 206]. Upon calcium binding, CaM interacts with calmodulin-binding
peptide M13 switching the protonation state of the fluorescent protein resulting in a
change of fluorescence. The GCaMP family has been particularly popular and kept
being developed with various modifications of the GCaMP scaffold to improve
features such as brightness with GCaMP2 [207], GCaMP3 [208], increased sensitivity
with GCaMP-HS [209], GCaMP5 and improved kinetics with the Fast-GCaMPs [203] and
GCaMP6 series [201]. Further development including GCaMP7a and GCaMP8 did not
show significant improvement compared to the GCaMP6 series [201]. However, more
recently, the jGCaMP7 series (Janelia GCaMP7) has been developed with increased
brightness, higher calcium affinity and faster kinetics than the GCaMP6 series [210].

Importantly, it has recently been shown that GCaMP sensors could abnormally
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accumulate in the nucleus of neurons and cause multiple side-effects such as cell
damages and altered neural function [211]. To overcome this limitation, GCaMP-X
was recently engineered with an additional apocalmodulin (apoCaM)-binding motif

and an extra tag ensuring subcellular localization [212].

Interestingly, the potential of GECls in multiplex imaging has been greatly improved with
the expansion of the colour-spectrum including the design of red-shifted variant

RCaMP1 based on mRuby [213], R-GECO and R-CaMP2 based on mApple [214] (

Table 2). The use of red-shifted indicators comes with the advantage to reduce light
scattering and phototoxicity [215]. Multi-colour imaging not only enables simultaneous
assay involving distinct cell population but also allows the potential combination of
GECIs with other types of indicators and optogenetic tools. Researchers have been
actively improving optogenetics tools, GEVIs and GECls to potentially enable all-optical
stimulation and interrogation of neural networks with high temporal resolution [107,
216]. Previous attempts to combine optogenetics with GECIs have shown limitations due
to the excitation spectrum overlapping with those of light-activated ion channels. For
example the excitation spectrum of GCaMP3, GFP-based GECI and the action spectrum
of C1V1 red-shifted ChR variant show significant overlap compared to RCaMP1e mRuby-
based GECI and ChR2 blue-light-activated ion channel [213]. Additionally it has been
demonstrated that blue illumination induced a calcium-independent increase in
mApple-based GECIs fluorescence indicative of photoswitching making the GECIs R-
GECO, R-CaMP2 and jRGECO1a incompatible with blue-light activated ion channels [213].

Moreover, one drawback of these GECIs resides in their localisation in the neurons. It
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has been shown that GECI responses are larger and faster in the cytoplasm than in the
nucleus [217]. In fact, GCaMP indicators are naturally excluded from the nucleus while
both RCaMP and R-GECO are expressed throughout the cell, including the nucleus [213].
This observation gave rise to the further development of red-shifted such as jRCaMP1a
and jRCaMP1b engineered with an NES motif to restrict the expression to the cytoplasm
[217]. Importantly jRCaMPla and jRCaMP1b do not show photoswitching after
illumination with blue light [217]. This advantage together with the brightness of these

red-shifted GECIs could potentially enable their combination with ChR variants thus

open new avenues for all-optical stimulation and interrogation of neural networks.

Ca?*free Ca?*saturated
Excitation | Maximum
brightness brightness
GECIs Wavelength | AF/Fin Source
(mMm (mm?
(nm) vitro @

cm)b cm)P
GCaMP3 ~430 +12 1.8 23 [200]
GCaMPe6f 450-490 +52 0.70 37 [218]
GCaMP6s 450-490 +63 0.66 42 [201]
R-CaMP2 ~550 +4.8 2.3 11 [219]
jR-GECO1la ~560 +11 1.0 12 [217]
jRCaMP1b ~560 +6.2 4.0 29 [217]

Table 2 - Properties of selected Genetically Encoded Calcium Indicators (GECIs) - 2 Fluorescence
change from zero to saturating calcium in vitro at 25°C. ® Calcium-free brightness is calculated
from calcium-saturated fluorescence and maximum AF/F. Table adapted from [150].
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1.4 Thesis aims
The overall aim of this project is to develop a quantitative method that enables large
scale functional characterization of neurons to elucidate neural network dynamics with

single-cell resolution in healthy and diseased in vitro models.

Chapter 3 aims to understand the advantages and limitations of the molecular and
imaging tools previously developed to achieve all-optical stimulation and interrogations
of neurons. This represents a crucial step in order to design new strategies to overcome
these limitations. Therefore, the first part of this chapter focuses on the use of the
Optopatch, an optogenetics tools enabling all-optical stimulation and voltage recordings
[142]. From these experiments the conclusion was that the recording of multiple
neurons simultaneously remains challenging with the GEVI approach. These
observations lead onto the development of a new optogenetics tool called the
OptoCaMP, a combination of a ChR variant and a GECI which successfully enabled all-
optical stimulation and recordings of multiple neurons with a single-cell readout
resolution in rat cortical neurons in 2D-culture systems [3]. Chapter 4 focuses on the use
of the OptoCaMP in an all-optical assay where a sub- section of a neural network is
stimulated while the evoked calcium activity is recorded in both stimulated and non-
stimulated neurons. This approach enabled the investigation of the spread of excitation
through an interconnected network of rat cortical neurons and induced-pluripotent
stem cells derived neurons 2D-culture systems. Furthermore, this assay was applied in
a proof-of-concept experiment to demonstrate the sensitivity of this system to report
changes in connectivity. This successful experiment brings the promise to enable the

study of more complex pharmacological conditions and diseased in vitro models.
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Chapter 2 - Materials and Methods

2.1 Cell Culture

2.1.1 Human Embryonic Kidney 293717

The Human Embryonic Kidney (HEK) 293T/17 cell line obtained from ATCC® is a
derivative of the 293T cell line and is a highly transfectable derivative of the 293 cell line.
The HEK 293T/17 cells were cultured in Dulbecco's Modified Eagle's Medium
GlutaMAX™-I supplemented with 10% Fetal Bovine Serum and 10,000 U/mL penicillin, in
75cm? flasks. For the subculture, the medium was removed and replaced with 1.5mL of
TrypLE Express no phenol red for 3minutes at 37°C. After incubation, 8.5mL of complete
growth medium was added and the appropriate aliquot of the cell suspension was re-
plated in 75cm? flasks for a subcultivation ratio of 1:4 to 1:8. The cultures were
incubated at 37°C in a humidified atmosphere of 5% CO,, 95% air. The medium was
renewed every three days. The culture was then frozen down in order to make a stock
at the same passage for the reproducibility of the lentivirus production. Each cryovial

contained ~8 x 10> HEK 293T/17 in complete growth medium supplemented with 10%

DMSO.

2.1.2 Mammalian cell culture

2.1.2.1 Primary Rat Cortical Neuron Culture

Primary Rat Cortical Neurons obtained from Gibco® by Life technologies™ were isolated
from day-18 Fisher 344 rat embryos. Each vial contained 1 x 10° viable neurons highly

pure cells containing minimum number of astrocytes and other glial cells (>90%
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Microtubule Associated Protein 2 (MAP2)-positive live cells detected by
immunofluorescence according to certificate analysis from Life technologies™). The
plating medium was Neurobasal® supplemented with GlutaMAX™-l to a final
concentration of 0.5 mM and 2% B27 Supplement by Gibco™. The primary rat cortex
neurons were plated in WPI Fluorodish™ glass bottom cell culture dishes coated with
poly-D-lysine. The poly-D-lysine used for the coating (mol wt 70,000-150,000, Sigma-
Aldrich) is a lyophilized powder suitable for cell culture resuspended in HyClone water
(2mg/ml) and stored at -20 °C. The poly-D-lysine aliquot was thawed on the day of the
plating and diluted in D-PBS (final concentration 50ug/ml) then the coating was
performed overnight at room temperature (150 ul). The coating was washed three times
with HyClone water (200 pl, 5 minutes) and dried out for minimum 2 hours at room
temperature, under the hood, dishes opened. The cryovial was rapidly thawed in a 37°C
water bath and plated at a density of 2 x 10°/cm? for a plated volume of 650 pl in WPI
Fluorodish™ glass bottom cell culture dishes coated with poly-D-lysine. The neurons
were incubated at 37°C in a humidified atmosphere of 5% CO3,, 95% air. After 14 hours
of incubation, half of the medium from was replaced with fresh plating medium. Half of
the media was replaced every third day with fresh complete Neurobasal®, B-27"
Supplement and GlutaMAX™-1 to a final concentration of 0.5 mM or complete

BrainPhys™ and Neurocult™ SM1 to a final concentration of 0.5 mM.

2.1.2.2 Primary Rat Cortical Astrocytes Culture

Primary Rat Cortical Astrocytes obtained from Gibco® by Life technologies™ were isolated

from the cortices of Sprague-Dawley rats at embryonic day 19 (E19) and cryopreserved
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at the end of the first passage (the cells can be further expanded for at least two
additional passages). Each vial contained 1 x 108 cells which were used for co-cultures
with hiPSC-derived neurons. They exhibit 270% viability after thawing, and 280% stain
positive for the astrocyte-specific marker glial fibrillary acid protein (GFAP). The plating
medium Dulbecco's Modified Eagle's Medium (high glucose) was supplemented with 10%
Fetal Bovine Serum and 10,000 U/mL penicillin. The Primary Rat Cortical Astrocytes were
plated on WPI Fluorodish™ glass bottom cell culture dishes coated with poly-L-ornithine
and laminin for co-cultures with human induced pluripotent stem cells-derived neurons.
The poly-L-ornithine coating (150 ul) was performed over night at room temperature
(final concentration 0.01mg/ml). The coating was then washed three times with HyClone
water (200 pl, 5 minutes) and dried out for minimum 2 hours at room temperature,
under the hood, dishes opened. The laminin coating (150 pl) was then performed for 2
hours at 37°C in a humidified atmosphere of 5% CO3,95% air. The laminin was removed
prior plating of the astrocytes. The cryovial of astrocytes was rapidly thawed in a 37°C
water bath and plated at a density of 2 x 10°/cm? for a plated volume of 650 pl which
were incubated at 37°C in a humidified atmosphere of 5% CO3, 95% air. After 14 hours
of incubation, half of the medium was replaced with Neurobasal® supplemented with
GlutaMAX™-1 (1:100) and B27 (1:50) from Gibco, 2.5% FBS, 20% Dextrose, MEM non-
essential amino acids from Invitrogen (1:200), Doxycycline Hyclate from Sigma (2 pg/ml),
Brain-derived neurotrophic factor (BDNF), Ciliary neurotrophic factor (CNTF), Glial cell-
derived neurotrophic factor (GDNF) from Peprotech (10 ng/ml) and Cytosine B-D-

arabinofuranoside (Ara-C 1 uM) from Sigma for 24 hours. The following day, human
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induced pluripotent stem cells-derived neurons were seeded on top of the astrocytes

(see section 2.1.3.1 Healthy and Alzheimer’s disease hiPSC-derived neurons).

2.1.3 Human Induced Pluripotent Stem Cells-derived neurons (hiPSC)

2.1.3.1 Healthy and Alzheimer’s disease hiPSC-derived neurons

Two cell lines were received from a collaboration with Dr Tracy Young-Pearse at Brigham
and Women's Hospital Harvard Medical School. The first cell line was a human induced
pluripotent stem cell (hiPSC) line carrying the mutation APPV717] mutation (London
mutation) which will further be referred to here as “fAD”. CRISPR-Cas9 (Clustered
Regularly Interspaced Short Palindromic Repeats) technology was used to generate
isogenic hiPSC lines to fAD with correction of the APPV7171 mutation, which will further
be referred as “fAD”. This technology allows genetic material to be added, removed,
or altered at particular locations in the genome [220]. Each vial contained 1 x 10° cells
and exhibits >95% viability after thawing. The plating medium Neurobasal®
supplemented with GlutaMAX™-I (1:100) and B27 (1:50) from Gibco, 20% Dextrose,
MEM non-essential amino acids from Invitrogen (1:200), Doxycycline Hyclate from
Sigma (2 pg/ml), BDNF/CNTF/GDNF from Peprotech (10 ng/ml), ROCK inhibitor (10 uM)
from STEMCELL Technologies and puromycin from Life Technologies (5 pg/ml). The
hiPSC-derived neurons were rapidly thawed in a 37°C water bath and plated at a density
of 5 x 10*/cm?for a plated volume of 650 pl in WPI Fluorodish™ glass bottom cell culture
dishes coated with poly-L-ornithine and laminin. The hiPSC-derived neurons were
incubated at 37°C in a humidified atmosphere of 5% CO3, 95% air. After 14 hours of

incubation, half of the medium was replaced with fresh maintenance medium
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Neurobasal® supplemented with GlutaMAX"-I (1:100) and B27 (1:50) from Gibco, 20%
Dextrose, MEM non-essential amino acids from Invitrogen (1:200), Doxycycline Hyclate
from Sigma (2ug/ml), BDNF/CNTF/GDNF from Peprotech (10 ng/ml) and puromycin
from Life Technologies (5ug/ml). For the co-cultures with astrocytes, puromycin was not

included in the hiPSC-derived neurons plating nor maintenance medium.

2.1.3.2 iCell® GlutaNeurons

iCell® GlutaNeurons is a commercial line developed by Cellular Dynamics. This line
consists of human glutamatergic-enriched cortical neurons derived from human induced
pluripotent stem cells (290% pure population of primarily glutamatergic human
neurons). Each vial contained 1 x 10° cells and exhibits approximatively 70% viability
post-thawing. The plating and maintenance medium were prepared as followed:
BrainPhys™, iCell Neural Supplement B (1:50), iCell Nervous System Supplement (1:100),
N-2 Supplement (1:100) and laminin (1 pg/ml). The hiPSC-derived neurons were rapidly
thawed in a 37°C water bath and plated at a density of 2 x 10°/cm?for a plated volume
of 650 pl in WPI Fluorodish™ glass bottom cell culture dishes coated with poly-L-
ornithine and laminin. The hiPSC-derived neurons were incubated at 37°C in a
humidified atmosphere of 5% CO; 95% air. After 14 hours of incubation, half of the
medium from was replaced with fresh maintenance medium. Half of the media was

replaced every other day.
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2.2 Lentiviral production and transduction

2.2.1 Lentivirus production

The HEK 293T/17 cell line obtained from ATCC® was used to produce the lentivirus FCK-
CaMKlla-OptoCaMP (FCK-CaMKlla-jRCaMP1b-P2A-CheRiff) generated during this thesis
for the transduction of primary cortical neurons and hiPSC-derived neurons. Viral work
was performed within a certified class Il biosafety culture hood designated for viral work
only. Liquid viral waste was disposed of by aspiration into a viral container containing
Virkon. Solid viral waste was placed in an autoclave bag within the biosafety hood and
sealed before removal from hood and placed within a viral waste container. Liquid and
solid wastes were autoclaved. HEK 293T/17 cells were plated on 10 cm dishes (Nunc) at
a density of 5 x 10° cells/dish. The following day, the cells were transfected using
TransIT®-LT1 Transfection Reagent by Mirus Bio. 27 pl of the Transfection reagent was
mixed with 1.5 mL of Opti-MEM | without serum. In a second sterile 1.5 mL
microcentrifuge tube, 4 pug of FCK-CaMKlla-OptoCaMP was mixed with 3 ug of psPAX2
packaging plasmid and 2 pug pCMV-VSV-G expressing the envelope plasmid. These
plasmids were kindly provided by Dr Paul Reynolds at the University of St Andrews. Both
mixes were incubated for 15 minutes at room temperature. After incubation the tube
containing the DNA was added to the other reaction tube and incubated for 30 minutes
at room temperature. This was then added slowly at the edge of the 10 cm dish
containing the 60 % confluent HEK293/T17 cells. These cells were then incubated for 24
hours in an incubator dedicated for viral work at 37°C, 5 % CO.. Following the 24-hour

incubation period, the medium was removed and disposed of by Virkon treatment and
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autoclaved. Fresh medium (4mL) was added to the cells, this medium was Neurobasal’
supplemented with GlutaMAX™-1 to a final concentration of 0.5 mM and 2% B27
Supplement. The viral media were collected 48 hours and 72 hours post transfection
and filtered through a 0.45um Millex-HV filter. Viral stocks were produced and used

fresh for every transduction.

2.2.2 Lentiviral transduction of Primary Rat Cortical Neurons

Primary Rat Cortical Neurons (recipient cells) were transduced after 6 days in vitro (DIV).
On the day of the transduction, the viral media collections were filtered through a
0.45um Millex-HV filter as previously described (see section 2.2.1 Lentivirus production)
and various dilutions were prepared in Neurobasal® supplemented with GlutaMAX™-I to
a final concentration of 0.5 mM and 2% B27 Supplement or complete BrainPhys™ and
Neurocult™ SM1 to a final concentration of 0.5 mM to optimise the viral transduction
efficiency (see section 3.3.2.1 Lentiviral delivery). 100 uL of the recipient cells media
(conditioned media) were collected and incubated at 37°C in a humidified atmosphere
of 5% CO3,95% air for 4 hours. Meanwhile, 100 uL of the diluted virus were added to the
recipient cells and incubated at 37°C in a humidified atmosphere of 5% CO,, 95% air for
4 hours. After incubation, 300 uL of the recipient cells media were discarded and
replaced with a mix of 100 uL of the conditioned medium and 200 uL of pre-warmed
Neurobasal’ supplemented with GlutaMAX"-1 to a final concentration of 0.5mM and 2%
B27 Supplement or complete BrainPhys™ and Neurocult™ SM1 to a final concentration

of 0.5 mM. Half of the media was replaced the day after and every third day with fresh

47



Chapter 2 - Materials and Methods

complete Neurobasal®, B-27" Supplement and GlutaMAX™"-I to a final concentration of

0.5 mM or complete BrainPhys™ and Neurocult™ SM1 to a final concentration of 0.5mM.

2.2.3 Lentiviral transduction of hiPSC-derived neurons

hiPSC-derived neurons (recipient cells) were transduced at 15 days in vitro (DIV). On the
day of the transduction, the viral media collections were filtered through a 0.45um
Millex-HV filter as previously described (see section 2.2.1 Lentivirus production) and
various dilutions were prepared in Neurobasal® supplemented with GlutaMAX™-I (1:100)
and B27 (1:50) from Gibco, 20% Dextrose, MEM non-essential amino acids from
Invitrogen (1:200), Doxycycline Hyclate from Sigma (2 pg/ml), BDNF/CNTF/GDNF from
Peprotech (10 ng/ml) and puromycin from Life Technologies (5 pug/ml). For the co-
cultures with astrocytes, puromycin was not included. 100 pL of the recipient cells media
(conditioned media) were collected and incubated at 37°C in a humidified atmosphere
of 5% CO3,95% air for 4 hours. Meanwhile, 100 uL of the diluted virus was added to the
recipient cells and incubated at 37°C in a humidified atmosphere of 5% CO3,95% air for
4 hours. After incubation, 300 pyL of the recipient cells media were discarded and
replaced with a mix of 100 puL of the conditioned medium and 200 pL of pre-warmed
Neurobasal® supplemented with GlutaMAX™-1 (1:100) and B27 (1:50) from Gibco, 20%
Dextrose, MEM non-essential amino acids from Invitrogen (1:200), Doxycycline Hyclate
from Sigma (2 pg/ml), BDNF/CNTF/GDNF from Peprotech (10 ng/ml) and puromycin
from Life Technologies (5 pg/ml). For the co-cultures with astrocytes, puromycin was
not included. Half of the media was replaced the day after and every other day with

fresh complete Neurobasal® supplemented with GlutaMAX™-I (1:100) and B27 (1:50)
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from Gibco, 20% Dextrose, MEM non-essential amino acids from Invitrogen (1:200),
Doxycycline Hyclate from Sigma (2 pg/ml), BDNF/CNTF/GDNF from Peprotech (10 ng/ml)
and puromycin from Life Technologies (5 pg/ml). For the co-cultures with astrocytes,

puromycin was not included.

2.3 Molecular Cloning

2.3.1 Streaking and Isolating Bacteria

FCK-Optopatch2 was a gift from Adam Cohen at Harvard University (Addgene plasmid #
51694) and pGP-CMV-NES-jRCaMP1b was a gift from Douglas S. Kim at Janelia (Addgene
plasmid # 63136). Upon reception of the bacteria stab, the bacteria were streaked on a
Luria-Bertani (LB) agar Petri dish containing the appropriate antibiotic (ampicillin 100
pg/mL for FCK-Optopatch2 and kanamycin 50 pg/mL for pGP-CMV-NES-jRCaMP1b) and

incubated 16 hours.

2.3.2 Plasmid purification

Single colonies were picked from the agar plates using a sterile tip and added to LB Broth
liquid culture (5mL or 100mL) supplemented with the appropriate antibiotic (ampicillin
100 pg/mL or kanamycin 50 pg/mL) overnight at 37°C on an orbital incubator at 210 rpm.
After the 16 hours incubation, bacteria cultures (750 pL) were thoroughly combined
with 80 % glycerol (250 pL) and stored at -80°C, giving a glycerol stock at final
concentration of 20 % glycerol. The remaining culture was used for DNA purification
using the QlAprep Spin MiniPrep Kit or Plasmid Plus Midi Kit from QIAGEN. The DNA

concentration and purity were determined using the Thermo Scientific” NanoDrop and
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stored at -20°C. DNA was sequenced by the MRC PPU DNA Sequencing and Services at

the University of Dundee, plasmid maps of sequences can be found in the Appendices.

2.3.3 Polymerase Chain Reaction (PCR)

PCR was carried out to amplify respectively jRCaMP1b and P2A-CheRiff, into a total
reaction volume of 50 uL; Phusion High Fidelity DNA polymerase (NEB), 5X Phusion
buffer GC (NEB, UK), 200 uM dNTPs (Roche, UK), 10 uM forward and reverse primers
(Thermofisher, UK) (List of primers in Appendix) and 1 pug of DNA were combined. PCR
reactions were carried out in a thermal cycler (Bio-Rad, UK) as follow: Step 1, 98°C for
30s; Step 2, 98°C for 10 s; Step 3, 72°C for 30 sec then Step 4, extension for 60 s at 72°C.

Step 2-4 were repeated for 40 cycles; Step 5, 72°C for 10 min; Step 6 incubation at 4°C

2.3.4 Restriction Digest

Restriction digests were carried out using enzymes from New England BioLabs (NEB, UK)
in @ 30 pL volume. In order to digest 3 pug of DNA, 1 unit of restriction enzyme and
NEBuffer™ 3.1 by NEB were used according to manufacturer’s guidelines available
online (https://nebcloner.neb.com/#!/redigest). The vectors were incubated at 37°C for
120 min. Digested vector products were dephosphorylated with Alkaline Phosphatase,

Calf Intestinal (CIP) from NEB at 37°C for 30 minutes to prevent self-ligation.

2.3.5 DNA extraction and purification from agarose gel

Agarose gels were prepared at 1% (w/v) by melting 1g of agarose in 100 mL of 1X TBE
Buffer (0.45 mM Tris-borate, 10 mM EDTA, pH 8.3, Sigma-Aldrich, UK). The solution was

left to cool down, SYBR Safe DNA Gel Stain from Invitrogen was added (1:10 000) and
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the mix was then poured into a horizontal gel chamber and left at room temperature
for 30 minutes. DNA samples were prepared with 5X DNA loading buffer. Samples were
then loaded into the gel along with a Ladder and electrophoresis was carried out at 65
V for 45 min. The DNA bands were visualized under UV transilluminator (Herolab, UK) at
360 nm and the bands of interest were cut from the gel using a sterile scalpel. The DNA

bands were weighted and purified using the QlAquick”® Gel Extraction Kit from QIAGEN.

2.3.6 DNA Ligation

Ligation of purified linear DNA into a purified digested plasmid was carried out using
Rapid T4 DNA Ligase from NEB. The ligation reaction was set up according to
manufacturer’s guidelines to include T4 DNA ligase buffer (10X), Vector DNA, Insert DNA
and nuclease-free water in a total volume of 20 uL. The molar ratio of insert DNA to
vector DNA was 3:1 and control 0:1, calculated using the NEB online tool
(http://nebiocalculator.neb.com/#!/ligation). The reaction was incubated for 10
minutes at room temperature. Once ligation was complete, competent E. coli cells were

used for the transformation (see section 2.3.7 Transformation).

2.3.7 Transformation

From a ligation mix, 5uL was added gently to One Shot™ StbI3™ Chemically Competent
E. coli from Invitrogen™ according to the manufacturer’s guidelines. The cells were
incubated on ice for 30 min, following the incubation, they were heat-shocked 45
seconds at 42°C and placed back on ice for 2 minutes. 250 uL of SOC (super optimal
broth with catabolite repression) medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl,

2 mM MgClz, 10 mM MgS0a4, 2.5 mM KCI, 20 mM glucose) was added gently to the cells
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and the transformation mix was incubated in an orbital incubator at 210 rpm, 37°C for
one hour. LB-Agar plates were prepared with the appropriate antibiotic resistance (100
pg/mL ampicillin or 50 pg/mL kanamycin) and 100 pL of the transformation culture was
spread on to the plate. All plates were incubated for 16 hours at 37°C. Following the
incubation, plasmid purification steps were performed as described in section 2.3.2

Plasmid purification.

2.3.8 Construction of the plasmid FCK-CamKlla-OptoCaMP

The FCK-CaMKlla-Optopatch2 plasmid was a gift from Adam Cohen (Addgene 51694)
and was initially digested using the restriction enzymes BamHI and EcoRl with the
NEBuffer™ 3.1 from NEB Biolabs to obtain the lentiviral vector FCK-CaMKlla. NES-
jRCaMP1b was amplified by PCR from the pGP-CMV-NES-jRCaMP1b plasmid (Addgene
63136) with the primers F-GAGAGAGGATCCACCATGCTGCAGAACGAGCTT and R-
GAGAGAGGCGCGCCCTACTTCGC TGTCATCATTTGTACAAACTC containing BamHI and Ascl
restriction sites respectively. The nuclear export sequence (NES) was present to the N-
termini of jRCaMP1b to restrict its expression in the cytoplasm. P2A-Cheriff was
amplified by PCR from the FCK-Optopatch2 plasmid (Addgene 51694) with the primers
F- GAGAGAGGCGCGCCGGCTCCGGAGCCACGAACTTC and R-
GAGAGAGAATTCTTACTTGTACAGCTCGTCCATGCC containing Ascl and EcoRI restriction
sites respectively. The amplified fragments jRCaMP1b and P2A-CheRiff were digested
with BamHI-Ascl and Ascl-EcoRl. Following digestion, a ligation step was performed to
link jRCaMP1b and P2A-CheRiff and create one insert jRCaMP1b-P2A-CheRiff. The
ligated jRCaMP1b-P2A-CheRiff was then cloned into the FCK-CaMKlla vector digested

with BamHI and EcoRI. The integration of the two fragments jRCaMP1b and P2A-CheRiff
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were confirmed by digestion with the restriction enzymes Kpnl HF and Xmal. FCK-
CaMKlla-OptoCaMP DNA was submitted for sequencing to the DNA Sequencing and

Services at the University of Dundee (Appendix A - Sequencing and Plasmids).

2.4 Cytotoxicity assay

Cytotoxicity of FCK-CaMKlla-OptoCaMP and FCK-CaMKlla-Optopatch2 via lentiviral
transduction in primary cortical neurons was measured at DIV 14 by lactate
dehydrogenase (LDH) release assays (Pierce™ LDH Cytotoxicity assay kit) as per the
manufacturer’s protocol, 7 days after OptoCaMP or Optopatch?2 lentiviral transduction.
Briefly, 50 uL of the medium supernatant was transferred to a 96-well plate and 50 pL
of the reconstituted 2X LDH assay buffer were added to each sample medium and
incubated for 30 minutes at room temperature protected from light. The maximum LDH
activity was determined after treating neurons with lysis buffer as described in the
manufacturer’s protocol. The absorbance was measured at 490 nm and 680 nm and the

680 nm absorbance value (background) was subtracted from the 490 nm absorbance.

2.5 Imaging

The samples were imaged using an epifluorescence Nikon Ti inverted microscope, a
Nikon 20X Numerical Aperture (NA) 0.75 air objective and a sCMOS Camera (Zyla 5.5,
Andor) for OptoCaMP recordings and EMCCD camera (iXon Ultra 897, Andor) for
Optopatch2 recordings. All recordings were performed in an automated incubated stage
at 37°C in a humidified atmosphere of 5% CO,, 95% air (Okolab). The change of
fluorescence of the OptoCaMP and Optopatch2 were recorded in kinetic series using the

software Andor Solis. The blue illumination was provided by a blue light LED at 470 nm
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(Thorlabs M470L3 mounted LED) through a B2A filter set (no emission filter, excitation
filter 450 — 490 nm). The green illumination was provided by the AURA Light Engine by
Lumencor at 550 through a filter set (excitation filter 565/24 nm, dichroic mirror 562 nm,
longpass emission filter >570 nm). The red illumination was provided by a stabilized laser

(140 mW, Vortran Laser Technology, Inc. VL12148U03) at 637 nm.

2.6 Data Processing and Statistical analysis

Image processing was performed with a Matlab® script designed in our laboratory and
a Matlab® toolbox called NeuroCa [221]. The mean global connectivity and the
connectivity maps were obtained using the software FluoroSNNAP, an open-source
program for the automated quantification of calcium dynamics of single-neurons and
network connectivity [222]. Data were expressed as means + s.e.m. and one-way or two-
way ANOVAs tests were used as indicated in the figure legends. The data processing will
be further detailed in the next chapters (see section 4.3.1 Method to quantify the neural

network connectivity).
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Chapter 3 - Results - All-optical neuronal activity studies.

The aim of this chapter is to understand the advantages and limitations of the molecular
and imaging tools previously developed to achieve all-optical stimulation and
interrogations of neurons. This represents a crucial step in order to design new
strategies to overcome these limitations. Therefore, the first part of this chapter focuses
on the use of the Optopatch2, an optogenetics tools enabling all-optical stimulation and
voltage recordings [142]. The main conclusion drawn from this all-optical
electrophysiology experiment was that the recording of multiple neurons
simultaneously remains challenging with the GEVI approach. These observations led
onto the development of a new optogenetics tool called the OptoCaMP [3]. The
OptoCaMP is a combination of a ChR variant and a GECI which successfully enabled all-
optical stimulation and recordings of multiple neurons with a single-cell readout

resolution.

3.1 Background

Functional studies of biological neural networks are fundamental to understand brain
activity, to investigate how these networks are altered in brain disorders, and to help
develop new treatments [223]. To explore heterogeneous neural networks, it is often
critical to understand the activity of multiple neurons and how they communicate with
each other. To achieve this goal, it is essential to have a tool enabling the simultaneous
stimulation and recording from a large population of neurons with a single-cell readout.
Electrophysiology has been one of the principal techniques in the field of neuroscience

[99]. This approach facilitates both stimulation and recording of individual neurons at
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high temporal resolution. Although single cell recordings are precise, it does not lend to
high throughput analyses [105]. Moreover this technique is invasive, labour intensive
and exhibits limitations when one wishes to characterise a highly heterogeneous
neuronal population [101]. MEAs have been developed as a means to overcome the
limitations of the invasiveness and the low throughput of electrophysiology with the use
of arrays of extracellular electrodes [108, 110]. While enabling the stimulation and
recording from multiple neurons simultaneously, the neuronal activity is characterized
by triangulating the signal through multiple recording points thus impairing the
quantification properties of individual neurons [108, 110]. A method that enables large
scale functional characterization of neurons with single cell readout is crucial to
elucidate the workings of both healthy and diseased neural populations. To answer this
need, optogenetics, an emerging technology which benefits from the synergy of optical
and genetic techniques, enables the optical stimulation of specific neuronal populations
with high temporal and spatial resolution [101]. This approach uses light-gated ion
channels to manipulate neuronal activity. This technique combined with genetically
encoded voltage and calcium indicators would enable an all-optical system to stimulate
and record the neuronal activity in a contact-free manner with a single-cell resolution
thus overcoming the limitations previously described [3, 107]. In addition to these
advantages, GEVIs and GECls offer the advantage to be stably expressed to study how
neuronal dynamics evolve over time, while allowing selective sampling of neuronal
subsets in heterogeneous populations with the use of genetic labelling of specific
neurons [159, 160]. However, elucidating the inner workings of neuronal circuits at the

single-cell and network level with GEVIs remains challenging. The limitation of the GEVIs
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to report the activity of multiple cells simultaneously stems from their low brightness
and the kinetics of the millisecond scale signal they are monitoring. Indeed, recording of
action potentials requires high frame rate (e.g. 1kHz) resulting in fewer photons
captured per frame which can be compensated by higher illumination intensities.
However, higher illumination intensities can result in photobleaching and phototoxicity
[156]. In addition, the complexity of the imaging setup required to image multiple cells
simultaneously limits the throughput of this technique. In contrast, as previously
mentioned, the neuronal electrical activity is accompanied with a change in the calcium
dynamics. One of the main advantages of calcium imaging stems from the larger
magnitude and slower kinetics of these events compared to action potentials.
Therefore, a possible strategy to increase the throughput consists of imaging the
resulting changes in the intracellular calcium concentration using GECls [176].
Combining light-gated ion channels with GECls would enable the stimulation and
recordings of multiple neurons simultaneously with a single-cell readout with the widely

accessible wide-field at a lower frame rate (e.g. 5-10 Hz) [176].
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3.2 All-optical electrophysiology for single-cell studies

3.2.1 The optogenetic tool Optopatch2

The plasmid FCK-CaMKlla-Optopatch2 (FCK-CaMKlla-QuasAr2-P2A-CheRiff) is an
optogenetics tool developed by the Cohen laboratory at Harvard University [142]. It is
one of the first molecular tools designed as a bicistronic plasmid to achieve all-optical
electrophysiology in mammalian neurons [142]. The main feature of this plasmid
consists in the co-expression of the GEVI QuasAr2 and the blue-light-gate ion channel
CheRiff via the 2A self-cleaving peptide derived from Porcine Teschovirus-1 (P2A) [224].
Another important aspect is the use of the CaMKIl promoter-based lentiviral vector
FCK(1.3) for long-term expression of the Optopatch2 in excitatory neurons [225, 226].
Regarding the excitation and emission spectra, CheRiff is an optogenetic actuator based
on Scherffelia dubia ChR (sdChR) [146] with the mutation E154A as a means to improve
the kinetics and shift the peak of the action spectrum to Amax = 460 nm [142]. In the
original paper, dissociated hippocampal neurons were transfected with the Optopatch2
plasmid via the calcium phosphate transfection method [227]. This transfection is
performed by mixing calcium chloride with recombinant DNA in a phosphate buffer. This
allows the formation of DNA/calcium phosphate precipitates which, when gradually
dropped onto the recipient cells, adhere to the cell surface resulting in an uptake by
endocytosis. This technique exhibits significant drawbacks since the transfection is
transient [228] and the typical transfection efficiencies range between 0.5-30%
depending on the size of the plasmid and the age of the neuronal population [229, 230].

To overcome these limitations, in this project, a lentiviral-based delivery was optimised
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in order to achieve long-term expression of the Optopatch2 with over 95% transduction
efficiency and no toxicity (see section 3.3.2 OptoCaMP and Optopatch2 are successfully
expressed in Rat Cortical Neurons). Importantly, the expression of the Optopatch2 in
primary rat cortical neurons was assessed by fluorescence with CheRiff and QuasAr2
respectively tagged with Enhanced Green Fluorescent Protein (eGFP) and mOrange2
(Figure 3). Following the successful expression of the Optopatch2 in primary rat cortical
neurons in vitro, all-optical electrophysiology experiments were performed 7 days post-

transduction corresponding to 14 days in vitro (DIV).

mOrange2

Figure 3 - Dissociated neuronal culture expressing Optopatch2 - Rat cortical neurons in vitro at
14 DIV expressing Optopatch2, seven days post lentiviral transduction. (A) CheRiff-eGFP
expression in green (eGFP); (B) GEVI QuasAr2-mOrange2 in red and (C) Merge image of (A) and
(B). Scale bar 50 um.

3.2.2 Optopatch: Imaging system to achieve all-optical electrophysiology

3.2.2.1 Imaging system

To achieve all-optical stimulation and readout using the Optopatch2, the imaging setup
was designed with two illumination sources (Figure 4). The blue illumination was
provided at 470 nm by a mounted LED from Thorlabs (M470L3) and the red illumination
was provided at 637 nm by a stabilized laser (140 mW, Vortran Laser Technology, Inc.

VL12148U03) in accordance with the respective excitation wavelengths for CheRiff and
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QuasAr2. Both illuminations were aligned to coincide into the back epi-fluorescence port
of the inverted microscope (Nikon Eclipse Ti). This configuration allows the blue and red
light to reach the sample after passing jointly through a Cy5 HQ dichroic mirror and
barrier filter 700/75 nm (Nikon). The modulation of the blue light intensity was
controlled using a T-cube LED driver (Thorlabs) modulated via a National Instruments
LabVIEW 14.0 program designed in our laboratory (see section 3.2.2.2 CheRiff activation)
[231]. The laser power was controlled with the provided User Interface Software
(Vortran Laser Technology, Inc.) and the ensuing beam was passed through an excitation
filter (HQ620/60x, Chroma Technology Corp.) before reaching the epifluorescence port.
The imaging was performed through a Nikon 20X NA 0.75 air objective and the change
of QuasAr2 fluorescence was recorded at 21 kHz framerate to capture AP dynamics at
the millisecond time scale using an EMCCD camera (iXon Ultra 897, Andor) [142]. The
field of view recorded was 96x96 pixels with 4x4 pixels binning (32um x 32um) and the
“Optically Centred Crop Mode” was enabled using Andor’s Optomask in order to

increase acquisition speed.

Figure 4 - Optical Setup for
Optopatch2 experiment -

@ ‘E‘ Nikon Schematic drawing of the
g o Eclipse Ti imaging setup for all-
o3 Nz'gc;n optical stimulus and

0.75 NA readout using the
Optopatch2. The setup is
based on a Nikon Eclipse Ti
epifluorescence, the blue

Red Laser I Dichroic Mirror and red illuminations reach
I the sample after passing

jointly through a Cy5 HQ
dichroic mirror and barrier
filter 700/75 nm and the
change of fluorescence of
QuasAr2 is recorded at =1
kHz framerate with an
EMCCD camera.

Dichroic Mirror

Andor
iXon Ultra
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3.2.2.2 CheRiff activation

Precise control of the blue LED is necessary to activate CheRiff and reproduce protocols
used in electrophysiology to assess neuronal activity. To achieve this, a LabVIEW script
was designed in our laboratory by Marjet Dirks to create a voltage output allowing the
change of the blue light pattern of illumination and intensity. This voltage output (0 to
5 V) was first converted by the T-cube LED to a driving current with maximum voltage
corresponding to maximal output current and therefore maximal output light intensity.
The Labview script was designed to output four distinct waveform types: square step
waveforms, sinusoidal waveforms, a single pulse and a single ramp output. Additionally,
a user-friendly interface was created as seen in Figure 5, where the type of waveform
can be selected by clicking on the button “Waveform Selection” thus enabling the
adjustment of relevant parameters for this waveform such as the frequency and
duration in milliseconds (ms) (Figure 5). The frequency is defined by the number of times

on cycle of the waveform is repeated per unit of time:

N~

where f is the frequency in Hertz (Hz), and T represents the period in seconds (s).
Additionally, the adjacent section to Waveform selection, titled “Waveform
Parameters”, allows the user to further determine the number of increments and the
possibility to add a Delta Amplitude to the initial starting amplitude (Figure 5).
Amplitudes are based on percentage of the maximum voltage received by the LED driver.
Additionally, the interval which is the duration between each increment in ms can be

adjusted at will. Finally, an additional option defined by as delay from the start of the
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recording to the start of the waveform can be enabled by clicking on “start delay” and
its duration can be adjusted as a delay length in ms. Once these parameters selected,
the “Waveform output” is displayed as a plot representing the waveform that will be
sent with voltage (V) on the y-axis and the accompanying timestamp on the x-axis
(Figure 5). The choice of the start trigger for the software can be digital or driven by an
external software. These modes can be selected in the tab “Trigger Selection”. The
digital start is defined as a trigger upon registering a rising digital signal edge on the
selected port of the DAQ card, thus enabling synchronization with auxiliary hardware or
software. The software start on the other hand will cause the program to start as soon

as the run button is pressed.

WAVEFORM SELECTION | WAVEFORM PARAMETERS | TRIGGER SELECTION
RAMP J [ step J e J (puLse ] Amplitude (%) Interval (ms) { Digital J e
Width (ms) Pulse _ (=0 : (=1ex0 ]
r:r: 100 | Dflt_a Amplitude () Dlimbar SrEEE Internal start with pregram initialization
= | =0 =10
__ DURATION SETTINGS | _ WAVEFORM OUTPUT
: [ 3 ]r LED veltage input ]
5 L \
Start delay Delay Length (ms)
M EEm .
Disable multiple cycles 4 3
— 2
® 32
‘Waveform Duration (s) < 1
0.10 [ i I
I 0
I Uﬂ:ﬂﬂ:[‘]ﬂ‘ﬂﬂﬂ 02:00:00.000 04:00:00.000 06:00:00.000 08:00:00000 10:00:00.000 12:00:00.000 14:00:00.000 lﬁzﬂﬂlﬁﬂ.ﬂﬂ.
I Time (HH:MM:55.000)

Figure 5 - Labview Interface. The type of waveform can be selected by clicking on the button
“Waveform Selection”. “Waveform Parameters”, allows the user to further determine the
number of increments and the possibility to add a A Amplitude to the initial starting amplitude.
Additionally, the interval defined as the duration between each increment can be adjusted at
will. An additional option defined by as delay from the start of the recording to the start of the
waveform can be enabled by clicking on “start delay” and its duration can be adjusted as a delay
length in ms. Once these parameters selected, the “Waveform output” is displayed as a plot
according to the waveform that will be sent with voltage (V) on the y-axis and the accompanying
timestamp on the x-axis.
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Importantly, to characterise the evoked activity resulting from the activation of CheRiff,
one must know the intensity of the blue illumination at the sample. Firstly, the
relationship between the voltage output defined as a percentage of the maximum
voltage output and the blue illumination was determined by measuring the light power
using a power meter with Photodiode Sensor (Thorlabs) (Figure 6). The intensity at the
sample was then calculated according to the surface illuminated and the magnification

of the objective used for the imaging (Nikon 20X NA 0.75 air objective) using the formula:

P

1 = —
sample —)

where Isgmpie represents the light intensity at the sample in mW/cm?, P is the light
power in mW and r the radius of the illuminated area in cm?. This calculation was

applied to the watt capacity of the blue LED (Table 3).

Relationship between voltage output
and blue light power Figure 6 - Relationship between voltage
3.0x 10 output and blue light intensity. Blue
light power (in W) as a function of the

§“ 50104 Blue LED voltage output (percentage of
= the  maximum  voltage  output)
g determined by measuring the light
S 1Loxi0Y power using a power meter with

Photodiode Sensor.

0 20 40 60 80 100
Blue LED (% max voltage)

% Blue LED 5 10 (20 |30 (40 |50 (60 |70 |80 |90 |100

Lsampie (mW/cm?) | 4 8 17 |24 |31 |37 |44 |49 |55 |61 |67

Table 3 - Table recapitulative of the intensity of the blue illumination at the sample.
Relationship between the % of the maximum voltage output of the Blue LED and the resulting
light intensity at the sample (Isgmpie)-
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3.2.2.3 All-optical electrophysiology

The blue-light stimuli protocols were inspired from the current injection protocols
employed by the Allen Institute to assess neuronal activity [104]. These protocols
include the ramp protocol which consists of a continuous increased current until the
rheobase is found and the short square or long square steps, which elicit single or
multiple action potentials respectively [104]. The ramp protocol translated to blue-light
stimuli consists of a continuous photostimulation of 10 seconds duration with increasing
intensities until reaching 35mW/cm? (delta amplitude = 5 mW/cm?+ 1 mW/cm?) (Figure
7). The short square protocol consists in a photostimulation at increasing intensities for
3 ms each sweep with 5 seconds intervals (Figure 7B). Finally, the long square steps
protocol consists of a photostimulation at increasing intensities for 500 ms each sweep
with 5 seconds intervals (Figure 7C). For the short and long steps protocol, the blue light
intensity is increased of delta amplitude = 5 mW/cm? + 1 mW/cm?. In a typical
experimental procedure, the field of view was chosen using a Nikon 20X NA 0.75 air
objective by looking at the fluorescence of mOrange2 from QuasAr2 using a green
illumination at 560nm to prevent CheRiff excitation before the experiment. The blue-
light stimuli protocols were then applied to a field of view containing a single neuron
while the change of the GEVI QuasAr2 fluorescence was recorded at 1 kHz framerate to
capture AP dynamics at the millisecond time scale. The size of the field of view optically
stimulated and recorded was 96 x 96 pixels with 4 x 4 pixels binning (32um x 32um) as
a means to increase the number of photon collected. The blue-light stimuli protocols
activated CheRiff and consequently changed its conformation inducing a depolarization

and the influx of ions. This resulted in an increase in the fluorescence intensity of
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QuasAr2 in response to depolarizing currents recorded under red light as previously
described (see section 3.2.2.1 Imaging system). The fluorescence dynamics were further
analysed by selecting a region of interest (ROI) out of the field of view containing the
stimulated cell and calculating the average intensity as it changes over time. In order to
correct for photobleaching, the image intensity was fitted with a mono-exponential

decay as follow:

Iy

Ieorrectea = okt

where I o rectea FePresents the corrected intensity, I; the signal intensity and k the
decay constant. The traces show raw average intensity changing over time, with the
action potentials increasing in appearance in this case as the intensity of administered
blue light is increased (Figure 7). These results demonstrate the feasibility of optically
stimulated and recording the activity of a single-cell [142] (Figure 7). Further trials to
record the activity in a larger field of view (> 96x96 pixels binning 4x4 pixels, 32umx32um)
was unsuccessful due to the impossibility to record the low-brightness signal from
QuasAr2 from multiple cells simultaneously. Despite introducing a lentiviral-based
approach as a means to improve the number of cells expressing Optopatch2 within the
same field, this unsuccessful experiment confirmed the limitation of this imaging setup
for low-magnification wide-field imaging. In fact, in the original paper, the illumination
to achieve low magnification wide-field epifluorescence imaging was provided by six
lasers 640 nm, 500 mW (Dragon Lasers 635M500) [142]. The need for a complex and
costly imaging setup represents a significant drawback for the implementation of this

novel technology in a non-specialized laboratory and high-throughput screening
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platforms. Therefore, these observations emphasise the need of a novel approach and
the development of new molecular tools and imaging systems to enable the stimulation

and recording of neuronal activity in multiple neurons with a single-cell readout.
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Figure 7 - All-optical electrophysiology. (A) Single channels and merged fluorescence images of
a rat cortical neuron expressing Optopatch2 at 14 days in vitro: CheRiff-eGFP is displayed in
green and the GEVI QuasAr2 in red. Scale bar 30 um. (B) In a typical experimental procedure,
the region of interest was chosen using a 20X by looking at the fluorescence of mOrange2 from
QuasAr2 using a green illumination at 560nm to prevent CheRiff excitation before the
experiment. Single-trial optical recordings of action potentials initiated by pulses of blue
illumination (10 ms, 5 mW/cm?). The red traces represent the signal from the whole-soma
fluorescence of a single neuron without photobleaching correction or background subtraction.
(C) Long pulse protocol with increased blue-light intensities. The red trace represents the signal
from the whole-soma fluorescence without photobleaching correction or background
subtraction.
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3.3 All-optical stimulation and recording from multiple cells

3.3.1 Design of a novel optogenetic tool: OptoCaMP

3.3.2.1 Choice of opsins

A major limitation of all-optical systems is the optical cross-talk between the light-gated
ion channel and the excitation/emission wavelength of the readout. The choice of the
opsins regarding this matter is crucial to distinguish stimulation and readout.
Additionally, another important aspect is the performance of each opsin. Ideally the
most performing opsins would be chosen to be combined in order to achieve the
greatest all-optical system. Regarding the light-gated ion channel, consistent response
to repetitive light stimulation is necessary to enable multiple activations [137, 142, 146].
Regarding the readout, the signal-to-noise ratio is an important parameter to achieve
imaging with low light intensity thus limiting photobleaching. Additionally, an important
aspect to consider regarding the choice of the readout is how faithfully it reports
neuronal activity. OptoCaMP was designed in our laboratory by combining the blue
light-gated ion channel CheRiff [142] and the Genetically Encoded Calcium Indicator
(GECI) jRCaMP1b [217]. CheRiff is an optogenetic actuator based on Scherffelia
dubia ChR (sdChR) [146] with the mutation E154A as a means to improve the kinetics
and shift the peak of the action spectrum to Amax = 460 nm [142] (Figure 8). jRCaMP1b is
an mRuby-based GECI which has a larger dynamic range compared to other red-GECls
and does not show saturation in the range of 1-160 action potentials [217]. The mRuby
based GECI jRCamplb excitation and emission spectra do not overlap with the peak
excitation of CheRiff (Amax =460 nm). Previously developed calcium indicators have

shown a transient increase of red fluorescence after illumination with blue light, which
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was not observed for jRCaMP1b making it an ideal candidate for the OptoCaMP.
Additionally, in the original research paper, photo-switching was tested with a blue
illumination at 470 nm and 3200mW/cm? confirming that the blue illumination does not
elicit a transient increase of the red fluorescence [217]. Finally, the green illumination
used to image the latter does not overlap with the action spectrum of CheRiff thus

theoretically avoiding optical cross-talk (Figure 8).

Optical cross-talk excitation spectra
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Figure 8 - Excitation and emission spectra of OptoCaMP. Activation spectrum of CheRiff (blue)
and excitation/emission spectra of jRCaMP1b (red). The green and blue arrows, respectively,
indicate the continuous green illumination at 550 nm and the blue pulses at 470 nm.

3.3.2.1 Construction of the plasmid

The plasmid FCK-CaMKlla-OptoCaMP (FCK-CaMKIlla-jRCaMP1b-P2A-CheRiff) was
designed in our laboratory. The main feature of this plasmid consisted of the co-
expression of the GECI jRCaMP1b and CheRiff via the 2A self-cleaving peptide derived
from Porcine Teschovirus-1 (P2A) [224]. The P2A sequence has previously been
demonstrated to enable a higher cleavage efficiency than the Thosea asigna virus (T2A)
[142] making it an ideal candidate for the design of the bicistronic plasmid OptoCaMP.
Another important aspect of the cloning strategy was the choice of the vector. Indeed,

the ability to infect non-dividing cells, and the ability to deliver complex genetic
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elements such as polycistronic sequences and the efficiency of the plasmid expression
were crucial especially since the purpose of this study was to investigate connectivity in
biological neural networks [232]. To achieve this goal, the CaMKlla promoter-based
lentiviral vector FCK(1.3) developed by the Olsten laboratory was chosen to achieve high
transduction efficiency [233]. This vector has previously been demonstrated to drive the
strongest expression in pyramidal neurons correlating with the idea to express
OptoCaMP in excitatory neurons [225, 226] and has been used for the design of the FCK-
CaMKIlla-Optopatch2 [142]. The steps for the construction of the FCK-OptoCaMP are
detailed in the Methods (see section 2.3.8 Construction of the plasmid FCK-CamKlla-
OptoCaMP) (Figure 9). FCK-CaMKlla-OptoCaMP DNA was submitted for sequencing to
the DNA Sequencing and Services at the University of Dundee (Appendix A - Sequencing

and Plasmids).
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3.3.2 OptoCaMP and Optopatch2 are successfully expressed in Rat Cortical Neurons

3.3.2.1 Lentiviral delivery

Lentiviral vectors derived from the human immunodeficiency virus (HIV-1) have become
major tools for gene delivery in neuroscience [234]. The advantageous feature of
lentivirus vectors stems from their ability to mediate potent transduction and stable
expression in non-diving cells such as neurons [234]. The lentiviral production and
transduction were experimentally carried out using the procedures previously described
(see sections 2.2.1 Lentivirus production and 2.2.2 Lentiviral transduction of Primary Rat
Cortical Neurons). High-titer lentivirus was produced using a second-generation
lentiviral system, by co-transfection of HEK293T/17 cells with the Vesicular Stomatitis
Virus glycoprotein (VSV-G) pseudotyped lentivirus envelope vector and the packaging
plasmid psPAX2 in addition to the viral plasmid FCK-CaMKlla-Optopatch and FCK-
CaMKlla-OptoCaMP (Figure 10). In more details, the pseudotyped plasmid pVSV-G
encodes the G protein of the VSV-G envelope gene, the packaging plasmid psPAX2
encodes the pol, gag, rev and tat viral genes and contains the rev-response element (RRE)
and finally the plasmids FCK-CaMKlla-Optopatch and FCK-CaMKIlla-OptoCaMP contain
the psi (Y) packaging sequence and the transgene gene inserted between the lentiviral
LTRs. After transfection of HEK 293T/17 cells, the cell supernatant contains recombinant
lentiviral vectors which can be used to transduce the rat cortical neurons. Once in the

rat cortical neurons (RCN), the viral RNA is reverse-transcribed, imported into the
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nucleus and stably integrated into the host genome. One or two days after the

integration of the viral RNA, the expression of the recombinant protein can be detected.

Z’—’é? Target cell
P
v Oé .L . o'rZ';' v geno;n{n
®./

Recombinant protein

VSV-G envelope protein

pol reverse transcriptase/integrase
gag capsid protein

v psi packaging sequence

Figure 10 - Lentiviral system. The pseudotyped plasmid pVSV-G encodes the G protein of the
Vesicular Stomatitis Virus envelope gene, the packaging plasmid psPAX2 encodes the pol, gag,
rev and tat viral genes and contains the rev-response element (RRE) and finally the plasmids
FCK-CaMKlla-Optopatch and FCK-CaMKlla-OptoCaMP contain the psi (Y) packaging sequence
and the transgene gene inserted between the lentiviral LTRs (see plasmids map). After co-
transfection of HEK 293T/17 cells, the supernatant contains recombinant lentiviral vectors which
can be used to transduce the target cells. Source: Image Adapted from Invivogen.

The lentivirus was freshly produced for each transduction using HEK293/T17 at the same
passage throughout this thesis to ensure reproducibility in the titration. Various
conditions were tested to optimise the protocol and to find the best candidate to
achieve high transfection efficiency and cell viability. These conditions varied by the
media used to produce the virus, the use or not of hexadimethrine bromide (polybrene)
to increase the transduction efficiency [235] and finally the final concentration of virus
as recapitulated in Table 3. For all the conditions, the rat cortical neurons which are the
recipient cells were incubated with the diluted virus for 4 hours. The health of the

neurons was qualitatively assessed by phase contrast imaging 24 hours post-
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transduction focusing on the appearance of beaded structures on the neurites as an
indicator of poor health [236]. This qualitative analysis shown unhealthy neurons in the
conditions where the virus was produced in DMEM GlutaMAX™-1 10% FBS 10,000 U/mL
penicillin at dilutions of up to 1:120 with the total disintegration of the neurites or the
apparition of beaded structures on the neurites (Table 4). A similar effect was observed
for the neurons transduced with diluted virus produced in Neurobasal®, GlutaMAX™-|
and B-27° at dilutions up to 1:30. However, an amelioration in the neuronal health was
noticed for more diluted virus produced in Neurobasal®, GlutaMAX"-l and B-27° for
dilutions from 1:60 to 1:120 (Table 4). These results emphasise the benefits of the use
of diluted virus produced in Neurobasal®, GlutaMAX™-I and B-27° compared to DMEM
GlutaMAX™-1 10% FBS 10,000 U/mL penicillin at similar concentrations (Table 4).
Regarding the use of polybrene, the culture exhibited very poor health with the
disintegration of neurons and neurites independently of the media used to produce the
virus (Table 4). Another important parameter to take into consideration is the
transduction efficiency which was assessed seven days post-transduction by overlapping
fluorescent and phase contrast images. The transduction efficiency is defined by the

following formula:

Number of cells transduced

Transduction ef ficiency (%) = Number total of cells %X 100

This approach was possible since CheRiff and jRCaMP1b are respectively tagged with
eGFP and mRuby (Figure 11). In addition to the assessment of the transduction efficiency,
fluorescence imaging was used to confirm the successful co-expression of NES-

jRCaMP1b and CheRiff via the use of the P2A linker (Figure 11). The results have shown
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that the diluted virus (1:60) produced in Neurobasal®, GlutaMAX"-I and B-27° exhibited
the higher transduction efficiency (>95%) among the concentrations tested, and
therefore, this was the condition used throughout this thesis. Finally, this analysis

confirmed the successful design of the OptoCaMP as a bicistronic plasmid (Figure 11).

Qualitative Transduction
Construct Medium Dilution Polybrene evaluation of cell ..
efficiency
health
8ug/ml
1:2
Not used
8ug/ml
DMEM 1:30
GlutaMAX"-| Not used
10% FBS 19,990 Sug/ml
U/mL penicillin 1:60
Not used - few neurons in
8ug/ml the dish
1:120
FCK-CaMKila- Not used i apparent >95%
Optopatch2 |scont|~nuous
8pg/ml neurites
and .
1:4 Tug/ml - beaded neurites
FCK-CaMKlla-
OptoCaMP Not used
8ug/ml
Neurobasal’
™ 1: 1 |
GlutaMAX"-| 6 ug/m
B-27° Not used
1:30 Not used
1:60 Not used >95%
apparent
1:120 Not used continuous 50%
neurites
1:300 Not used 0%

Table 4 - Lentiviral production and delivery optimisation. For all the conditions, neurons were
incubated with the diluted virus for 4 hours. The health of the neurons was qualitatively assessed
by phase contrast imaging 24 hours post-transduction focusing on the appearance of beaded
structures on the neurites and discontinuous neurites as an indicator of poor health. The
transduction efficiency was assessed seven days post-transduction by overlapping fluorescent
and phase contrast images.
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Figure 11 - Transduction efficiency. Single channels (mRuby in red, eGFP in green), phase
contrast and merged fluorescence images of RCN expressing OptoCaMP at DIV 14, seven days
post lentiviral transduction. Left panel: scale bar 50 um, right panel: scale bar 30 um.
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3.2.2 OptoCaMP and Optopatch2 are not toxic for Rat Primary Cortical Neurons

A crucial aspect when studying neuronal function is the cell viability. Various approaches
can be used to assess cell viability in neuronal cultures including the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [237], the Alamar
Blue [238], the lactate dehydrogenase (LDH) release assay [239]. The MTT assay
measures the mitochondrial activity of viable cells by quantifying the conversion of the
tetrazolium salt to its formazan product [237]. The Alamar Blue assay has been widely
used as a redox indicator to evaluate metabolic function and cellular health [240]. The
LDH release assay measures the cytoplasmic lactate dehydrogenase released into the
medium as an indicator of cell membrane integrity [239]. The cell membrane integrity
being an important parameter for neuronal activity and membrane depolarization, the
LDH assay was best-suited to investigate the toxicity of OptoCaMP and Optopatch2. The
latter was performed at the time point of the functional imaging (7 days post-lentiviral
transduction corresponding to 14 days in vitro). The results showed no significant
different between the LDH release of the neurons expressing OptoCaMP or Optopatch2
via lentiviral transduction and the non-transduced neurons (a spontaneous LDH release
control) (Figure 12). This assay demonstrated that the expression of OptoCaMP and
Optopatch2 nor the lentiviral transduction were toxic to rat primary cortical neurons at

the optimized concentration (1:60).
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Figure 12 - Quantification of lactate dehydrogenase levels (LDH) in primary cortical neurons
seven days after transduction with the OptoCaMP or Optopatch2 - The lentivirus delivery did
not show any significant difference between the live rat cortical neurons non-transduced (cell
spontaneous LDH release control) and the live rat cortical neurons transduced with OptoCaMP
or Optopatch2. (n = 3 independent cell culture experiments, one-way ANOVA, F (3,8) = 69.26, P
< 0.0001; followed by Tukey’s multiple comparisons test: OptoCaMP transduction versus Cell
spontaneous LDH release control, P > 0.999; Optopatch2 transduction versus Cell spontaneous
LDH release control, OptoCaMP transduction versus Optopatch2 transduction were not
significant different; Cell maximum LDH release control versus Cell spontaneous LDH release
control, ****p < 0.0001; Cell maximum LDH release control versus OptoCaMP transduced,
**%*p < 0.0001; Cell maximum LDH release control versus Optopatch transduction, ****p <
0.0001).

3.3.3 OptoCaMP: Imaging System to achieve dual-excitation

To achieve all-optical stimulation and recording of multiple cells simultaneously, a dual-
excitation system was required. The imaging system was designed accordingly with the
use of two light-sources. This system was mounted on a Nikon Ti inverted microscope
(Figure 13). The first illumination consisted of a blue light at 470 nm generated by a
mounted LED from Thorlabs (M470L3). This illumination was used for the activation of
CheRiff through a B2A filter set (no emission filter, excitation filter 450 — 490 nm) (Figure

13). Precise control of the blue LED is necessary to reproduce protocols used in
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electrophysiology to assess neuronal activity. To achieve this, a National Instruments
LabVIEW 14.0 program was designed in our laboratory to create a voltage output
allowing the change of the blue light pattern of illumination and intensity (see section

3.2.2.2 CheRiff activation) (Figure 5) [231].

Sample Plane

Nik
zloT Figure 13 - Optical Setup. Schematic
0.75 NA drawing of the imaging setup for all-

optical stimulus and readout. The setup is

B A Filter cak based on a Nikon Eclipse Ti epi-

(no emission fluorescence microscope mounting a B2A
filter)

filter set (without the emission filter) for
the blue LED illumination (470 nm) and a

/I Ex 565/24 nm modified Cy3/TRITC longpass filter set

Source / DM 562.nm (excitation filter 565/24 nm, dichroic

Em >570 nm

mirror 562 nm, longpass emission

filter >570 nm) for the green light source.
Recordings are performed at 10 Hz using

\ . an Andor Zyla 5.5 sCMOS Camera.
ndor
Zyla 5.5

Nikon Eclipse Ti

Along with the characterisation of the blue illumination intensities (see section 3.2.2.2
CheRiff activation), the intensity of the green illumination at the sample was calculated.
Firstly, the relationship between the voltage output defined as a percentage of the
maximum voltage output and the green illuminations was determined by measuring the

light power using a power meter with Photodiode Sensor (Thorlabs) (Figure 14). The

79



Chapter 3 - Results - All-optical neuronal activity studies

intensity at the sample was then calculated according to the surface illuminated and the
magnification of the objective used for the imaging (Nikon 20X NA 0.75 air objective)

using the formula:

where Isgmpe represents the light intensity at the sample in mW/cm?, P is the light
power in mW and r the radius of the illuminated area in cm?. This calculation was
applied to characterise the continuous green illumination used for imaging throughout

this thesis as Isgmpie = 15mW/cm? corresponding to 7% of the maximum power of the

green LED.
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and green light power

2.0x103
1.5x103

1.0x103

Power (W)

5.0x10"Y

0 T T T T 1
0 20 40 60 80 100

Green LED (% max voltage)

Figure 14 - Relationship between voltage output and green light intensity. Green light power
(in W) as a function of the Green LED voltage output (percentage of the maximum voltage output)
determined by measuring the light power using a power meter with Photodiode Sensor.
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3.3.4 OptoCaMP, an optical crosstalk-free combination

As previously described, there was no optical crosstalk between excitation and emission
spectra of the mRuby based GECI jRCampl1b and the spectral peak of CheRiff (Amax=460
nm) (see Figure 8 in section 3.3.2.1 Choice of opsins). Additionally, it has been
demonstrated that jRCaMP1b did not show photo-switching after illumination with blue
light (470 nm, 3200mW/cm?) [217]. However, it was essential to experimentally
demonstrate that the continuous green illumination did not excite the light-gated ion
channel CheRiff thus affect the resting membrane potential of the neurons expressing
OptoCaMP. To do so, the change of fluorescence of jRCaMP1b of the neurons included
in the field of view was recorded under continuous green whole field illumination at
15mW/cm?, 550 nm (Figure 15A). Following the recordings, traces of the change of
fluorescence of jRCaMPlb were extracted and did not show any change under
continuous green illumination (Figure 15A). Additionally, the neurons were exposed to
steps of continuous green illumination (550 nm) with light intensities below (at 3% and
5%) and above (at 10% and 12%) the power used in the all-optical assays (7%,
15mW/cm?). The average intensities of the whole field of view (Figure 15B) and
individual traces (Figure 15C) of the neurons highlighted (Figure 15A) did not show any
change under continuous green illumination. This experiment demonstrated that the
green illumination at this intensity did not affect the membrane potential of the neurons
expressing OptoCaMP thus confirming that it enables all-optical stimulation and

recording of neuronal activity.
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Figure 15 - CheRiff sensitivity under continuous green illumination at 550 nm. (A) Fluorescence
image of the microscope field of view (Nikon 20x 0.75 NA air objective) showing a rat cortical
neurons culture expressing OptoCaMP (only the mRuby-jRcaMP1b channel is shown) and traces
of the change of the GECI jRCaMP1b (red) of individual neurons under continuous green
illumination. These traces are representatives of the individual neurons in the whole field of
view (B) Averaged fluorescence signal from the whole field of view and (C) raw data from the

single cells highlighted in (A).
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3.3.5 All-optical stimulation and recording from multiple neurons

In electrophysiology, protocols consisting of steps of current are injected to determine
the AP firing pattern at different current levels [103]. Additionally, as previously
described, the Channelrhodopsin variant CheRiff and the Genetically Encoded Calcium
Indicator jRCaMP1b have been reported to reliably evoke single action potentials
following optical stimulation with blue light (470 nm, 10 ms, 8mW/cm?) [107] and to
report a single action potential up to 160 times without saturation for the GECI [217,
241]. We initially wanted to test whether OptoCaMP would maintain these abilities.
Based on this approach, the blue-light stimuli protocols were designed in our laboratory
to validate the sensitivity of OptoCaMP and find the optimum illumination conditions.
The protocols consisted of ten steps of increasing light intensity of 7mW/cm? (+1mW/
cm?) from 0 to 67 mW/cm?. The pulse duration varied between 10, 100, 250 to 500 ms.
Each pulse was separated by a 5.5 second-interval (Figure 16B). The field of view studied
typically contained approximately 60 neurons expressing OptoCaMP as a result of the
high efficiency transduction with the lentiviral transduction (see section 3.3.2.1
Lentiviral delivery) (Figure 16B). The blue illumination was applied to the whole field of
view to stimulate CheRiff in all the neurons expressing OptoCaMP. This stimulation
elicited membrane depolarization resulting in a change of the fluorescence of the GECI
jRCaMP1b. The change in fluorescence of each single neuron expressing OptoCaMP in
the field of view was simultaneously recorded thus enabling the stimulation and

recording of multiple neurons with a single-cell readout.
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Figure 16 - Blue pulses stimuli
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Following the acquisition, the kinetic series were exported from the Andor Solis software.
These recordings were processed using a Matlab® script designed in our laboratory and
a Matlab® toolbox called NeuroCa [221]. This process consists in several steps. Firstly, a
segmentation is necessary in order to extract the change of fluorescence of single
neuron in the field of view containing multiple cells (Figure 17A and B). The cell body
detection can be achieved using Circular Hough Transform and the Matlab® function
imfindcircles. Following this segmentation step, each soma is then considered as a ROI
resulting in the production of traces indicating the change of fluorescence of each single
neuron (Figure 17B). These signals were corrected for photobleaching using a bi-
exponential curve:

I(t) = Be™Pt + Ce~¢t

where I(t) is intensity as a function of time t, which is directly proportional to the
fluorescence level, B and C representing the initial fluorescence and b and c their
respective rates. To further reconstruct the calcium dynamics of each neuron, the raw
signal was converted into the relative value of the baseline AF/F. We used NeuroCa [221]
to estimate the baseline Fp for each calcium signal. After fitting an exponential decay
function to the original fluorescence signal, the histogram of the errors between the
original and fitted values was then fit to Gaussian distribution to determine the noise
level of the signal. By only using the noise values for the second fitting of a new
exponential decay function using NeuroCa [221], the background trend (F) for each ROI

could be estimated. The change of fluorescence was then calculated as:
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where AF/F represents the change of fluorescence, Fi represents the mean fluorescence

value of all pixels for each ROI at the i*" frame (Figure 17C).

B ¢ |
-
L] p s -
b ‘
’
>y "
B e
-
i1 re
@ +  BypE &
v &, . >
ﬂ,
Field of view Region of interest (ROI)

1l

T
111

NI

NI

we
T
11l

T
|

7 EORRPR, o 1

SEPORIIPIRO WSSV SN | STESE SRS DSV |

0 50

slL

Time (s)
Calcium traces

Figure 17 - Analysis Workflow. (A) Fluorescence image (mRuby channel - jRCaMP1b) of the field
of view analysed. Scale bar 100 um. The blue pulses were applied on the whole field of view as
described in Section (3.3.5 All-optical stimulation and recording from multiple neurons) while
recording the change of fluorescence of jRCaMP1b in the whole field of view (B) The cell body
detection was achieved via Segmentation in order to extract the change of fluorescence of single
neuron. (C) Following the segmentation step, the calcium trace from individual neurons (region
of interest) is extracted. Colour code used for only clarification.
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The single-neuron traces enabled the comparison of the evoked calcium activity during
each blue pulses protocol (Figure 18). Briefly, the protocols applied consisted of ten
steps of increasing light intensity of 7mW/cm? (1mW/ cm?) from 0 to 67 mW/cm?. The
pulse duration varied between 10, 100, 250 to 500 ms. Each pulse evoked a calcium
activity which resulted in a change of fluorescence and consequently a peak
fluorescence as shown in Figure 18B. The peak fluorescence of each neuron was
extracted and used to calculate the mean + s.e.m. of all the neurons in the field of view.
This analysis resulted in a graph demonstrating the relationship between the pulse
duration (10, 100, 250 or 500ms), the intensity of blue light at the sample (in mW/cm?)
and the peak of change of fluorescence AF/F and therefore the calcium activity resulting
from the blue pulses stimulation. The lowest calcium influx was observed for the 10ms
pulses stimulation while the highest calcium influx was evoked in the 500 ms pulses
protocol (p<0.0001) (Figure 18C). This analysis showed that the peak fluorescence
intensities significantly increased with the pulse duration. Interestingly, there was a
plateau for the 500 ms pulses protocol by fitting a sigmoidal function to the data points
suggesting that the maximum amplitude of calcium is reached for stimuli intensities
above 25 mW/cm? (Figure 18C). Additionally, the two-way ANOVA test followed by
Tukey’s multiple comparisons test revealed that the peak fluorescence intensities
recorded during stimuli intensities above 25mW/cm? were not significantly different
from each other confirming the reach of a plateau. Synaptic blockers were not added to
these recordings and the rat cortical neurons did not exhibit any bursts (Figure 18B).
However, for further experiment, the addition of synaptic blockers may be required to

characterise the culture in vitro while avoiding bursts or for some applications (see
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section Chapter 4 - Results - OptoCaMP enables the study of neuronal network
connectivity.) Our results confirmed that OptoCaMP enables simultaneous optical

stimulation and monitoring of neuronal activity.
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Figure 18 - Characterisation of OptoCaMP to various stimuli protocols. (A) Single channels and
merged fluorescence images of rat cortical neurons expressing OptoCaMP at 14 days in vitro:
CheRiff-eGFP is displayed in green and mRuby based GECI jRCaMP1b in red. Scale bar 25 um. (B)
Typical trace of the fluorescence change of the GECI jRCaMP1b (red trace) of a single-neuron
during the 500 ms pulses protocol of increasing blue stimulation intensities (0 to 67mW/cm?).
From this trace we can then extract the peak fluorescence AF/F (black arrow) for each stimulus
intensity for individual neurons of the field of view simultaneously. (C) Amplitude of the calcium
events in response to increasing stimuli intensities and pulse duration of 10, 100, 250, and 500
ms. The peak fluorescence from individual neuron of the whole field of view stimulated and
recorded (n = 60 neurons) was averaged to obtain mean * s.e.m. values for each stimuli intensity
and each protocol (n = 3, two-way ANOVA, effect of the stimulus intensity F(9,560) = 41.80, P <
0.0001, effect of the stimulation duration F(3,560) = 4470, P < 0.0001 followed by Tukey’s
multiple comparisons test showing a plateau (red dashed line) for 500 ms pulses protocol,
stimulus above 25 mW/cm?).
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3.4 Discussion

The development of novel molecular tools for optogenetics is revolutionising the field
of neuroscience. Notably the development of various ChR and GEVIs such as CheRiff and
QuasAr2 represent a significant contribution to the optogenetics toolbox. CheRiff
exhibits an important advantage with its improved kinetics and shifted peak of the
action spectrum to Amax = 460 nm thus opening new avenues for potential combination
with other optogenetics indicators. Additionally, the improvement of the GEVIs has been
focusing on the kinetics and brightness with the design of QuasAr2. QuasAr2 offers the
ability to report action potentials with high temporal fidelity while displaying a larger
fluorescent amplitude in response to voltage changes demonstrating an increased
brightness compared to other red-shifted GEVIs. These advantages led to the
combination of CheRiff and QuasAr2 in one optogenetics tool called Optopatch2
designed to overcome the limitations of the traditional electrophysiology. As previously
described, the traditional electrophysiology is invasive, labour intensive and exhibits
limitations when one wishes to characterise a highly heterogeneous neuronal
population [101] whereas the Optopatch2 enables all-optical electrophysiology in a
contact-free manner but also to target specific cell types via transfection and the use of

specific promoters.

In this chapter, the delivery of Optopatch2 to dissociated neuronal cultures was based
on a lentiviral transduction approach which resulted in its successful expression with
high efficiency as shown in section 3.3.2.1 Lentiviral delivery. This optimisation
represented a significant improvement compared to the calcium phosphate technique

used in the original paper with low to medium efficiency. Indeed, the efficiency is an
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important parameter to consider in order to take full advantage of the dissociated
culture system, especially in conditions where the starting biological material would not
be available in abundance. Additionally, in this chapter optical electrophysiology
experiments were presented where various blue-light pulses protocols such as ramp,
and long or short pulses successfully depolarized the membrane of single-neurons
expressing Optopatch2 resulting in a change of the fluorescence of QuasAr2 as shown
in section 3.2.2.3 All-optical electrophysiology. The neuronal activity of a single-neuron
at a time was successfully optically recorded opening new avenues to optical
electrophysiology for disease modelling and drug screening as it does not require
mechanical access. Additionally, Optopatch2 is not lethal for mammalian neurons since
it preserves the integrity of the cell membrane as demonstrated in section 3.2.2
OptoCaMP and Optopatch2 are not toxic for Rat Primary Cortical Neurons, and thus is
compatible with studies of long-term responses to chronic pharmacological
perturbations. However, to fully unlock the potential of this approach for drug screening,
it is crucial to enable recordings from multiple neurons simultaneously to increase the
throughput. Furthermore, as a central goal of neuroscience is to understand how the
nervous system encodes and processes information at circuit and cellular levels, it is
important to record the activity of multiple neurons simultaneously to capture neural
networks dynamics [167]. Therefore, further attempts to record the activity in a larger
field of view (> 96x96 pixels) in order to attempt to record the activity of multiple
neurons simultaneously were performed. These experiments were unsuccessful thus
confirming the limitation of the imaging setup with the Optopatch2 for low-

magnification wide-field epifluorescence imaging. Indeed, to report changes in voltage,
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QuasAr2 must be expressed in the plasma membrane resulting in less effective imaging
of voltage transients in larger population of cells under low magnification [175].
Additionally, QuasAr2 must produce enough photons to be detected above noise on a
millisecond timescale to report action potentials. Taking into account the kinetics of
QuasAr2 and the millisecond scale action potentials, the imaging has to be performed
at high frame rates (e.g. 1kHz) [161]. Consequently, faster acquisitions result in fewer
photons captured per frame, which can be compensated for by increased indicator
brightness or higher illumination intensity. In fact, the illumination to achieve low
magnification wide-field imaging in the original publication was provided by six lasers
640 nm, 500 mW (Dragon Lasers 635M500). However, higher illumination intensities
can result in photobleaching and phototoxicity [156]. The complexity of the imaging
setup required to image multiple cells simultaneously limits the throughput of this
technique. Additionally, despite enabling an all-optical approach, Optopatch2 is not
suited for voltage clamp experiments [142]. Moreover, absolute voltage with GEVIs are
challenging due to variations in expression level and membrane trafficking [216]. In
conclusion, optical electrophysiology can indeed enable a direct and precise measure of
neuronal activity; however, these experiments are limited to single-cell studies with the
widely available microscopy. Applications to larger circuits will likely benefit from further
improvements of QuasAr2 such as increased brightness. The neuronal electrical activity
is also accompanied by a change in the calcium dynamics. Therefore, a possible strategy
to increase the throughput and thus study the neuronal function at network level,
consists of imaging the resulting changes in the intracellular calcium concentration [176].

Indeed, as the kinetics of the calcium dynamics are slower than action potentials, the

91



Chapter 3 - Results - All-optical neuronal activity studies

subsequent recordings of calcium activity requires a lower frame rate (e.g. 5-10 Hz)
compared to the one necessary to image the voltage-based events (e.g. 1kHz) [176].
Therefore, calcium imaging can be performed with widely accessible wide-field
fluorescence microscopes thus enabling the recording of multiple cells simultaneously
[177]. To answer this need, a novel molecular tool for optogenetics called OptoCaMP
was created for this thesis as detailed step-by-step in section 3.3.2.1 Construction of the

plasmid.

OptoCaMP is the first optogenetics tool combining a light-activated ion channel and a
GECI which represents a valuable addition to the optogenetics toolbox [241]. The design
of OptoCaMP takes advantage of the development of red-shifted GECls to enable all-
optical stimulation and recording of neuronal activity. The lack of spectral overlap
between the optogenetic excitation and jRCaMP1b emission wavelengths enabled
distinct optical stimulation and recording of evoked calcium events in dissociated
neuronal cultures in vitro as presented in section 3.3.4 OptoCaMP, an optical crosstalk-
free combination. Furthermore, to enable the recording of multiple neurons
simultaneously, the delivery of OptoCaMP to dissociated neuronal cultures was based
on a lentiviral transduction approach to achieve high-transduction efficiency as shown
in section 3.3.2.1 Lentiviral delivery. In the same section, the successful design of the
OptoCaMP has been demonstrated with the co-expression of CheRiff and jRCaMP1b
assessed by fluorescence imaging. Moreover, OptoCaMP preserves the membrane
integrity which is a particularly important parameter for neuronal activity and
membrane depolarization as shown in section 3.2.2 OptoCaMP and Optopatch2 are not

toxic for Rat Primary Cortical Neurons. Along with the development of a new
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optogenetic tool, appropriate analysis processes had to be established. The workflow
consisted of several steps starting with the imaging correction such as photobleaching,
segmentation to extract single-cell activity as explained step-by-step in 3.3.5 All-optical
stimulation and recording from multiple neurons. These steps enabled the
characterisation of OptoCaMP at various pulse duration and intensities of blue light
stimuli. To do so, simultaneous stimulation and calcium imaging were applied on the
whole field of view and it was shown that an increase in the pulse duration (from 10 to
500 ms) resulted in a significant increase in the fluorescence peak as shown in section
3.3.5 All-optical stimulation and recording from multiple neurons. Importantly, the
excitation of CheRiff evoked significant higher calcium activity until a plateau was
reached using a 500 ms pulses protocol at high intensity stimulation (>25 mW/cm?2);
therefore suggesting saturation of the calcium for long pulses, high blue light intensities
(Figure 18). The characterisation of OptoCaMP demonstrates the high sensitivity of the
channelrhodopsin variant used in OptoCaMP and emphasize a preferable use of low
range stimuli intensities which comes with the advantage to reduce the risk of
phototoxicity and photobleaching. The capability of OptoCaMP to enable simultaneous
optical stimulation and calcium recording of a neural networkin vitro opens new
avenues for the study of disease models and drug screening as it is a contact-free
technique. Additionally, OptoCaMP measurements preserve the integrity of the cell
membrane and thus is compatible with studies of long-term responses to chronic
pharmacological perturbations. Moreover, the recording of multiple cells
simultaneously is a crucial aspect as it increases the throughput aspect of an all-optical

system. Indeed, this capability represents a considerable advantage compared to the
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Optopatch2 however, to clearly correlate Ca®* activity and action potentials,
electrophysiology measurements would be necessary to fully characterise this system.
Furthermore, in order to confirm that the activity recorded is solely due to the direct
optical activation, synaptic blockers could be added to the recording solution and
therefore exclude the possibility of any indirect effect. This avenue will be further
explored in the next chapter (see section 4.3.2 The all-optical assay based on OptoCaMP

is sensitive to change in connectivity).

In conclusion, the importance of all-optical simultaneous stimulation and recordings of
neuronal activity has been demonstrated with the successful use of the Optopatch2
which is a step towards a better understanding of the challenges and limitations of this
system. OptoCaMP was designed to tackle the limitations of Optopatch2 with another
approach as previously described. However, one of the most fundamental features of a
neural network is its connectivity since the single neuron activity is not due only to its
intrinsic properties but especially to the direct or indirect influence of other neurons
[242]. Therefore, in the next chapter, the development and characterization of an assay
will be presented where a subsection of a neural network is stimulated and the activity
of the neighbouring neurons along with the stimulated neurons is monitored. This assay
allows the investigation of the spread of excitation in a studied network thus allowing

guantification of network connectivity.
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Chapter 4 - Results - OptoCaMP enables the study of neuronal

network connectivity.

This chapter focuses on the use of the OptoCaMP in an all-optical assay where a sub-
section of a neural network is stimulated while the evoked calcium activity is recorded
in both stimulated and non-stimulated neurons. This approach enabled the investigation
of the spread of excitation through an interconnected network of rat cortical neurons
and induced-pluripotent stem cells derived neurons 2D-culture systems. Furthermore,
this assay was applied in a proof-of-concept experiment to demonstrate the sensitivity
of this system to report changes in connectivity. This successful experiment brings the
promise to enable the study of more complex pharmacological conditions and diseased

in vitro models.

4.1 Background

One of the most complex aspect of the human brain resides in the interconnectivity of
neural processing elements. Neural connectivity plays a crucial role in neural function
and can be described at several levels including brain regions, neural networks
connecting neuronal populations and finally individual synaptic connections that link
individual neurons [27]. Moreover, neural connectivity refers to anatomical, functional
or effective connectivity which respectively refer to a pattern of anatomical links,
statistical dependencies or causal interactions between distinct units within a nervous
system [27]. These units can be defined as brain regions, neuronal populations or
individual neurons. Networks formed by physical connections, such as synapses linking

neurons, are characterised by an anatomical connectivity. This connectivity is associated
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with structural biophysical parameters such as synaptic strength or effectiveness which
are relatively stable at minute-timescale and subject to morphological changes over
hours [27]. In contrast, functional connectivity is considered as a statistical concept
focusing on the deviations from statistical independence between spatially distributed
neurons which can be estimated by measuring correlations, spectral coherence or
phase-locking [28]. Moreover, functional connectivity is described as highly time-
dependent with statistical patterns between neurons varying on milliseconds to second-
timescale. However, functional connectivity does not reflect the directional effects of
the correlations between neurons. Therefore, the study of a neural networks and the
effects of one neuron over another would require a combination of structural and
functional connectivity [27]. This connectivity is called effective connectivity where
causal effects can be inferred through systematic perturbations of the system or through
a time series analysis. Therefore, a possible way to extract the effective connectivity
would be to focus on the application of time series causality measures such as Granger
causality or transfer entropy [29]. The investigation of connectivity is crucial to
understand how neurons and neural networks process information and how this is
affected in neurodegenerative diseases such as Alzheimer’s disease. Studies have shown
that the dismantling of synapses and neural networks were associated with the
accumulation of pathogenic AR assemblies in Alzheimer’s disease [30]. Additionally, in
vitro and in vivo studies provide evidence that AP oligomers reduce glutamatergic
synaptic transmission by decreasing the number of surface a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors

[31]. These receptors play a crucial role in excitatory synaptic transmission and have
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been associated with a collapse of glutamatergic dendritic spines in Alzheimer’s disease
[30]. Taking these findings into consideration, studying neural networks in Alzheimer’s
disease may reveal key aspects of these mechanisms at a network level. However, as
previously exposed, it is challenging to predict the activity of neural networks by
analysing individual neurons and synapses. To overcome this limitation, OptoCaMP was
developed to enable studies of multiple cells simultaneously as described in Chapter 3.
Although OptoCaMP enables multiple cells studies, this configuration does not fully
reflect the network connectivity since the activity of individual neurons is not only due
to their intrinsic properties but especially to the direct or indirect influence of other
neurons [242]. Consequently, the “whole-field of view stimulated and recorded”
configuration is not appropriate for neural network studies as it gives insight into
multiple neurons activity but not connectivity. Therefore, this chapter focuses on a
variation of the all-optical assay based on the OptoCaMP which could enable the study
of the network connectivity. The first part of the chapter presents an all-optical assay
where spatially selective optical excitation of a subsection of the network is achieved,
while the activity of the neighbouring neurons along with the stimulated neurons are
monitored (see section 4.2 All-optical assay: Temporal and spatial stimulation). This
experiment demonstrated the successful use of this assay to investigate the spread of
excitation in the studied network. The subsequent connectivity was investigated using
cross-correlation, Granger causality and transfer entropy as means to reveal the
effective connectivity (section 4.3.1 Method to quantify the neural network connectivity).
Furthermore, this analysis was used for the quantification of the mean global

connectivity which could potentially enable studies where the network connectivity is
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disrupted or enhanced. To verify that this assay is sensitive to such changes, a proof-of-
concept experiment was designed to mimic a disrupted and enhanced network
connectivity (section 4.3.2 The all-optical assay based on OptoCaMP is sensitive to
change in connectivity). These encouraging results bring the promise of enabling the
study of more complex pharmacological conditions and how diseased neural networks
communicate and respond to potential therapeutic agent. With this aim in mind, the
last part of this chapter focuses on the translation of this assay to hiPSC-derived neurons
models thus opening new avenues for the study of disease models (section 4.3.3

OptoCaMP in hiPSC-derived neurons and future directions).

100



Chapter 4 - Results - OptoCaMP enables the study of neuronal network connectivity

4.2 All-optical assay: Temporal and spatial stimulation

4.2.1 Temporal and spatial stimulation

The purpose of this study was to compare the evoked activity in the stimulated and non-
stimulated neurons during various blue-light stimuli protocols. This analysis represented
an important step in the characterisation of the OptoCaMP and the all-optical assay to
select a protocol to be used for further assays. The temporal stimulation designed and
tested in a “whole-field of view stimulated and recorded” configuration previously
described (see section 3.3.5 All-optical stimulation and recording from multiple neurons)
was applied to a subsection of the field of view. Similarly to the setup described in
section 3.3.3 OptoCaMP: Imaging System to achieve dual-excitation, the blue
illumination was generated at 470 nm by a mounted LED from Thorlabs (M470L3) and
was used for the activation of CheRiff through a B2A filter set (no emission filter,
excitation filter 450 — 490 nm) (Figure 13). Additionally, a lever-actuated iris diaphragm
(minimum aperture diameter 0.8 mm - maximum aperture diameter 12 mm; Thorlabs
SM1D12) with a XY translating lens mount (Thorlabs LM1XY/M) was installed after the
blue LED to achieve stimulation of a defined subsection of the field of view. This addition
was made in a plane conjugated with the focal plane of the microscope objective to
enable modifications of size and/or positions of the blue illumination in the field of view.
Precise control of the blue LED was achieved using the National Instruments LabVIEW
14.0 program as previously described (see section 3.2.2.2 CheRiff activation). The
intensity at the sample was calibrated as described in Chapter 3 (3.2.2.2 CheRiff
activation) (Table 3). To assess the radius of the zone illuminated, a glass bottom dish

(WPI) was covered with the ink from a marker fluorescent in the GFP channel when
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illuminated with blue light (470 nm) (Figure 19). This measurement revealed an
illuminated zone with a radius of 300 um through the 20X objective. Importantly, to
demonstrate that the blue pulses of light were restricted to the defined subsection of
the field of view, synaptic blockers were added prior to the recording the temporal
stimulation designed and tested in a “whole-field of view stimulated and recorded”
configuration previously described (see section 3.3.5 All-optical stimulation and
recording from multiple neurons) was applied to a subsection of the field of view while
recording the whole field of view with the addition of synaptic blockers. For this
experiment, the synaptic blockers CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione) (2 uM)
and D-APV (D(-)-2-Amino-5-phosphonopentanoic acid) (10 uM), respectively AMPA and
NMDA receptors antagonists were added to the recording solution [243] (Figure 19).
This addition modulates excitatory transmission by blocking the activation of
postsynaptic ionotropic receptors (NMDA and AMPA) thus blocking the excitatory
synaptic activity [243]. As expected, the recording showed activity in the stimulated
neurons (black arrows Figure 19C) but no activity in the non-stimulated neurons
(Figure 19C). Additionally, this experiment supported the potential use of this system in
a configuration where the blue pulses of light are restricted to a subsection of the field

of view to study neural networks.
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Figure 19 - Blue lllumination restricted to a subsection of the field of view. (A) Image of a glass
bottom dish (WPI Fluorodish) covered with the ink from a marker that is fluorescent in the GFP
channel when illuminated with blue light (470 nm), scale bar 50 um. (B) (C) Overlapped image
of Neurons expressing OptoCaMP, fluorescence image of jRCaMP1b (red channel), scale bar 50
pum and blue stimulus (A), scale bar 50 um. Following the segmentation step, the calcium trace
from individual neurons (region of interest) is extracted. The traces showed activity only for the
neurons stimulated. Colour code used for only clarification. The vertical lines correspond to the
time when the blue stimulus was applied. Black arrows showing the traces of the stimulated
neurons.
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4.2.2 Characterisation and optimisation of the system

For analysis purposes and to select the most robust protocol for further assays, the field
of view recorded was divided into three zones: the blue zone containing the stimulated
neurons and zones 1 and 2, respectively green and red, containing the non-stimulated
neurons as shown in Figure 20A. In the green and red zones (zones 1 and 2, respectively)
neurons were not stimulated with blue pulses of light. The discrimination between these
two zones were defined by drawing a virtual circle of 600 um which corresponds to two
times the radius of the blue zone (300 um). The traces of the changes of jRCaMP1b
fluorescence of individual neurons were extracted using the method previously
described in section 3.3.5 All-optical stimulation and recording from multiple neurons
(Figure 17). Briefly, following the segmentation of the field of view, each soma is then
considered as a ROI resulting in the production of traces indicating the change of
fluorescence of individual neurons. Additionally, the signals were further corrected for
photobleaching as described in section 3.3.5 All-optical stimulation and recording from
multiple neurons. As previously demonstrated in Chapter 3, each pulse of blue light
depolarised the stimulated neurons resulting in a change in their activity reported by an
increase in the fluorescence of jRCaMP1b as expected (see section 3.3.5 All-optical
stimulation and recording from multiple neurons). Interestingly, the neurons expressing
OptoCaMP which did not receive any direct stimuli, exhibited a change in the
fluorescence of the GECI jRCaMP1b as well. This observation suggested that the calcium
activity of the non-stimulated neurons resulted from a spread of excitation. Therefore,
the protocols previously designed in Chapter 3 (see section 3.3.5 All-optical stimulation

and recording from multiple neurons) were applied in this configuration in order to
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select the most robust protocol for further assays. Briefly, the protocols consisted of ten
steps of increasing light intensity of 7mW/cm? (1mW/ cm?) from 0 to 67 mW/cm?. The
pulse duration varied between 10, 100, 250 to 500 ms and each pulse was separated by

a 5.5 second-interval (Figure 16B).

Following these steps, the values of the peak fluorescence intensities following each
stimulus were extracted and the average + s.e.m. for the neurons localised in the same
zones was calculated. These values were plotted against the stimulus intensity
corresponding to the intensity of the blue light pulses (Isample in MW/cm?). Each
temporal protocol was analysed separately (Figure 20). The analysis of the 10 ms pulses
protocol revealed an increase in the peak fluorescence for stimuli intensities between
44 mW/cm? and 60 mW/cm? for the non-stimulated neurons in the zones 1 and 2
(p>0.05) (Figure 20B). Moreover, this increase resulted in higher peak fluorescence
intensities in the non-stimulated neurons compared to the stimulated neurons.
However, there was no significant difference between the peak fluorescence in the non-
stimulated neurons in zones 1 and 2 (Figure 20B). The analysis of the 100 ms pulses
protocol showed that the peak fluorescence intensities for the non-stimulated neurons
(Figure 20C). Additionally, the peak fluorescence intensities were not significantly
different for the non-stimulated neurons in the zones 1 and 2 (Figure 20C). During the
250 ms, the peak fluorescence intensities for the stimulated neurons increased with the
stimuli intensities and were significantly higher than the peak fluorescence intensities
for the non-stimulated neurons zone 1 and 2 (p<0.0001) (Figure 20D). In contrast, there

was no significant difference between the peak fluorescence intensities of zones 1 and
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2 (Figure 20D). During the 500 ms protocol, the peak fluorescence intensities for the
stimulated neurons increased with the stimuli intensities until reaching a plateau for
stimuli intensities above 25 mW/cm? (Figure 20E). Additionally, the peak fluorescence
intensities of the stimulated neurons were significantly higher than the peak
fluorescence for the non-stimulated neurons in zone 1 and 2 (Figure 20D). Furthermore,
the 500 ms pulses protocol revealed significantly lower peak fluorescence intensities for
the neurons in zone 2 compared to the zone 1 (p<0.0001) (Figure 20D). Interestingly,
this observation was not made during the shorter pulses protocols (10, 100 and 250ms)

(Figure 20B-D).
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To further characterise the protocols applied, the peak fluorescence intensities for each
stimuli protocol were pooled and plotted against the stimulus duration (Figure 21). This
analysis was performed for each defined zone separately to focus on the relationship
between the pulse duration and the activity in each zone. This analysis revealed that an
increase in the pulse duration resulted in a significant increase in the peak fluorescence
intensities for the stimulated neurons (p<0.0001) (Figure 21A). Interestingly, there was
no significant difference in the activity of the non-stimulated neurons (zone 1 and 2)
during the 10ms, 100ms and 250ms protocol (Figure 21B, 22C). In contrast, the 500 ms
pulses protocol exhibited significantly higher peak fluorescence intensities for the non-
stimulated neurons in the zone 1 compared to other protocols (p<0.01) (Figure 21B).
Additionally, this analysis showed a significant decrease in the peak fluorescence
intensities for the non-stimulated neurons in the zone 2 during the 500 ms pulses
protocol compared to the other protocols (p<0.05) (Figure 21C). Finally, the two-way
ANOVA test revealed that the pulse duration and intensity had a significant impact in
the stimulated neurons. In contrast, only the stimulus duration had a significant impact
on the non-stimulated neurons zone 1 and zone 2 but not the stimulus intensity.
Although an increase in the pulse duration evoked greater calcium response in the
stimulated neurons, it did not result in greater calcium activity in the non-stimulated
neurons (Figure 21B, 22C). This phenomenon is potentially linked to the maximum
synaptic activation between stimulated and non-stimulated neurons being reached.
Furthermore, the activity of the non-stimulated neurons in zone 2 showed a significant
reduction for the 500 ms pulse protocol compared to shorter pulse duration (Figure 21C).

This observation together with the fact that high levels of intracellular calcium have

108



Chapter 4 - Results - OptoCaMP enables the study of neuronal network connectivity

been associated to cell damage [244], led to the conclusion that the 500ms pulses were
not the optimum stimulation. In contrast, an increase in the pulse duration from the 10
ms, the 100 ms and 250 ms pulses protocols evoked significantly higher peak
fluorescence intensities in the stimulated neurons without evoking significantly higher
peak fluorescence intensities for the non-stimulated neurons in the zones 1 and 2. This
observation is particularly important as it emphasises the fact that the 250 ms pulses
protocol do not exhibit a particular advantage over the shorter pulses protocol.
Moreover, the use of shorter pulses protocol results in an increase of the throughput of
this system. Therefore, the 250 ms pulses protocol was not selected for further
applications. Although the use of shorter pulses protocols increases the throughput of
this system, the 100 ms protocol demonstrated a better reproducibility than the 10 ms
protocol. Reproducibility being a challenging and crucial parameter [245], the 100 ms
pulses was selected as the final protocol to achieve a higher throughput of this system

with reproducibility.
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Figure 21 - Pooled peak fluorescence intensities of each defined zone separately * s.e.m. (A)
stimulated neurons, (B) non-stimulated neurons in zone 1, and (C) non-stimulated neurons in
zone 2 for stimuli intensities from 0 to 67 mW/cm? against the pulse duration. (n=3 independent
cell culture experiments, two-way ANOVA, (A) effect of the stimulus intensity F(9,520) = 2810, P
< 0.01 and effect of the stimulation duration F(3,520) = 296.1, P < 0.0001; (B) effect of the
stimulus intensity F(9,520)=0.7990, non-significant and effect of the stimulus duration F(3,520)
= 26.21, P < 0.0001; (C) effect of the stimulus intensity F(9,520) = 0.8480, non-significant and
effect of the stimulus duration F(3,520) = 2.994, P < 0.05; (A-C) followed by Tukey’s multiple
comparisons test: ns=non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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4.3 OptoCaMP enables the study of neural network connectivity

4.3.1 Method to quantify the neural network connectivity

In the first part of this chapter, the use of temporal and spatial stimulation has been
demonstrated to enable the study of the activity of stimulated and non-stimulated
neurons with a single-neuron readout. This successful experiment represents a crucial
step in order to study the connectivity of a neural network since the single neuron
activity is not due only to its intrinsic properties, but especially because of the direct or
indirect influence of other neurons [242]. Therefore, the calcium activity of individual
neurons can be temporally and spatially correlated to characterize the network
connectivity [246]. To achieve this characterisation, an open-source program called
FluoroSNNAP was used for the automated quantification of calcium dynamics of single-
neurons and network connectivity [222]. As previously described, the traces of the
changes of jRCaMP1b fluorescence of individual neurons were extracted using the
method described in section 3.3.5 All-optical stimulation and recording from multiple
neurons (Figure 17). Briefly, following the segmentation of the field of view, each soma
is considered as a ROI resulting in the production of traces indicating the change of
fluorescence of individual neurons. The signals were further corrected for
photobleaching as described in section 3.3.5 All-optical stimulation and recording from
multiple neurons. Following these steps, several measurements are implemented in
FluoroSNNAP to phenotype the temporal dynamics of calcium activity occurring within
individual neurons. Measures such as the distribution and kinetics of the calcium
transients were provided for each neuron identified with the segmentation tool. These

measurements describe the spatiotemporal profile of calcium transients on a single
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neuron basis and can be a useful adjunct to changes in the network connectivity. The
distribution of transients is characterised by the number of calcium events per neuron
and the distribution of inter-event-interval which are important measures of the level
of activity and rhythmicity. The mean and standard deviation of the inter-event-intervals
distribution for each neuron is reported in this analysis (Figure 22). Additionally, the
kinetics of the transients is characterised by the amplitude, the rise time and the fall
time of the calcium events (Figure 22). The rise time is determined as the time-to-peak
fluorescence intensity and the fall time is defined with the exponential decay of the
curve-fitting calcium event. The amplitude is defined as the maximum peak fluorescence

intensity over baseline following the onset of a calcium event (Figure 22).
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Figure 22 - Classifiers for single cell calcium dynamics of
neurons in the network. Fluorescence vs. time trace depicts
automated detection of calcium transients (pink dashed
lines). For each transient, the peak amplitude (a), rise time
(d) and fall time (e) are determined. The resting fluorescence
id of each cell (c) and mean inter-event-interval (b) are also
| automatically computed. Figure adapted from the original
publication
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These automated measurements are further used to determine the temporal
relationships between the time series of two neurons through cross-correlation,
Granger causality and transfer entropy. The cross-correlation approach is the simplest
method to assess temporal relationships of calcium fluorescence between two different
neurons. It indicates the strength of the delayed linear relationship between two

neurons i and j:

pi—>j(T) =
‘/ninj

where the parameter 7 defines the delay of neuron j with respect to neuroni and n;,
n; are the total number of spikes from neuron i and j respectively [247]. However,
these operations are limited to linear interactions and would only reflect the functional
connectivity but not the effective connectivity. In contrast, the transfer entropy (TE)
would enable the quantification of the effective connectivity. It quantifies the statistical
coherence between systems evolving in time and was used to estimate information flow
between neurons [248]. TE is defined as the conditional mutual information between
the future activity of target neuron j and past activity of source neuron i conditioned by
past activity of target neuron j. TE is positive if including information about the spiking
activity of a neuron i improves the prediction of the activity of a neuron j beyond the
prediction based on the past of the neuron i. The maximum TE and a coincidence index
which combines several cross-correlations at different time are computed for each pair

using the FluoroSNNAP software [247]:
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where CI represents the Coincidence Index, p;_, (1) represents the cross-correlation, r
is called the coincidence interval which specifies the interval of cross-correlation delays.
A large Cl indicates a larger reproducibility of correlated spike timing defines the delay

of neuron j with respect to neuron i.

In addition to transfer entropy, the Granger causality is used to quantify the effective
connectivity. Granger causality test is a statistical hypothesis test which can be used to
determine whether one time series is useful in forecasting another. In this context, this
test uses the AF/F traces to determine if one time series Granger causes another. By
definition, a time series X is said to Granger-cause Y, if it can be demonstrated through
a series of F-tests on lagged values of Xand Y, and that those X values provide statistically
significant information about the future values of Y. The Granger causality test is
computed using a Matlab toolbox called “Granger causal connectivity analysis”

implemented in the FluoroSNNAP software [249].

The network connectivity is then quantified using the mean global connectivity, based
on a cross-correlation between pair-wise fluorescence traces, Granger causality and
transfer entropy reshuffled 100 times for statistical significance. The mean global

connectivity is defined as:

mean (sum (A))

Mean Global C tivity =
ean Llobat Lonnectvity = = rotal of nodes
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where A is a binary connectivity matrix, A(i,j) = 1 indicates connection between i and j
nodes and A(i,j) = 0 indicates absence of connection. The average of the number of
connections across all nodes divided by the total number of nodes is the mean global
connectivity. The possible values are: 0 < Mean Global Connectivity < 1. A graph
where every node is connected to every other node will have mean global connectivity
of 1. Similarly, a graph where nodes are not connected will have mean global
connectivity of 0. This analysis was applied to the recorded activity during the 100 ms
pulses protocol as described in section 4.2.1 Temporal and spatial stimulation (Figure
20) in various conditions in the next section of this chapter (see section 4.3.2 The all-

optical assay based on OptoCaMP is sensitive to change in connectivity).

4.3.2 The all-optical assay based on OptoCaMP is sensitive to change in connectivity

The optical stimulation of a subsection of a neural network expressing OptoCaMP has
successfully enabled the characterization of a network’s connectivity as demonstrated
in the previous section of this chapter (see section 4.3.1 Method to quantify the neural
network connectivity). Furthermore, quantifying the connectivity of a network could
potentially enable studies where the network connectivity is disrupted or enhanced. A
crucial step to achieve this aim resides in the demonstration of the sensitivity of this
assay to a change in connectivity. To verify that this assay is sensitive to such changes, a
proof-of-concept experiment was designed where the all-optical assay using the 100 ms
pulses protocol was applied to a subsection of the field of view of dissociated neuronal
cultures in four medium conditions (Table 5). Briefly, the protocol consisted of ten steps

of increasing light intensity of 7mW/cm? (1mW/ cm?) from 0 to 67 mW/cm?. The pulse
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duration was 100 ms and each pulse was separated by a 5.5 second-interval. This assay
consisted of the spatially selective optical excitation of a subsection of the network while

the activity of the neighbouring neurons along with the stimulated neurons were

monitored.
s . Substance added to Expected effect of
Condition Culture medium . . o
the recording solution the condition
. Complete Supports s:ynaptlc
BrainPhys . function
BrainPhys [250]
Tyrode’s solution -
Reduced synaptic
Complete o
Neurobasal Neurobasal communication
[250]
. . , . Block synaptic
BrainPhys + synaptic Tyrode’s solution + communication
blockers CNQX and D-APV [243]
Complete
. Increases the
BrainPhys , . e
. . Tyrode’s solution + excitability of
BrainPhys + caffeine .
Caffeine neurons
[251, 252]

Table 5 - Summary of the conditions studied. For the BrainPhys and Neurobasal conditions, the
dissociated rat cortical neurons were respectively cultured in these complete media (see section
2.1.2.1 Primary Rat Cortical Neuron Culture). Experiments for these two conditions were
performed in the same Tyrode’s recording solution. For the BrainPhys with synaptic blockers
and Brainphys with caffeine, neurons were cultures in complete BrainPhys medium.
Experiments were performed in Tyrode’s solution respectively with the addition of CNQX (6-
Cyano-7-nitroquinoxaline-2,3-dione) (2 uM) and D-APV (D(-)-2-Amino-5-phosphonopentanoic
acid) (10 uM) or caffeine (1ImM).

The first condition represented the control experiment where the rat cortical neurons
were maintained in complete BrainPhys medium (see section 2.1.2.1 Primary Rat
Cortical Neuron Culture). This medium has been recently developed to support in vitro
neuronal activity such as action potentials and synaptic activity [250]. Aiming to reduce
the differences between culture media and in vivo brain conditions, the calcium levels
in BrainPhys medium were adjusted to be close to those in human cerebrospinal fluid in

vivo (~ 1.1 mM) [250]. Additionally, the energetic components in BrainPhys medium
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were balanced to provide glycemic levels similar to those reported for the brains of
healthy patients (~2.5 mM) [250]. Furthermore, the osmolarity was set to approximate
that of typical human cerebrospinal fluid (~300 mOsmol/L) [250]. In the second
condition, the rat cortical neurons were maintained in complete Neurobasal medium.
This medium is a commonly used medium for the maintenance of neuronal cultures in
vitro which has recently been linked to a reduction of synaptic communication and
action potential firing compared to BrainPhys medium [250]. It has been demonstrated
that the glucose levels in Neurobasal are at least two to five times higher than those in
the brain of hyperglycemic patients [250]. Moreover, it has been shown that the
osmolarity of Neurobasal is ~30% lower than neurophysiological levels
(~220mOsmol/L). Taking these information into consideration, it was expected to
observe a reduction in the activity of the non-stimulated neurons in the Neurobasal
condition compared to the BrainPhys condition resulting in a decrease of the
connectivity. In the third condition, the neurons were maintained in BrainPhys medium
and the synaptic blockers CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione) (2 uM) and D-
APV (D(-)-2-Amino-5-phosphonopentanoic acid) (10 uM), respectively a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate
(NMDA) receptors antagonists were added to the recording solution [243]. This
addition modulates excitatory transmission by blocking the activation of postsynaptic
ionotropic receptors (NMDA and AMPA) [243]. Therefore, it was expected to observe
a reduction in the activity of the non-stimulated neurons with the addition of synaptic
blockers when compared to the BrainPhys condition resulting in a decrease in the

connectivity. Finally, in the fourth condition, the neurons were maintained in BrainPhys
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basal medium and caffeine (1mM) was added to the recording solution. Caffeine is a
nonselective adenosine receptor antagonist, acting on Al and A2A receptor subtypes
which has been shown to increase the excitability of neurons [251, 252] and excitatory
synaptic transmission [253]. These two adenosine receptors have opposite effects on
intracellular cyclic AMP (cAMP) levels. Adenylyl cyclase, an enzyme that synthesizes
cAMP from adenosine triphosphate (ATP) is inhibited by the A1l receptors and
stimulated by the A2A receptors. Therefore, inhibition of Al receptors indirectly
activates adenylyl cyclase and elevates cAMP levels. Caffeine also affects CAMP levels by
inhibiting phosphodiesterase, an enzyme that degrades cyclic nucleotides therefore
inhibition of phosphodiesterase reduces the degradation of cAMP. In summary, caffeine
can boost cAMP levels by inhibiting either Al receptors or phosphodiesterase. High
levels of cAMP increase the activation and opening of the cyclic nucleotide-gated (CNG)
channels resulting in an enhancement of the neuronal excitability. Therefore, caffeine
can depolarize neurons and facilitate the firing of action potentials through activation of
CNG channels. Therefore, it is expected to observe an increase in the activity of the
stimulated neurons in this condition compared to the BrainPhys medium condition. In
addition to facilitating action potentials, caffeine may also promote neurotransmitter
release by antagonizing Al receptors, which normally suppress neurotransmitter
release at presynaptic sites. Taking this mechanism into consideration, it would be
expected to observe an enhancement of the neuronal activity in the non-stimulated
neurons compared to the BrainPhys medium condition, which would result in an
increase in the connectivity. Therefore, to characterise the activity in each zone and

study the quantify the network connectivity in the conditions described above, the 100
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ms pulses protocol was applied to a subsection of the field of view as explained in section
4.2.1 Temporal and spatial stimulation (Figure 19). To compare the neuronal activity in
each zone as shown in Figure 20, the amplitude of each event was initially collected for
individual neurons and the response of all the neurons within the same zone was
averaged (Figure 23). Briefly, the blue zone contained the stimulated neurons and the
zones 1 and 2, respectively green and red, contained the non-stimulated neurons (Figure
20). This analysis was performed for each zone and each condition (Figure 23). There
was no significant difference between the activity of the stimulated neurons in the
BrainPhys medium, Neurobasal medium and BrainPhys medium with the addition of
synaptic blockers (Figure 23A). Additionally, there was no significant difference between
the activity of the non-stimulated neurons, in zone 1 (green - Figure 23B) and zone 2
(red - Figure 23C) in Neurobasal medium and BrainPhys medium with synaptic blockers;
however, the neuronal response in these two conditions was significantly decreased
compared to the BrainPhys medium condition (p<0.01 for zone 1 and p<0.05 for zone 2)
(Figure 23B, Figure 23C). This result agreed with previous studies indicating that synaptic
transmission is affected in Neurobasal [250]. Furthermore, this observation can be
linked to previous studies showing evidence that L-cysteine, a specific component of
Neurobasal, mediates NMDA receptor-dependent excitotoxicity in neurons [254].
Regarding the condition where synaptic blockers were added to the recording solution,
as expected, the activity in the non-stimulated neurons was significantly lower than
within the BrainPhys condition (Figure 23B, Figure 23C). This result confirms the
successful modulation of the excitatory transmission with synaptic blockers [243] and

demonstrates the capability of this assay to report this effect. In contrast, the addition
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of caffeine resulted in a significant higher amplitude compared to the three other
conditions in both stimulated (Figure 23A) and non-stimulated neurons (Figure 23B,
Figure 23C). These observations correlate with previous studies which have shown that
caffeine enhances the excitability of neurons and excitatory synaptic transmission

(p<0.0001) [251, 253] and demonstrates the capability of this assay to report this effect.
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Figure 23 - Average amplitude in various conditions for each zone - (A—C) Average of the
amplitude of the calcium events of multiple individual neurons in the same zone * s.e.m.:
stimulated neurons (A), non-stimulated neurons in zone 1 (B), and zone 2 (C) during the 100 ms
pulses protocol in four conditions: BrainPhys complete medium (BP), complete Neurobasal
medium (NB), synaptic blockers (BP + blockers) and caffeine (BP + caffeine) (n=3 independent
cell culture experiments for each condition; one-way ANOVA, (A) F(3,36) = 20.16, P < 0.0001; (B)
F(3,36) = 66.31, P < 0.0001 (C) F(3,36) = 59.77, P < 0.0001; (A—C) followed by Tukey’s multiple
comparisons test: ns=non-significant, *P < 0.05, **P < 0.01, ***%P < 0.0001).

As described in the previous section of this chapter, the software FluoroSNNAP enables
the characterisation of the temporal dynamics of calcium activity occurring within
individual neurons to then quantify the network connectivity using the mean global
connectivity based on a cross-correlation, Granger causality and transfer entropy (see
section 4.3.1 Method to quantify the neural network connectivity). This analysis results

in @ map showing the connections between the neurons represented with red lines.
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Additionally, each neuron is assigned an identification number which can further be
used to describe the connections between each neuron on a colour map. The
connectivity and colour maps for the BrainPhys medium (Figure 24A) and BrainPhys
medium with caffeine (Figure 24D) show connections in the whole network. In contrast,
neuronal activity was only observed within the zone optically stimulated for the
Neurobasal medium (Figure 24B) and BrainPhys medium with synaptic blockers (Figure
24C). Additionally, the quantification of the mean global connectivity revealed a
significantly lower mean global connectivity for the neurons cultured in Neurobasal
medium compared to neurons cultured in the BrainPhys medium (p<0.0001) (Figure
24E). The addition of caffeine significantly enhanced the mean global connectivity
compared to the BrainPhys medium condition (p<0.0001) (Figure 24E) while the
addition of synaptic blockers significantly decreased the mean global connectivity
compared to the BrainPhys medium condition (p<0.0001) (Figure 24E). These results
demonstrate that the quantification of the mean global connectivity using this assay
reflects the previously published results in regard to the synaptic connections in
Neurobasal [250], synaptic blockers [243] and caffeine conditions [251]. Overall, these
experiments highlight the sensitivity of the OptoCaMP all-optical assay and its potential
application for in vitro studies aiming to evaluate the neuronal activity in conditions
where the neuronal connectivity is enhanced or decreased. These encouraging results
bring the promise to enable the study of more complex pharmacological conditions and
how diseased neural networks communicate and respond to a potential therapeutic

agent [255].
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4.3.3 OptoCaMP in hiPSC-derived neurons and future directions

Although the results presented in the previous sections of this chapter demonstrate the
potential of the all-optical assay and the OptoCaMP, previous studies have
demonstrated the challenge of the translation from murine dissociated neuronal
cultures to hiPSC-derived neurons [256]. A recent publication regarding the optogenetic
tool Optopatch2 presented in Chapter 3 (see section 3.2.1 The optogenetic tool
Optopatch2) highlighted the challenge of the expression of Optopatch2 as bicistronic
vector in hiPSC-derived neurons. As a method to overcome this limitation, the two
components of Optopatch2 (CheRiff-eGFP and QuasAr2-mOrange2) were package in
two separate lentiviruses under the same promoter (CamKlla). This approach improved
expression level of these proteins in hiPSC-derived neurons. Therefore, a crucial step in
the successful translation of the all-optical assay presented in Chapter 4 resided firstly

in the assessment of the successful expression OptoCaMP in hiPSC-derived neurons.

4.3.3.1 OptoCaMP is successfully expressed in iCell GlutaNeurons

The lentiviral delivery optimisation adopted for this translation was based on the
approach presented in section 3.3.2.1 Lentiviral delivery. The expression of OptoCaMP
was firstly assessed in a commercial hiPSC-derived neurons line called iCell
GlutaNeurons from Cellular Dynamics (see section 2.1.3.2 iCell® GlutaNeurons). This cell
line has been specifically designed with 290% pure population of primarily glutamatergic
human neurons. Therefore, OptoCaMP being driven by the CamKlla promoter is
expected to successfully be expressed. The plating density (2 x 10°/cm?) and the virus

concentration (1:60) were similar to the ones used for the rat cortical neurons. The
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toxicity of the lentiviral transduction and the OptoCaMP was tested with the LDH assay
using the same method previously described in section 3.2.2 OptoCaMP and Optopatch2
are not toxic for Rat Primary Cortical Neurons. Similarly to the rat cortical neurons, this
assay did not show any toxicity of the construct via lentiviral transduction (Figure 25).
Furthermore, the expression of OptoCaMP was assessed via fluorescence since CheRiff
and jRCaMP1b are respectively tagged with enhanced Green Fluorescent Protein (eGFP)
and mRuby (Figure 26). The fluorescence images confirmed the successful expression of
OptoCaMP as a bicistronic plasmid driven by CamKlla promoter in glutamatergic

neurons derived from hiPSC.
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Figure 25 - Lentiviral transduction of OptoCaMP in iCell GlutaNeurons. Quantification of
lactose dehydrogenase levels (LDH) in live iCell GlutaNeurons 6 days after transduction with
the OptoCaMP. The lentivirus delivery did not show any significant difference between the
cells non-transduced (cell spontaneous LDH release control) and the cell transduced with
OptoCaMP. (n=3 independent cell culture experiments, one-way ANOVA, F(2,6) = 68.47, P <
0.0001; followed by Tukey’s multiple comparisons test: OptoCaMP transduction versus Cell
spontaneous LDH release control, P = 0.991; Cell maximum LDH release control versus Cell
spontaneous LDH release control, ***P < 0.0001; Cell maximum LDH release control versus
OptoCaMP transduced, ***P < 0.0001).
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Figure 26 - OptoCaMP expression via lentiviral transduction in iCell GlutaNeurons. (A) Single
channels and merged fluorescence images of iCell GlutaNeurons expressing OptoCaMP at 21
days in vitro, 7 days post-transduction: CheRiff-eGFP is displayed in green and mRuby based GECI
jRCaMP1b in red. Scale bar 100 um. 20X Magnification (B) Single channels and merged
fluorescence images of iCell GlutaNeurons expressing OptoCaMP at 21 days in vitro, 7 days post-
transduction: CheRiff-eGFP is displayed in green and mRuby based GECI jRCaMP1b in red. Scale
bar 30 um. 60X Magnification.
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4.3.3.2 All-optical stimulation and recordings in iCell GlutaNeurons

Following the assessment of the successful expression of OptoCaMP in the iCell
GlutaNeurons at three weeks in vitro, the all-optical assay previously described was
performed (see section 4.2.1 Temporal and spatial stimulation). Briefly, the protocol
consisted of ten steps of increasing light intensity of 7mW/cm? (1mW/ cm?) from 0 to
67 mW/cm?. The pulse duration was 100 ms and each pulse was separated by a 5.5
second-interval. This assay consisted of the spatially selective optical excitation of a
subsection of the network while the activity of the neighbouring neurons along with the
stimulated neurons were monitored. As described in the previous section of this chapter,
the software FluoroSNNAP enabled the characterisation of the temporal dynamics of
calcium activity occurring within individual neurons to then quantify the network
connectivity, using the mean global connectivity based on cross-correlation, Granger
causality and transfer entropy (see section 4.3.1 Method to quantify the neural network
connectivity) (Figure 27). The analysis showed activity of the stimulated and non-
stimulated (Figure 27C) thus enabling the quantification of the connectivity (Figure 27D).
Additionally, this analysis resulted in the creation of a map showing the connections
between the neurons represented with red lines (Figure 27D). This experiment
successfully demonstrated the use of OptoCaMP with the all-optical assay of a
subsection of a neural network formed by the iCell GlutaNeurons. This preliminary
experiment opens new avenues for the investigation of connectivity in hiPSC-derived

neurons and Alzheimer’s disease models.
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4.3.3.3 Future directions and challenges

With this aim in mind, Dr Young-Pearse at Harvard Medical School shared two hiPSC-
derived neurons cell lines with a familial Alzheimer’s disease (fAD) model and a control
cell line. The first line was derived from a father and daughter with a fAD mutation
(APPV7171 mutation, London mutation) which will further be referred as “fAD” [257].
Additionally, the Clustered Regularly Interspaced Short Palindromic Repeats-associated
protein 9 (CRISPR-Cas9) technology was used to correct this mutation to establish the
control cell line [1]. Briefly, the CRISPR system relies on the action of Cas9, a protein that
has two endonuclease domains capable of cleaving the DNA: a double strand brake (DSB)
is generated as one endonuclease cleaves the complementary DNA strand and the other
cleaves the non-complementary DNA strand. In order to recognise, bind and then cleave
the DNA target in a highly specific manner, Cas9 has to be driven by a guide RNA (gRNA).
The gRNAs are sequences of about 20 nucleotides that perfectly match the sequence of
the DNA target which in turn has to contain to its end a short-conserved sequence called
Protospacer Adjacent Motif (PAM). This technology was used to generate an isogenic
hiPSC line to fAD with correction of the APPV717] mutation, which will further be
referred as “fAD"™ . Dr Young-Pearse’s group has examined AB38, 40 and 42 levels in
the fAD and fAD®" lines. To summarise, this analysis demonstrated an increased ratio
of AB42/40 which is mainly attributable to an increase in AB42 with no change or little
effect on AB40 levels (Figure 28). Taking this into consideration, these two cell lines were
selected for the application of the OptoCaMP and the all-optical assay in order to

investigate connectivity in an Alzheimer’s disease and control models.
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Figure 28 - Levels of AB in hiPSC-derived neurons - FAD mutation (APPV717l) in forebrain
neuronal cells leads to increased AB42 and AB38 production. Control (fAD" line where
APPV7171 mutation was corrected using CRISPR-Cas9) and fAD iPSC lines were differentiated
for 40-50 days to neuronal fates. Media conditioned on the cells for the final 48h were
collected, and AB 38, 40 and 42 were detected in a single well using a multiplex ELISA
(MesoScale Discoveries). Following collection of media, cells were lysed and RNA collected for
parallel analyses of markers of differentiation. Data are shown for control (AD®" line) and
APPV7171 (fAD) (A-D). In (E-G), day 40 neurons were treated with vehicle or DAPT (5 um) for
the final 48 h of differentiation (n = 4-5 for each condition). Two-tailed t-tests were performed,
**pP < 0.01; ***P < 0.001. Error bars = SEM. Data normalized to RNA in (B-D) and total protein
in (E-G). Figure adapted from The familial Alzheimer's disease APPV717] mutation alters APP
processing and Tau expression in iPSC-derived neurons, [1].
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The hiPSC-derived neurons fAD and fAD®™ were generated via overexpression of the
transcription factor Neurogenin-2 [258]. The hiPSC are initially lentivirally transduced
with the plasmids pLV-TetO-hNGN2-Puro and pLV-TetO-FUW-eGFP resulting in the
downregulation of the pluripotency factors and the initiation of the neuronal
transcriptional program [258]. The Tet-ON system consists of two components: a
constitutively expressed transcriptional activator protein responsive to doxycycline (dox)
(reverse tetracycline transactivator [rtTA]), and an inducible promoter regulated by rtTA
(Tet-responsive element) that drives expression of the transgene [258]. Therefore, the
hiPSC-derived neurons fAD and fAD®™ express eGFP during the differentiation which
may interfere the assessment of the successful expression of FCK-OptoCaMP since
CheRiff is also tagged with eGFP. To confirm the successful expression of FCK-OptoCaMP,
it is essential to assess the expression of jRCaMP1b tagged with mRuby. To achieve this,
the fAD and fAD®™ were co-cultured with primary rat cortical astrocytes in our
laboratory (see sections 2.1.2.2 Primary Rat Cortical Astrocytes Culture and 2.1.3.1
Healthy and Alzheimer’s disease hiPSC-derived neurons). The OptoCaMP was lentivirally
transduced in these two cell lines and its expression was assessed via fluorescence.
Although the cultures were successfully produced, and the iPSC-derived neurons
developed networks as shown in Figure 29 A-D, there was no expression in the red
channel of jRCaMP1b post-transduction (Figure 29F-G). Therefore, the all-optical assay
described in the previous chapters were not applicable. This observation raised the
guestion of the excitatory character of the neuronal population which could be further
confirmed or refuted by looking at the expression of the vesicular transporters of

glutamate (vGlut) via immunofluorescence [259]. This work requires further
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investigation however, to overcome the limitation of the choice of promoter, a hiPSC
stable cell line expressing OptoCaMP could also potentially be established thus opening
new avenues to the study of neural network formation and maturation (see section 4.4

Discussion).
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Figure 29 - hiPSC-derived neurons at four weeks in vitro. Successful culture of the hiPSC-derived
neurons (fAD and fAD®™). (A-B) Fluorescent images of the GFP reporter of the fAD line. (C-D)
Fluorescent images of the GFP reporter of the fAD®" line. (A, C) 10X maghnification, scale bar 120
um. (B, D) 20X magnification, scale bar 100 um. (E) fAD line at DIV 24, 7 days post-transduction
with FCK-OptoCaMP. Green Channel. (F) fAD line at DIV 24, 7 days post-transduction with FCK-
OptoCaMP. Red Channel. (G) fAD line at DIV 24, 7 days post transduction with FCK-OptoCaMP.
Merge image of (E) and (F). (E-G) 20X magnification, scale bar 100 pum.
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4.4 Discussion

Despite successfully allowing the simultaneous stimulation and recording of the activity
of a neural network with a single-neuron readout as shown in Chapter 3, the “whole-
field of view stimulated and recorded” configuration is not appropriate for neural
network studies as it gives insight into multiple neurons’ activity but not connectivity.
Importantly, one of the most fundamental features of a neural network is its
connectivity since the single neuron activity is not due only to its intrinsic properties but
especially to the direct or indirect influence of other neurons [242]. Therefore, in
Chapter 4, the focus was placed on the development of a variation of the all-optical
assay based on the OptoCaMP which could enable the study of the network connectivity.
This variation of the all-optical assay consisted of the spatially selective optical excitation
of a subsection of the network while the activity of the neighbouring neurons along with
the stimulated neurons, are monitored. Furthermore, to select a protocol to study
neural networks, various protocols were applied with pulses of 10 ms, 100 ms, 250 ms
and 500 ms duration (Figure 20). This analysis demonstrated that the 10 ms stimulation
evoked similar calcium events in the stimulated and non-stimulated neurons for stimuli
intensities from 0 to 44 mW/cm? but not above 44mW/cm?, showing that this protocol
enables stimulation and reporting of the neural network activity, but also hinting at
potential difficulties with reproducibility at higher light intensities (Figure 20). Although
the activity of the stimulated neurons significantly increased with the pulse duration,
there was no significant difference for the non-stimulated neurons during the 10ms,
100ms and 250 ms protocol (Figure 20). This finding implicates that longer stimuli do

not result in higher calcium activity, but it also suggests that the spread of excitation
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does not depend on the stimuli up to 250 ms pulses duration (Figure 20). In contrast,
the activity of the non-stimulated in zone 2 (red) was lower to zone 1 (green) during the
500 ms protocol suggesting that strong stimulus may be linked to excessive
glutamatergic excitation of neurons which can cause excitotoxicity, resulting in damage
to, and the eventual death of the neuron (Figure 20) [244, 260]. This affects the spread
of excitation resulting in the abolition of calcium events in the network, a situation that
would impede the study of network connectivity. These observations together with the
possibility to increase the throughput, resulted in the selection of the 100 ms pulses as

the optimal pulse duration in this system.

In the first part of this chapter, the use of OptoCaMP along with the stimulation of a
subsection of a neural network enabled the quantification of a network’s connectivity.
This technique was applied to study connectivity in various conditions where
connectivity is supposedly reduced or enhanced. As shown in Figure 24, the addition of
caffeine and synaptic blockers respectively significantly increased and decreased the
mean global connectivity as compared to the BrainPhys medium control condition.
These results agreed with the documented increase of the neuronal excitability with
caffeine [251, 252] and depression with the addition of synaptic blockers [243].
Additionally, the mean global connectivity for the Neurobasal condition was significantly
lower than the BrainPhys medium which also agrees with previous published findings
showing that BrainPhys supports optimal action potentials and synaptic activity, while
Neurobasal medium reduces synaptic communication and action potential firing [250].
Overall, these experiments highlighted the sensitivity of the OptoCaMP all-optical assay

and its potential application for in vitro studies aiming to evaluate the neuronal activity
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in conditions where the neuronal connectivity is enhanced or decreased. These
encouraging results bring the promise to enable the study of more complex
pharmacological conditions and how diseased neural networks communicate and
respond to a potential therapeutic agent [255]. With this aim in mind, it has naturally
led onto the translation of this assay to human iPSC-derived neurons. The lentiviral
transduction of OptoCaMP was initially performed in a commercial line called iCell
GlutaNeurons. This cell line has been specifically designed with 290% pure population
of primarily glutamatergic human neurons derived from hiPSC. As shown in Figure 26,
the fluorescence images confirmed the successful expression of OptoCaMP as a
bicistronic plasmid driven by CamKlla promoter in glutamatergic neurons derived from
hiPSC. Following the expression of OptoCaMP, the all-optical assay to study network
activity was applied to the glutamatergic neurons derived from hiPSC. As shown in
Figure 27, this assay showed the activity of the stimulated and non-stimulated neurons
thus enabling the quantification of the connectivity of the network. This preliminary data
demonstrated the successful use of OptoCaMP with the all-optical assay of a subsection
of a neural network formed by the iCell GlutaNeurons. Moreover, this assay could
potentially be used to assess the maturity of the culture by looking at the ability of iPSC-
derived neurons to connect with other cells in the system and if these synapses are
functional thus enabling the study of the network formation. Importantly, when
modeling neurological disorders, a co-culture system of iPSC-derived neurons and other
cell types would mimic more accurately the complexity of in vivo conditions. In particular,
astrocytes have been shown to increase the number of mature, functional synapses and

are required for synaptic maintenance in vitro [261]. A recent publication has further
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demonstrated this improvement with the co-culture of astrocytes together with the iCell
GlutaNeurons [262]. Although the expression of OptoCaMP was successful in
glutamatergic human neurons derived from hiPSC, there was no expression of
OptoCaMP in the fAD and fAD"™ hiPSC-derived neurons established in Dr Tracy Young-
Pearse’s group at Harvard Medical School. This observation raised the question of the
excitatory character of the neuronal population which requires further investigation.
However, to overcome the limitation of the promoter, a hiPSC stable cell line expressing
OptoCaMP could potentially be established based on the same approach using the Tet-
ON, a tetracycline-inducible gene expression system [263]. Following the forward
reprogramming of the hiPSC into neurons, the expression of OptoCaMP would be
induced with the addition of doxycycline, a tetracycline analogue. This system would
allow the recording of the neural network activity and connectivity at multiple time

points to further enable the study of neural network formation and maturation.
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Functional studies of biological neural networks are fundamental to our understanding
of brain activity, to investigate how these networks are altered in brain disorders, and
to help develop new treatments [223]. Moreover, the investigation of connectivity is
crucial to understanding how neurons and neural networks process information and
how this is affected in neurodegenerative diseases such as Alzheimer’s disease [30].
Studies have shown evidence that AP oligomers reduce glutamatergic synaptic
transmission by decreasing the number of surface of AMPA and NMDA receptors [31].
Therefore, to explore neural networks, it is critical to understand the activity of multiple
neurons and how they communicate with each other. To achieve this goal, it is essential
to use tools enabling simultaneous stimulation and recording from a large population of
neurons with a single-cell readout. Although electrophysiology facilitates both
stimulation and recording of individual neurons with high temporal resolution this
technique is invasive, labour intensive and exhibits limitations when one wishes to
characterise a highly heterogeneous neuronal population [101]. As a means to
overcome the limitations of the invasiveness and the low throughput of
electrophysiology, multi-electrode arrays (MEAs) have been developed with the use of
arrays of extracellular electrodes [108, 110]. Despite the fact that MEAs enable the
stimulation and recording from multiple neurons simultaneously, the neuronal activity
is characterized by triangulating the signal through multiple recording points thus
impairing the quantification properties of individual neurons [108, 110]. Considering the
limitations of the commonly used techniques, it appears that there is a need for a novel

approach which would enable large scale functional characterization of neurons with
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single-cell readout to elucidate the workings of both healthy and diseased neuronal
populations. To answer this need, optogenetics, an emerging technology which benefits
from the synergy of optical and genetic techniques, enables the optical stimulation of
specific neuronal populations with high temporal and spatial resolution [101].
Optogenetics uses light-gated ion channels to manipulate neuronal activity and can be
combined with genetically encoded voltage indicators (GEVIs) and calcium indicators
(GECIs). This approach enables an all-optical system to stimulate and record the
neuronal activity in a contact-free manner with a single-cell resolution thus overcoming
the limitations previously described [3, 107]. The first all-optical approach combining a
channelrhodopsin variant and a GEVI was developed by the Cohen laboratory at Harvard
University [142]. As described in Chapter 3, despite successfully enabling an all-optical
interrogation and recording of neuronal activity, elucidating the inner workings of
neuronal circuits at network level with the Optopatch2 remains challenging. In fact, the
limitation of the Optopatch2 to report the activity of multiple cells simultaneously stems
from the low brightness of the GEVI and the kinetics of the millisecond scale neuronal
electrical activity. In addition, the complexity of the imaging setup required to image
multiple cells simultaneously limits the throughput of this technique. In contrast, one of
the main advantages of calcium imaging stems from the larger magnitude and slower
kinetics of these events compared to action potentials. Therefore, a possible strategy
to increase the throughput consists in imaging the resulting changes in the intracellular
calcium concentration using GECIs [176]. With this aim in mind, a novel optogenetic
called OptoCaMP was developed in this thesis project. As presented in Chapter 3,

OptoCaMP has been designed as a combination of the light-gated ion channel CheRiff
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with the GECI jRCaMP1b. OptoCaMP was successfully expressed as a bicistronic plasmid
driven by CamKlla promoter via lentiviral transduction in rat cortical neurons in vitro
and human iPSC-derived glutamatergic neurons as demonstrated in Chapters 3 and 4.
Importantly, the integrity of the cell membrane was not affected by OptoCaMP nor the
lentiviral transduction. Additionally, the lack of spectral overlap between the
optogenetic excitation and jRCaMP1b emission wavelengths enabled the simultaneous
stimulation and recording of evoked calcium events in dissociated neuronal cultures in
vitro with a single-neuron readout as shown in Chapter 3. Importantly, the development
of novel technologies requires the characterisation of the system. Therefore, the first
steps of this project focused on the characterisation of OptoCaMP at various pulse
duration and intensities of blue light stimuli. The characterisation of OptoCaMP in
Chapter 3 demonstrates the high sensitivity of the channelrhodopsin variant used in
OptoCaMP and emphasizes a preferable use of low range stimuli intensities which
comes with the advantage to reduce the risk of phototoxicity and photobleaching.
Moreover, the recording of multiple cells simultaneously is a crucial aspect as it
increases the throughput aspect of an all-optical system. Indeed, this capability
represents a considerable advantage compared to the Optopatch2. Therefore, the
capability of OptoCaMP to enable simultaneous optical stimulation and calcium
recording of multiple neurons simultaneously with a single-cell readout opens new

avenues for the study of disease models and drug screening.

One of the most fundamental features of a neural network is its connectivity since a
single neuron’s activity is not due only to its intrinsic properties but also to the direct or

indirect influence of other neurons [242]. Consequently, the “whole-field of view
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stimulated and recorded” configuration is not appropriate for neural network studies as
it gives insight into multiple neurons activity but not connectivity. With this aim in mind,
a variant of the all-optical assay was developed and presented in Chapter 4. This
variation of the all-optical assay consisted of the spatially selective optical excitation of
a subsection of the network while the activity of the neighbouring neurons along with
the stimulated neurons are monitored. Various pulses duration and stimuli intensities
were used to characterise the assay and the analysis together with the possibility to
increase the throughput, resulted in the selection of the 100 ms pulses as the optimal
pulse duration in this system. This assay allowed the investigation of the spread of
excitation in the studied network thus allowing quantification of network connectivity.
Furthermore, this assay was applied in conditions where the connectivity is supposedly
enhanced or reduced and demonstrated its sensitivity to a change in connectivity. To
fully unravel the potential of this all-optical assay and resolve single action potentials,
this system could potentially be combined with the GEVI QuasAr2. However, this system
combining all-optical electrophysiology and calcium imaging would still require
advances in microscopy [264]. In contrast, OptoCaMP could be combined with multi-
electrode arrays (MEAs) for a complete understanding and characterisation of the

network studied [265].

Regarding the biological neural network studied and drug screening platforms, a major
issue resides in the fact that human disease models are not available. Genetically
engineered animal models have contributed to our progress allowing testing of different
therapeutic strategies but the construction of models that can accurately recapitulate a

human pathology remains challenging. Due to species differences, there is a debate as
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to whether these systems are reliable and fully reflect the key aspects of human diseases
[71]. However, the induced pluripotent stem cells technology [76] offers unprecedented
ways to model diseases with the development of a wide range of disease-specific iPSC
from patients with neurodegenerative diseases [89]. Somatic cells from patients with
neurodegenerative diseases have been reprogrammed into induced pluripotent stem
cells and differentiated into disease-relevant cell types in two-dimensional (2D) models
[75, 266, 267] and more physiologically relevant three-dimensional (3D) models thus
opening new avenues for disease modelling [91]. In Chapter 4, this assay was
successfully applied to neural network formed by human iPSC-derived glutamatergic
neurons which bring the great promise to enable the study of how connectivity is
affected in diseased neural networks. Additionally, a co-culture system of iPSC-derived
neurons and other cell types such as astrocytes would mimic more accurately the
complexity of in vivo conditions and would be compatible with the OptoCaMP under
CamKlla promoter since it would restrict its expression to glutamatergic neurons.
Considering that one of the current challenges in the iPSC technology resides in the
maturity of the neurons, studying the ability of iPSC-derived neurons to connect with
other cells in the system and if these synapses are functional would enable the study of
the network formation. With this aim in mind, a hiPSC stable cell line expressing
OptoCaMP could potentially be established using the Tet-ON, a tetracycline-inducible
gene expression system [263]. Following the forward reprogramming of the hiPSC into
neurons, the expression of OptoCaMP would be induced with the addition of
doxycycline, a tetracycline analogue. This system would allow the recording of the

neural network activity and connectivity at multiple time points to further enable the
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study of neural network formation and maturation. Along with the development of 3D
models in vitro, advances in imaging have been achieved with the development of light-
sheet microscopy [268] and swept confocally-aligned planar excitation (SCAPE)
microscopy [269] for volumetric imaging with sub-cellular resolution and high speed
[270]. The use of the all-optical assay combined with the iPSC technology in 2D and 3D
cellular models, SCAPE and light-sheet microscopy bring the promise to greatly improve
the success and efficiency of study of neurodegenerative diseases and drug screening
platforms [271]. As previously mentioned, AB oligomers have been linked to neuronal
loss and neuronal network disruption in AD [61, 62], therefore, the application of the
all-optical assay combined with the iPSC technology in 2D and 3D cellular models would
enable the study of the network disruption in AD and evaluate the improvement of the
neural network connectivity with potential compounds. It could also potentially be used
to screen compounds which would protect neural networks from being disrupted. These

meaningful findings could help advancing AD research.

Overall, these experiments highlighted the sensitivity of the OptoCaMP all-optical assay
and its potential application for in vitro studies aiming to evaluate the neuronal activity
in conditions where the neuronal connectivity is enhanced or decreased. These
encouraging results bring the promise of enabling the study of more complex
pharmacological conditions and how diseased neural networks communicate and
respond to potential therapeutic agent. For example, this system could be easily
integrated with hardware platforms used for quantitative in vitro high-throughput

screening and could potentially be adapted to multi-well plates. Under these conditions,
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it would take ~10s to record from each field of view in triplicate, which would correspond

to approximatively 30s/well implying 50 min for a 96 well-plate. This capability could be
achieved using automated liquid handlers and other currently available automated
platforms to investigate how diseased neural networks communicate and respond to
potential therapeutic agent [255]. In addition, it is worth mentioning that the use of a
smaller magnification high numerical aperture objective (e.g. 10X 0.5 NA), a larger field
of view and thus a bigger neuronal network, could also be investigated and analysed.
Moreover, even though the OptoCaMP allows simultaneous stimulation and calcium
imaging with single-neuron resolution and readout, the microscope setup used in this
study can be considered as a limiting factor as it does not enable the excitation of CheRiff
with a micrometre-precise blue illumination pattern. To achieve precise stimulation of
single-neuron expressing OptoCaMP in vitro, the optical system could be adapted with
the addition of more precise optical devices, such as a Digital Micromirror Device [272].
As future possibilities, this system could be extended in vivo with the use of single-cell
two-photon optogenetic photostimulation [273]. In this context, ratio-metric calcium
imaging would potentially provide a more accurate quantification than a single-
wavelength indicator [274]. However, to achieve this goal, the development a
Genetically Encoded Ratiometric Calcium Indicator version of jRCaMP1b based on the
same approach as the GCaMP-R family would be necessary [275]. Though notably,
previous studies have reported aberrant neuronal activity in GCaMP6-expressing
transgenic mouse lines [276] indicating that potential OptoCaMP-expressing transgenic

mouse lines would require further investigation to evaluate any aberrant activity.
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Appendices

OptoCaMP — BamHI-jRCaMP1b-Ascl-P2A-CheRiffeGFP-EcoRl

GGATCCACCATGCTGCAGAACGAGCTTGCTCTTAAGTTGGCTGGACTTGATATTAACAAGACT
GGAGGAGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATG
GGTCGGGATCTGTACGACGATGACGATAAGGATCTCGCAACAATGGTCGACTCATCGCGACG
TAAGTGGAATAAGTGGGGTCACGCAGTCAGAGCTATAGGTCGGCTGAGCTCAGCGAACAACA
CCGAAATGATGTACCCAGCGGATGGTGGTCTGCGTGGTTACACTCACATGGCGCTGAAAGTT
GATGGCGGCGGTCACCTGTCCTGTTCTTTCGTGACCACCTACCGCTCCAAAAAGACTGTCGGC
AACATTAAGATGCCTGCCATTCATTACGTCAGCCACCGTCTGGAGCGCCTGGAGGAGAGCGAT
AACGAAATGTTTGTCGTACAGCGTGAACACGCAGTTGCCAAGTTTGTGGGCCTGGGTGGTGG
CGGCGGTACCGGAGGGAGCATGAACTCCCTGATCAAGGAGAACATGCGTATGAAAGTGGTTC
TGGAAGGCTCCGTAAACGGCCACCAGTTCAAATGCACTGGTGAAGGCGAAGGCAACCCGTAT
ATGGGCACCCAGACTATGCGTATCAAAGTGATCGAGGGTGGTCCGCTGCCGTTTGCGTTCGAC
ATCCTGGCGACGTCCTTTATGTATGGCTCCCGTACCTTCATCAAATATCCGAAAGGCATCCCGG
ATTTCTTTAAGCAGTCCTTCCCGGAAGGTTTTACCTGGGAACGTGTGACCCGTTACGAAGACG
GCGGCGTAATTACCGTTATGCAAGACACGTCTCTGGAGGATGGCTGCCTGGTGTATCACGTGC
AGGTTCGCGGTGTGAACTTCCCGAGCAATGGTGCTGTAATGCAAAAGAAAACCAAAGGTTGG
GAGCCTACGGACTCCCAACTGACTGAAGAGCAGATCGCAGAATTTAAAGAGGCTTTCTCCCTA
TTTGACAAGGACGGGGATGGGACAATAACAACCAAGGAGATGGGGACGGTGATGCGGTCTC
TGGGGCAGAACCCCACAGAAGCAGAGCTGCAGGACATGATCAATGAAGTAGATGCCGACGG
TGACGGCACAATCGACTTCCCTGAGTTCCTGATTATGATGGCAGGCAAAATGAAATACACAGA
CAGTGAAGAAGAAATTAGAGAAGCGTTCGGCGTGTTTGATAAGGATGGCAATGGCTACATCA
GTGCAGCAGAGCTTCGCCACGTGATGACAAACCTTGGAGAGAAGTTAACAGATGAAGAGGTT
GATGAAATGATCAGGGAAGCAGACAGCGATGGGGATGGTCAGGTAAACTACGAAGAGTTTG
TACAAATGATGACAGCGAAGAGGCGCGCCGGCTCCGGAGCCACGAACTTCTCTCTGTTAAAG
CAAGCAGGAGACGTGGAAGAAAACCCCGGTCCCGGCGGAGCTCCTGCTCCAGACGCTCACAG
CGCCCCACCTGGAAACGATTCTGCCGGAGGCAGTGAGTACCATGCCCCAGCTGGATATCAAGT
GAATCCACCCTACCACCCCGTGCATGGGTATGAGGAACAGTGCAGCTCCATCTACATCTACTAT
GGGGCCCTGTGGGAGCAGGAAACAGCTAGGGGCTTCCAGTGGTTTGCCGTGTTCCTGTCTGC
CCTGTTTCTGGCTTTCTACGGCTGGCACGCCTATAAGGCCAGCGTGGGATGGGAGGAAGTGT
ACGTGTGCTCCGTGGAGCTGATCAAAGTGATTCTGGAGATCTATTTCGAGTTCACCAGTCCTG
CTATGCTGTTCCTGTACGGAGGGAACATTACCCCATGGCTGAGATATGCCGAATGGCTGCTGA
CATGTCCCGTGATCCTGATTCATCTGTCTAACATCACCGGCCTGAGTGAGGCATACAATAAGC
GGACAATGGCTCTGCTGGTGTCCGACCTGGGAACTATTTGCATGGGAGTGACAGCCGCTCTG
GCCACTGGGTGGGTGAAGTGGCTGTTTTACTGTATCGGCCTGGTGTATGGAACCCAGACATTC
TACAACGCTGGAATCATCTACGTGGAGTCTTACTATATCATGCCTGCCGGCGGCTGTAAGAAA
CTGGTGCTGGCCATGACTGCCGTGTACTATTCTAGTTGGCTGATGTTTCCCGGCCTGTTCATCT
TTGGGCCTGAAGGCATGCACACCCTGAGCGTGGCTGGGTCCACTATTGGCCATACCATCGCCG
ACCTGCTGTCCAAGAATATTTGGGGACTGCTGGGGCACTTCCTGCGGATCAAAATTCACGAGC
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ATATCATTATGTACGGCGATATCAGGAGACCAGTGAGCTCCCAGTTTCTGGGACGCAAGGTG
GACGTGCTGGCCTTCGTGACAGAGGAAGATAAAGTGGCGGCCGCCAAGAGCAGGATCACCA
GCGAGGGCGAGTACATCCCCCTGGACCAGATCGACATCAACGTGGTGAGCAAGGGCGAGGA
GCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGT
TCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATT
TGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTG
CAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCC
GAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGC
CGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCA
AGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTAT
ATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGA
GGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCLCCCG
TGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGA
AGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGAC
GAGCTGTACAAGTAAGAATTC

Primers used for the sequencing of FCK-OptoCaMP:

Primer 1

Primer 2

Primer 3

Primer 4

Primer 5

Primer 6

Primer 7

TCGTCAGTCAAGCCGGTTCTC

ATGTTTGTCGTACAGCGTGAA

TACGGACTCCCAACTGACTGA

ACGTGGAAGAAAACCCCGGTC

GCTCTGCTGGTGTCCGACCTG

GATCGACATCAACGTGGTGAG

AGGTGAACTTCAAGATCCGCC
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