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Fragile X Syndrome (FXS) is an X-linked disorder and the most common form of inherited intellectual
disability and autism. It is caused by an increased CGG triplet repeat mutation in the 5’ UTR of the
Fragile X mental retardation 1 (FMR1) gene, thereby silencing the gene and subsequent loss of its
product. Data from animal models suggest that FMRP expression is necessary for proper neuronal
development and normal synaptic physiology. Clinical investigations to develop FXS specific treatments
based on the above preclinical findings have limited success.

Thus, it is imperative to look into more human-based FXS in vitro models using neural progenitor cells
and compare them with the existing animal models of FXS. The neurons derived from human stem cells
of patients with FXS can therefore serve as an invaluable model to study the progression of the
symptoms of FXS in vitro and subsequently help in developing new therapies. In my PhD, | focused on
studying the functional properties of human stem cell derived FXS neurons and rescuing the potential
defects.

Results:

¢ Neurons lacking FMRP exhibit aberrant network activity when co-cultured with primary mouse
astrocytes — high frequency bursts but shorter duration than control neurons.

¢ Neurons lacking FMRP display reduced persistent sodium channel current (Inar) and reduced persistent
big conductance calcium-activated potassium (BKCa) current.

e Human astrocytes derived from pluripotent stem cells modulate the network activity of hPSC derived
cortical neurons, mediated through the astrocyte conditioned medium (ACM).

¢ ACM mediates these effects is through the molecule S100B, which potentiates the persistent sodium
channel.

Conclusion:
¢ Co-culturing the hPSC derived cortical neurons with primary mouse astrocytes led to the development
of spontaneous neuronal network activity.

¢ Loss of FMRP led to aberrant network activity of neurons characterized by high frequency, short
duration bursts.

¢ Inap is reduced in neurons lacking FMRP. Potentiating Inap with veratridine, “rescues” the aberrant
network activity of FMRP-lacking neurons.

¢ Astrocytes modulate the neuronal network activity as shown by co-culturing the hPSC derived cortical
neurons with hPSC derived astrocytes. This effect is mediated by the ACM.

¢ The ACM could be modulating the neuronal activity via the S100B molecule which is secreted by the
astrocytes.
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1.1 Fragile X Syndrome

In 1938, Lionel Penrose studied 1280 cases of intellectual disability and observed that more males are
afflicted with intellectual disability than females (Penrose, 1938). This observation has been strengthened
across the years by numerous studies across countries like USA, Canada, Australia and Europe (Baird &
Sadvonick, 1985; MclLaren & Bryson, 1987; Stevenson et al., 1996). In 1943, Martin and Bell provided the
first definitive evidence of X-linked intellectual disability based on a pedigree where mental retardation
appeared to follow an X-linked inheritance pattern (Martin & Bell, 1943). Lubs, in 1969 first observed a
“fragile” site on the X chromosome after karyotyping cultured leucocytes from families with X-linked
mental retardation (Lubs, 1969). The intellectual disorder with this cytogenetic marker was appropriately

named as Fragile X Syndrome.

Figure 1.1 The scanning micro electrograph image (x 9500) of fragile X chromosomes. The “fragile” site
(red arrow) can be easily identified Adapted from Harrison et al., 1983.

FXS is caused by the CGG repeat expansion in the 5’ untranslated region (5’ UTR) of the fragile X mental
retardation (FMR1) gene. The FMR1 gene maps at the Xq27.3 band (Bell et al., 1991; Verkerk et al., 1991)



and due to this FXS is more prevalent in males (1:4000) than females (1:6000-8000). The normal CGG
repeat size ranges from 5 to 44. Repeat numbers of 55-200 is considered as a pre mutation (PM). The
pathophysiology of PM is different than FXS — premature ovarian failure (POI) in females and Fragile X
associated tremor/ataxia syndrome (FXTAS) in males. FXS is associated with a CGG repeat expansion more
than 200. The consequence of this repeat expansion is hypermethylation of the FMR1 promoter, inhibiting
the FMR1 transcription which leads to loss of expression of FMRP (the protein product of FMR1 (Crawford
et al., 2001, Hagerman, 2008, Ciaccio et al., 2017). The disorder usually manifests at an early age and
individuals exhibit a wide variety of symptoms like - learning disabilities, anxiety, unstable mood, attention
deficit, hyperactivity, seizures and altered social behavior. Physical abnormalities in males include long
face, large protruding ears and macroorchidism. (Hagerman et al., 1986, Freund & Reiss, 1992). The
behavioral abnormalities are usually less severe in females (Nussbaum & Ledbetter, 1986; Bagni et al.,
2012). Autism Spectrum Disorders (ASD) occurs as a common comorbidity with FXS. It is estimated that
about 30-50% males and 25% females suffering from FXS also show autistic behaviour (Hagerman et al.,

1986; Miles 2011), thus making FXS the most common monogenic cause of ASD.
1.2 FMRP - role in translational regulation

Since the identification of the FMR1 gene, considerable efforts have been made over the years to
undertand the structure and function of its protein product. Studies showed presence of RNA binding sites
on FMRP suggesting a potential role in translation. The amino acid sequence of FMRP revealed three RNA-
binding motifs - two KH domains and arginine-glycine-glycine (called RGG boxes) (Ashley et al., 1993; Siomi
et al., 1993). A patient with a point mutation in one of the KH domains but normal CGG repeat length
showed severe mental retardation (De Boulle et al., 1993) indicating that mRNA binding to FMRP is a
critical step in the proper functioning of the protein. FMRP has been shown to associate with actively
translating polyribosomes (Corbin et al., 1997; Stefani et al., 2004) and acts as a translational repressor
by stalling the ribosome translocation (Darnell et al., 2011). The loss of FMRP thus leads to an increase in
protein synthesis (Bakker et al., 1994, Zalfa et al., 2003). High-throughput sequencing of RNAs isolated by
crosslinking immunoprecipitation (HITS-CLIP) identified =800 neuronal mRNAs that were regulated by
FMRP in the mouse brain (Darnell et al., 2011). A study using photoactivable ribonucleoside-enhanced
crosslinking and immunoprecipitation (PAR-CLIP) identified *6000 mRNAs that could potentially bind to
FMRP (Ascano et al., 2012). A recent study has identified FMR1 targets in human dorsal and ventral

forebrain neural progenitor cells (Li et al., 2020). FMRP has been known to regulate transport, stability



and regulation of neuronal mRNAs encoding proteins that are involved in maintaining and regulating

synaptic structure and function (Bagni & Greenough, 2005, Neves-Pereira et al., 2009, Darnell et al., 2011).
1.3 Fmr1 KO mouse model

Many animal models have been developed to study the pathophysiology of FXS including zebrafish,
drosophila, mouse and rat (Tucker et al., 2004; McBride et al., 2012; Bakker et al., 1994; Hamilton et al.,
2014). Much of the FXS pathophysiology now understood is derived from studies using the Fmr1 KO mice.
The Fmrl KO mouse model was developed and characterized initially by the Dutch-Belgian Fragile X
Consortium. It was developed using a homologous recombination targeting vector containing a disrupted
Fmr1 DNA sequence with an insertion of a neomycin casette in exon 5 (KO allele). This was inserted into
embryonic stem cells which were then transferred to a pseudo-pregnant female mice of the C57BL/6
mouse strain (Bakker et al., 1994). The resultant Fmr1 KO mice were unable to produce FMRP protein, but
did contain detectable levels of Fmr1 mRNA (Yan et al., 2004). Since its development, the Fmr1 KO mouse
model has provided us with extensive mechanistic details about the role of FMRP in maintaining neuronal
function. However inspite of their advantage as a tool to elucidate the molecular and signalling pathways
involved in FXS, the animal models are not without their limitations. One of the major limitation is these
animal models mimicking the CGG-repeat expansion mediated silencing do not show the
hypermethylation pattern seen in humans (Brouwer et al., 2007). These limitations associated with the

animal models make it necessary to study FXS in more human relevant models.
1.4 FMRP and cortex

Event related potential recordings (ERP) and transcranial magnetic stimulation (TMS) studies have
suggested that there are deficits in the cortical activity and plasticity in patients suffering from FXS (Molen
et al., 2012; Oberman et al., 2010, Kogan et al., 2004). Whole-cell patch clamp studies from Fmr1 KO mice
show an increase in neuronal excitability in different regions of the cortex. This increase in neuronal
hyperecxitability is characterized by an increase in firing frequency of the FXS neurons (Deng et al., 2013;
Deng et al., 2016; Zhang et al., 2014). Consequently this also leads to an increase in the circuit excitability
(Gibson et al., 2008; Hays et al., 2011; Goncalves et al., 2013). The hyperexcitability of the cortical neurons
have been a hallmark of FXS. Recent studies however have shown that this hyperexcitability phenotype is
not uniform. A study using primary mouse cortical neurons has shown that loss of FMRP has no impact on
the baseline firing frequency and the synaptic activity (Bulow et al., 2019). Another study suggests a

hypoexcitabilty phenotype of the visual cortex in the Fmr1 KO mice (Berzhanskaya et al., 2016). FMRP is



ubiquitously expresed in the CNS of mammals throughtout development (Gholizadeh et al., 2015). Thus
understanding the role of FMRP in regulation of neuronal development in the cortex is crucial. FMRP
influences both function and morphology of neurons. Studies on cortical post-mortem tissues from adult
FXS patients show abnormalities in density, length and morphology of the dendritic spines (Churchill et
al., 2002; Greco et al., 2002). The dendritic spines in the neocortex and visual cortex of FXS patients show
an immature morphology (Hinton et al., 1991; Irwin et al., 2001). Interestingly, dendritic spine studies in
Fmr1 KO mouse models also show a similar phenotype. The spines from the layer V visual cortex and the
occipital cortex of an Fmr1 KO mouse shows significantly higher number of longer spines (more filopodia
like and thin-headed) which are known to be immature than shorter spines (mushroom-headed/stubby).
The overall spine density was also greater in the Fmr1 KO animals (Irwin et al., 2002; McKinney et al.,
2006, Grossman et al., 2006). The overall changes in the number of neurons and glial cells across the
neocortex absence of FMRP further reiterates the importance of FMRP during cortical development (Lee
et al., 2019). While considerable insights have been gleaned into the FXS pathophysiology in the cortex
using animal models, it is very important to study FXS in human cortical neurons. In this thesis, we will

provide an in-depth analysis of how loss of FMRP leads to functional deficits in human cortical neurons.
1.5 FMRP and ion channels

Voltage-gated sodium channels play a critical role in generation and propagation of action potentials. In
addition to the fast activating and inactivating sodium current (/nq7), some cells also possess an inactivating
component called as the persistent sodium current (/nep) (reviewed in Kiss, 2008). Some of FMRP’s targets
include mRNAs that encode proteins for ion channels or their regulation (Darnell et al., 2011). Several ion
channels have been reported to be dysregulated in the absence of FMRP. Studies investigating prefrontal
and entorhinal cortical neuron dysfunction in Fmr1”Y mice concluded that the hyperexcitability displayed
by these neurons was due to an increase in transient (/n.r) (Routh et al., 2017) and persistent (/nap) (Deng
& Klyachko, 2016) sodium currents. FMRP has also been known to interact with mRNAs encoding
potassium channels. Voltage gated potassium channels Kv3.1 b and Kv4.2 mRNA are confirmed targets of
FMRP (Darnell et al., 2011, Gross et al., 2011). Kv3.1 b plays an important role in neurons that have a high
spike rate with spike frequencies > 300 Hz (Gan & Kaczmarek, 1998). Loss of FMRP leads to altered levels
of Kv3.1 b and an aberration in the sound detection by Fmr1 KO mice (Strumbos et al., 2010). Kv4.2 is one
of the major channels that regulates neuronal excitability in hippocampal neurons. FMRP acts as a positive
regulator of the Kv4.2 mRNA. Consequently, loss of FMRP leads to reduced levels of Kv4.2 and a

concomitant increase in neuronal excitability (Gross et al., 2011). Deng and colleagues observed a



broadening of action potentials (AP) in the CA3 and cortical pyramidal neurons of Fmrl KO mice. This
modulation of AP duration by FMRP is via big conductance calcium-activated potassium (BKc.) channels.
FMRP directly interacts with the B4 subunit of the BKc, channel and loss of FMRP leads to a decrease in
the BKc, current conductance (Deng et al., 2013). Genetic upregulation of the BKc, channels can correct
the AP duration defects even in the absence of FMRP (Deng & Klyackho, 2016). FMRP also interacts
directly with the Slack Na* activated K* channel (Kya) via the channel’s cytoplasmic C-terminal domain and
enhances the channel activity (Brown et al., 2010; Zhang et al., 2012). Other ion channels modulated by
FMRP and thereby influencing spiking activity of the neurons also include small conductance calcium-
activated potassium (SKca) channels and HCN channels (Deng et al., 2019; Brager et al., 2012). Ligand-
gated ion channels are also involved in the pathophysiology of FXS. Of these, the main ligand-gated
channels affected in FXS are, NMDARs, AMPARs and GABAA4Rs. Studies using Fmr1 KO mice have shown
that the expression of GIuA1 (AMPAR subunit) in the cortex is decreased, which leads to impaired LTP.
The effect of FMRP on AMPARs is dependent on the brain region and the cell types (Deng & Klyachko,
2021). Studies have also shown that loss of FMRP leads to dysregulated NMDAR signaling in the
hippocampus of mouse models (Toft et al., 2016). There are very few studies that have looked at the
effect of FMRP on NMDAR regulation. However, there are reports of reduced NMDA currents in the
anterior piriform cortex of Fmr1 KO mice (Gocel & Larson, 2012). In Fmr1 KO mice, the NMDAR signaling
is impaired in the layer IV stellate cells of the cortex (Booker et al., 2019). Thus, similar to AMPARs, the
effect of FMRP on NMDARSs is also brain region/cell specific. Studies on human patients and animal models
have shown that in FXS, the function and expression of GABAAR is impaired (Van der Aa & Kooy, 2020).
This loss of GABA4R leads to the hyperexcitability phenotype observed in FXS patients and animal models
(Morin-Parent et al., 2019). Thus, loss of FMRP leads to deficits in voltage-gated and ligand-gated ion

channels.
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Figure 1.5 Summary of the cellular and behavioral impairments in the absence of FMRP.
1.6 Targeted treatments of FXS

Studies predominantly using the Fmrl KO mouse models have revealed several molecular signaling
pathways which are affected in FXS. The key and most widely studied signaling pathway is the mGIuR
theory put forward by Mark Bear in 2004. According to this theory, absence of FMRP leads to an increased
glutamatergic signaling through metabotropic glutamate receptor 5 (mGIuR5) with a concomitant
increase in protein synthesis and deficits in synaptic plasticity including enhanced long term depression
(LTD) in the hippocampus (Bear et al., 2004). In the amygdala Fmr1 KO mice, absence of FMRP leads to
impaired mGluR-dependent long term potentiation (LTP) and deficits in synaptic activity (Suvrathan et al.,
2010). The mGIuR theory led to several clinical trials (reviewed in Ligsay & Hagerman, 2016) with mGIuR
anatagonists — fenobam (Berry-Kravis et al., 2009), mavoglurant (Jacquemont et al., 2011; Berry-Kravis et
al., 2016) and basimglurant (Quiroz et al., 2016). Fenobam, mavoglurant and basimglurant showed good
safety profiles but failed the efficacy tests. Thus though mGIluR antagonists alleviated FXS symptoms in
preclinical models, trials with human patients produced less favourable results indicating that the

pathophysiology of FXS is more complicated.

The major inhibitory neurotransmitter in the brain is y-aminobutyric acid (GABA). The GABA receptors are
classified as GABAx (ionotropic) and GABAg (metabotropic). The binding of GABA to the receptors leads to
an influx of chloride (CI) into the cell, thus hyperpolarizing and ultimately inhibiting the postsynaptic

neuron. In 2006, D’Hulst and colleagues reported a decrease in the expression levels of GABAa receptor in



the cortex of Fmrl KO mice (D’Hulst et al., 2006). Many studies since then have corroborated this result
and have also shown a decrease in GABAareceptor levels in the hippocampus and amygdala in the absence
of FMRP with a concomitant decrease in inhibitory post synaptic currents and an overall increase in the
excitability of the circuit (Olmos-Serrano et al.,, 2010; Paluszkiewicz et al., 2010). Positron Emission
Tomography (PET) imaging also showed significant decrease in the GABAA levels in various parts of the
brain of FXS patients (D’Hulst et al., 2015). These promising results led to clinical trials using agonists of
GABA, to potentiate its effects. Ganoxolone which improved the FXS symptoms like seizures, repetitive
behaviours in Fmr1 KO mice (Heulens et al., 2012; Braat et al., 2015) when tried on FXS patients of ages
ranging from 6-17 years, failed to show any significant improvement (Ligsay et al., 2017) when compared

to the placebo group.

All the clinical trials summarized above, were conducted after obtaining successful results using the drugs
in Fmrl KO mouse models. But these drugs did not fare very well in the clinical trials. While the FXS
pathophysiology have been studied over the years in considerable details it is still poorly understood till
date because of limitations of the model systems. It has been shown that despite the similarities in
biochemical, phenotypical, and neuropathological features of Fmrl KO mice with those of humans, the
abnormal methylation status observed in humans is not captured in Fmr1 KO mice (Brouwer et al., 2008).
Moreover, data from primary human cell culture studies suggest that in humans, CGG amplification does
not inhibit FMR1 transcription and production of FMRP in the absence of DNA methylation (Pietrobono
et al., 2005; Smeets et al., 1995). Studies have also shown that the actual timing of FMR1 silencing is
critical in the development of the symptoms (Eiges et al, 2007). Thus, to fully understand the
pathophysiology of FXS in humans, it is imperative to characterize FXS in more human — based models.
Human pluripotent stem cell (hPSC) derived neurons are an attractive platform for studying the underlying
mechanism of FXS because they can be obtained from the FXS patients (iPSCs) and the FXS mutation can
be preserved during the reprogramming process. In addition, because hPSC derived neurons are usually
present at early developmental stages, they provide insights into the role of FMRP in early neural

development.
1.7 Human pluripotent stem cells

Stem cells are self-renewing cells present in the embryo and adult tissue. These cells can differentiate into
any other cell type of the organism. Stem cells can be totipotent or pluripotent. Totipotent stem cells can

give rise to the entire organism, e.g. the zygote. These cells can give rise to the three germ layers and the



extraembryonic membranes. Pluripotent stem cells (PSCs) can give rise to the three germ layers but not

the extraembryonic membranes (reviewed in Zakrzewski et al., 2019).

Human pluripotent stem cells (hPSCs) include embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs). Because stem cells can be differentiated into several neural cell types, including neurons and

astrocytes, they have become an invaluable platform to model neurodevelopmental diseases.

Human embryonic stem cells are isolated from the inner-cell mass (ICM) of the preimplantation embryo
(reviewed in Vazin & Freed, 2010). Following the establishment of first stable mouse embryonic stem cell
lines (Martin, 1981; Evans & Kauffman, 1981), Thomson and colleagues, in 1998 successfully isolated hESC
lines from human embryos. These isolated cells retained the two most important features critical to stem
cells — self renewal and pluripotency (Thomson et al., 1998). Karyotyping of these cells when grown on
mouse embryonic fibroblast (MEF) feeders revealed them to be karyotypically normal. These cells could
also generate large cell tumors comprising of several types tissue (teratoma) when grafted into
immunodeficient (SCID) mice (Bosma et al., 1983; reviewed in Vazin & Freed, 2010). In a set of pioneering
experiments, Sir John Gurdon in 1962, reported the generation of tadpoles from enucleated fertilized frog
ova that had been transplanted with nuclei from intestinal epithelial cells of tadpoles. This was the first
example of cellular reprogramming of somatic cells (Gurdon, 1962). The iPSC technology was developed
by Shinya Yamanaka and Kazutoshi Takahashi in 2006. They generated mouse iPSC lines by
reprogramming a mouse fibroblast by retroviral delivery of four reprogramming transcription factors,
Oct3/4, Sox2, KIf4 and c-Myc (together known as Yamanaka factors) (Takahashi & Yamanaka, 2006). In
2007, Yamanaka and colleagues applied the same technology to generate human induced pluripotent
stem cells (reviewed in Omole & Fakoya, 2018). The iPSCs are self-renewing in culture and like the ESCs
can give rise to cells from the three germ layers. Unlike the ESCs, use of iPSCs do not warrant as much
ethical considerations, hence use of iPSCs in disease modelling has been very appealing. The ability of self-
renewal renders the hPSCs as an invaluable tool for basic as well as translational research purposes.
However, because of the tumorigenic capacity of the pluripotent stem cells, these cells in an
undifferentiated stage cannot be used for patient-specific treatment. Hence, over the years several strides

have been made to develop protocols for differentiating the pluripotent stem cells into specific cell types.
1.8 Generation of cortical neurons from hPSCs

The cortex is a target for many neurodevelopmental diseases like autism spectrum disorders (ASD),

Down’s syndrome and several neurodegenerative diseases such as Alzheimer’s, Parkinson’s, Huntington’s.



The human cerebral cortex is an incredibly complex and stratified structure. Different areas of the cortex
are responsible for integration of sensory and motor information and memory formation. The
arrangement and diverse cell types present in the different layers are crucial for proper functioning of the
cortex. These cell types can be excitatory or inhibitory and differ in their gene expression profiles,

morphology and functional properties (Molyneaux et al., 2007).

Most of the studies investigating cortical development and neuronal function have used rodent models.
However, the development of human cortex distinctly differs in several aspects from rodent cortex. These
include the micro cytoarchitecture, tangential expansion of the frontal cortex and gyrencephaly (Defelipe,
2011; Liu et al.,, 2011). This makes it difficult to model neurodevelopmental disorders in rodent. As
discussed in the above section, pluripotent stem cells can differentiate into several cell types. Recently,
several labs have developed sophisticated protocols to differentiate the hPSCs into cortical neurons,
primarily pyramidal neurons which are the chief excitatory neurons in the cortex (reviewed in Yap &

Winkler, 2015).

Neural differentiation of hPSCs is dependent on a complex interplay of activation and inhibition of several
molecular signaling pathways controlled by morphogens, cytokines, and growth factors. Over several
years better understanding of the various signaling pathways involved in development has led to refining
of neural differentiation protocols. One of the most widely used process of neural induction is dual
inhibition of SMAD signals, developed by Chambers and colleagues in 2009. Several studies on Xenopus
laevis demonstrated that inhibition of bone morphogenetic protein (BMP) by Noggin, Follistatin and
Chordin is an important process in neural development of the embryo via the SMAD signaling pathways
(Smith & Harland, 1992; Smith et al., 1993). SMAD proteins are components of the TGFp signaling pathway
(reviewed in Moustakas et al.,, 2001). Chambers and colleagues used two SMAD inhibitors, Noggin and
SB431542 (Chambers et al., 2009) and reported successful neural conversion of hPSCs in an adherent cell
culture condition. Early development comprises of the formation of the forebrain from the anterior
neuroectoderm (Wilson & Houart, 2007). Morphogen gradient based dorso-ventral patterning of the
forebrain leads to the development of the dorsally positioned telencephalon, which included the cerebral
cortex (Wilson & Rubenstein, 2000). The telencephalon has several multipotent precursor (NPCs) cells
which are very important for corticogenesis (Azzarelli et al., 2015). The dorsal NPCs predominantly express
the transcription factor, PAX6 (reviewed in Osumi et al., 2008). The neuroepithelia derived from hPSCs
are organized radially, called “neural rosettes” (Zhang et al., 2001). These rosettes assume a primitive

anterior identity by default (Pankratz et al., 2007). Protocols have evolved to derive specific neural



subtypes by modulating pathways such as WNT signaling under dual-SMAD inhibition conditions.
Activation of WNT signaling pathway, leads to the generation of cells from the neural crest lineage (Mica
et al., 2013, Menendez et al., 2011), whereas inhibition of WNT signaling results enhances formation of
forebrain precursors using small molecule antagonists like DKK1, confirmed by the expression of forebrain
fate marker, FOXG1 (Maroof et al., 2013; Qi et al., 2017). The FOXG1 positive telencephalic progenitors
can be patterned to dorsal or ventral precursors, and subsequently to mature glutamatergic or GABAergic
cortical neurons. Dorsal fate of the precursors can be achieved by external treatment with retinoic acid
or inhibiting Sonic hedgehog (Shh) signaling. The resultant dorsal telencephalic precursors (NPCs) are
positive for PAX6 and terminal differentiation into cortical glutamatergic neurons can be achieved by
removal of fibroblast growth factor (FGF2) from the culture medium (reviewed in McCaughey-Chapman

& Connor, 2018).
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Figure 1.8 Schematic showing the different steps for the generation of cortical neurons from hPSCs.

1.9 Astrocytes

Astrocytes are a type of glial cell and the most abundant cell in the central nervous system (Volterra &
Meldolesi, 2005). Ramon y Cajal published two seminal papers in 1897 and 1913, focusing on neuroglia.
Cajal proposed the “insulation theory” which is that astrocytes function as cellular insulators separating
the activity of neurons around them (reviewed in Navarrete & Araque, 2014). This is probably the first-
time astrocytes were thought of as active components in modulation of neuronal function. This theory,

however, did not gain traction until recently, over hundred years later. The predominant view of the



function of astrocytes has been their role in providing nourishment and support to the neurons. This
“nutrition theory” was originally proposed by Golgi in 1903. This theory relegated astrocytes to a passive
role without any direct involvement in the processing of information in the brain. Astrocytes are not
electrically excitable cells and because the information transfer in the brain is via passage of electricity,
the neurons emerged as the champions. Subsequently all the studies aimed at understanding the
structure and function of the neurons. Similarly, understanding of neurodevelopmental and

neurodegenerative diseases was restricted to studying neuronal dysfunction.

Astrocytes are divided into two types depending on their morphology and location — 1) protoplasmic
astrocytes are found in the grey matter with long, thick, and highly ramified processes, located near the
periphery of the blood vessels and 2) fibrous astrocytes, found in the white matter where their processes
pass between the nerve fibres (reviewed in Kettenmann & Verkhratsky, 2008, 2011). A number of
immunological markers have been used to study the morphology of astrocytes. Of these, the predominant
marker for astrocytes was glial fibrillary acidic protein (GFAP), however GFAP only marks the primary
branches which represents only = 15% of the total astrocyte volume (Bushong et al., 2002). Other markers
like GIt-1 (glial glutamate transporter), GLAST (glutamate-aspartate transporter) and ALDH1L1 (aldehyde
dehydrogenase 1 family, member L1) (Rothstein et al., 1994; Cahoy et al., 2008) show significant promise
in elucidating the complex morphology of mammalian astrocytes though a specific marker for mature

astrocytes doesn’t exist yet.

Advancement in fluorescent dyes and microscopy in 1990s led to several studies that reported astrocytes
displaying cellular excitability through variations in their intracellular calcium concentrations (Cornell-Bell
et al., 1990; Charles et al., 1991; Perea & Araque, 2006). These calcium transients occurred spontaneously,
but could also be evoked by synaptic activity and sensory stimuli (Wang et al., 2006; Perea et al., 2009;
Takata et al., 2011; Araque et al., 2014) thus challenging the passive role of the astrocytes. A number of
neurotransmitters such as glutamate, GABA, acetylcholine, dopamine, serotonin, adenosine tri phosphate
(ATP) and nitric oxide (NO) are able to elicit calcium response from astrocytes (reviewed in Perea et al.,
2009; Araque et al., 2014). Several studies conducted by Ben Barres in 1990s showed that the astrocytes
also displayed several ligand and voltage-gated ion channels (reviewed in Barres et al., 1990). In an
isolated culture of astrocytes from optic nerve of rats, he showed the presence of voltage-gated potassium
channels like inward rectifying potassium channel (Kir) and delayed rectifier potassium channels (Kp)
(Barres et al., 1990). Although astrocytes are non-excitable, there are multiple evidences of them

possessing voltage-gated sodium channels. The earliest evidence came from studies on cultured



astrocytes from rats (Bevan et al., 1985) which shows fast-inactivating, TTX sensitive sodium currents.
Subsequent whole-cell patch clamp studies have corroborated the presence of functional voltage-gated

sodium channels in astrocytes (Barres et al., 1988, 1989; Sontheimer et al., 1992).

Astrocytes are secretory cells. Many of the physiological functions are performed by the proteins secreted
by them. These include:- thrombospondins for regulation of synapse formation (Christopherson et al.,
2005), metallothionein for axonal regeneration (Chung et al., 2008), TGF-B for prevention of apoptosis
(Dhandapani & Brann, 2003), several cytokines, chemokines, and protease inhibitors (Lafon-Cazal et al.,
2003; Moore et al., 2009; Delcourt et al., 2005; Keene et al., 2009). All the above studies have provided
ample evidence to establish the role of astrocytes in modulating neuronal function and vice-versa, thus it

is important to study the astrocyte dysfunction in disorders of the CNS.
1.10 Astrocytes in FXS

In healthy CNS tissue, astrocytes maintain homeostasis of extracellular ions, neurotransmitters, provide
glucose metabolites to neurons, regulate local blood flow, modulate synapse development and plasticity
and play an essential role in neural circuit function and behaviour (see reviews, Verkhratsky & Nedergaard,
2018; Magistretti & Allaman, 2018; MacVicar & Newman, 2015; Khakh, 2019). However, during injury or
disease of the CNS, the astrocytes become reactive and the process is termed reactive astrogliosis.
Astrocyte reactivity can lead to a diver change in the astrocyte morphology with a concomitant change in

its physiological functions (reviewed in Sofroniew & Vinters, 2010).

FMRP was thought to be expressed predominantly in the neurons with negligible expression in the mature
glial cells, rendering studies examining FXS pathophysiology to focus solely on the neurons (Bakker et al.,
2000; Devys et al., 1993). In 2004, Wang and colleagues reported expression of FMRP in oligodendrocyte
precursor cells (OPC) but not in mature oligodendrocytes. They suggested that during OPC development,
FMRP binds the mRNA of myelin binding protein (MBP) and suppresses its translation. Post differentiation,
FMRP expression is downregulated resulting in increase of MBP (Wang et al., 2004). Pacey and Doering
observed co-expression of FMRP and GFAP in differentiated neurospheres isolated from mouse brain
suggesting the presence of FMRP in glial lineage (Pacey & Doering, 2007). Immunohistochemical studies
of cingulate cortex, hippocampus, striatum, corpus callosum and cerebellum of wild-type mice revealed
FMRP to be expressed until post natal day (PND) 10, and a decrease in FMRP expression thereafter.
However, in corpus callosum FMRP expression continued until adulthood (Gholizadeh et al., 2015). From

these studies it is clear that in vitro and in vivo, FMRP is expressed in developing astrocytes. The pioneering



experiments that established the role of astrocytes in FXS pathophysiology came from Laurie Doering’s
group. Using a co-culture system consisting of mouse primary hippocampal neurons and astrocytes form
Fmrl KO mice, they demonstrated that the hippocampal neurons exhibited abnormal dendritic
morphology. To further cement their observations, they studied the dendritic morphology of Fmr1 KO
neurons plated on WT and Fmr1 KO astrocytes. The Fmrl KO neurons when plated with WT astrocytes
displayed normal dendritic phenotype suggesting that WT astrocytes can “rescue” the FXS phenotype
(Jacobs & Doering, 2010).

Astrocytes exert their effect through secretions and contact-mediated (reviewed in Cheng et al., 2012).
Several studies have shown that neurons with media conditioned by astrocytes enhances synapse efficacy
(Pfrieger & Barres, 1997; Nagler et al., 2001; Ullian et al., 2001). Recent studies have started looking at
how the loss of FMRP affects the astrocyte secretome. Doering’s group showed downregulation of the
secreted thrombospondin-1 (TSP-1) protein in astrocytes cultured from Fmrl KO mouse, (Cheng et al.,
2016), and enhanced expression of Tenascin (TSC) and its downstream target interleukin-6 (IL-6) in Fmr1
KO astrocytes (Krasovka & Doering, 2018). Astrocyte secretory protein S100B which also serves as a
marker for astrocytes (Raponi et al., 2009) was elevated in the cerebellum of Fmrl1 KO mice (Pacey et al.,
2015). Interestingly S1008 is a calcium-binding protein, and it is implicated in modulating the network
activity of neurons (Morquette et al., 2015). S1003 overexpression and concomitant aberrant calcium
signaling and neuronal dysfunction has also been found in hPSC model of Down’s syndrome which can be
rescued by addition of astrocyte conditioned media from control astrocytes (Chen et al., 2014; Mizuno et
al., 2018). Indeed, children with autism spectrum disorder show an increase S100p levels in the serum (Al-
Ayadhi & Mostafa, 2012; Guloksuz et al., 2017; Ayaydin et al., 2020). Thus there is clear evidence of the
astrocytes being affected by the loss of FMRP. Furthermore, above studies suggest that healthy astrocytes
or the secretome from healthy astrocytes can aid in correcting the FXS phenotype, thereby providing a
host of new therapeutic targets to explore. In this thesis, we will study the impact of astrocytes on synapse
and network efficacy of the hPSC derived cortical neurons. We will also provide a mechanistic basis of

FMRP modulation of neuronal network activity through the astrocytes.
1.11 Modelling FXS in hPSC derived neurons

FXS hESCs- Verlinsky and colleagues in 2005 were the first to isolate FXS hESCs from preimplantation
embryos carrying the FXS mutation identified by preimplantation genetic diagnosis (PGD) (Verlinsky et al.,
2005, reviewed in Bhattacharyya & Zhao, 2016). In 2007, Rachel Eiges and colleagues, generated and
characterized FXS hESCs. They showed that even though the FXS hESCs retained full mutation in the FMR1



gene, the promotor region is unmethylated and in the undifferentiated state, the FMR1 gene could still
be transcribed and translated (Eiges et al., 2007). This is in agreement with reports by Sutherland and
colleagues in 1992, who had observed hypermethylation and lack of FMR1 translation in embryonic tissue
but found that the chorionic villi of 13-week-old fetus still retained FMR1 expression (Sutherland et al.,
1991). Subsequent establishment of multiple FXS hESC lines however have shown that hypermethylation
and loss of FMR1 expression can also be acquired in undifferentiated cells (Avitzour et al., 2014). Thus,
the actual timing of epigenetic silencing of FMR1 gene is still debatable and more studies are needed to

arrive at a conclusion.

The generation and characterization of cortical neurons derived from FXS hESCs was from Dalit Ben-
Yosef’s group in 2013. They reported abnormal gene expression (low expression of PAX6 and SOX1, B Il
tubulin) and neurogenesis in the early stages of development. The neurons derived from FXS hEPSCs had
less firing frequency than control neurons and did not show considerable response to glutamate (Telias
et al., 2013). In a more comprehensive study, they reported that neurons derived from FXS hEPSCs could
fire single action potential in response to depolarizing current steps. The synaptic activity of the FXS
neurons was diminished as compared to controls and the FXS neurons displayed low sodium and
potassium currents (Telias et al., 2015). In the subsequent chapters of this thesis, we will look at the action

potential, synaptic and network properties of cortical neurons derived from FXS hESCs.

FXS hiPSCs — Studies describing FXS hiPSCs are relatively few (reviewed in Bhattacharyya & Zhao, 2016).
Sheridan and colleagues generated iPSCs from fibroblasts of three FXS patients, of which one was a mosaic
donor. The FMR1 gene was methylated and epigenetically silenced in the iPSCs (Sheridan et al., 2011) in
contrast to what was seen in the FXS hESCs. Thus, until the differences in FXS-hESCs and hiPSCs are
delineated it is necessary to study the two together. The neuronal progenitor cells derived from from the
FXS-iPSCs exhibited shorter and fewer processes than controls. Another study reported downregulation
of several genes related to neuron differentiation, axogenesis, and axon guidance pathway in the FXS-iPSC
derived neurons (Halevy et al., 2015). Doers and colleagues reported defects in neurite outgrowths in the
FXS iPSC derived neurons (Doers et al., 2014). Recently a study using a micro-raft culture method, showed
pre-synaptic vesicle recycling is reduced in FXS-hiPSC derived neurons (Niedringhaus et al., 2015). Another
recent study reported an increase in spontaneous recordings using multiple electrode array (MEA)
recordings. Transient transfection of WT FMR1 mRNA into the FXS cultures resulted in partial rescue of
the aberrant spontaneous activity of the FXS-hiPSC derived neurons (Graef et al., 2020). The diversity in
the results obtained from FXS-hESC and hiPSC studies and the limited number of such studies highlight



the acute need to study FXS in hESC and hiPSC together and comprehensively analyze the effect of loss of

FMRP on cortical neuronal development and function.
1.12 Differences between mouse and human astrocytes

In this thesis we will show results of co-culturing hPSC derived neurons with both primary mouse
astrocytes (Chapter 4) and hPSC derived astrocytes (Chapters 5 and 6). To understand the profound effect
exerted by the human astrocytes on the human neurons discussed in the later chapters, it is first
important to discuss the differences between mouse and human astrocytes. In the human cortex, the
ratio of astrocytes to neurons is = 1.6 times than that of mice, making astrocytes the most abundant cell
in the human cortex (Nedergaard et al., 2003). Oberheim and colleagues published a seminal study
detailing the structural and functional differences between human and mouse astrocytes. They showed
that human cortical astrocytes are larger = 3 times and extend = 10 times the number of processes than
the mouse astrocytes. The microanatomy of the end-feet (specialized structures that contact the
vasculature) of protoplasmic astrocytes differed between humans and mice. The speed of the calcium
wave transmission was significantly higher in human cortical astrocytes (43.4 + 4.7 um/s) than mouse
astrocytes (8.6 + 0.6 um/s). Human astrocytes respond to ATP and glutamate through rises in intracellular
calcium similar to rodents, however the rate of signal transmission is greater in humans than their rodent
counterpart (Oberheim et al., 2009). Thus several differences in morphology and function between rodent

and human astrocytes necessitate the use of human astrocytes in conjunction with human astrocytes.

The first human astrocytes were cultured in 1990s from fetal and adult post-mortem tissues however
these cultures were contaminated with other cell types (Ennas et al., 1992; Lee et al., 1993). The advent
of stem cell technology in recent years has made it possible to derive astrocytes from human pluripotent
stem cells. Lee and colleagues were the first group to generate GFAP+ astroglia from hESC by inhibition of
sonic hedgehog (SHH) signaling at the neural induction stage. The first chemically-defined protocol for
developing astrocytes from hPSCs was reported by Su-Chun Zhang’s group (Krencik et al., 2011). Their
protocol consisted of three stages —induction of neuroepithelium, generation of astrocyte progenitor cells
and maturation of astrocytes by maintaining the astrospheres. Several protocols since then have been

developed to generate functional astrocytes from human pluripotent stem cell cells.

In this thesis, we have used stem cell derived neurons (iPSC and ESC) to study the role of FMRP in the

regulation of neuronal function. The several aims of this thesis are:

e To analyze the effect of loss of FMRP on the firing and synaptic activity of hPSC derived neurons.



e Understanding FMRP’s function in maintaining proper neuronal network activity.

e Glial modulation of neuronal function.

The findings detailed in this study show for the first time the role of FMRP in modulating the network
activity of human neurons. Another novel feature of this thesis is an in-depth analysis of glia-neuron

crosstalk and how glial cells are key modulators of neuronal function hence providing a new framework

for studying FXS and other neurodevelopmental diseases.



2.1 Culture and propagation of hIPSC and hESC:
The materials and methods outlined here, have been published in

Das Sharma S, Pal R, Reddy BK, Selvaraj BT, Raj N, Samaga KK, Srinivasan DJ, Ornelas L, Sareen D, Livesey
MR, Bassell GJ, Svendsen CN, Kind PC, Chandran S, Chattarji S & Wyllie DJA (2020). Cortical neurons
derived from human pluripotent stem cells lacking FMRP display altered spontaneous firing patterns. Mol

Autism 11 52. doi: 10.1186/s13229-020-00351-4. PMID: 32560741
In this study, the hiPSC (human induced pluripotent stem cell) lines used were:

SC 176 (healthy male), SC 128 (fragile X syndrome male) hereby will be referred to as CON1 and FXS1
respectively. These were obtained from Dr. Philip H. Schwartz at Children’s Hospital of Orange County’s
National Human Neural Stem Cell Resource (http://nhnscr.org/). Fibroblast lines were reprogrammed at
the Laboratory for Translational Cell Biology at Emory University (Atlanta, GA) using established protocols

and under institutional approval.

Early passage fibroblasts were cultured in fibroblast medium ((10% ES-qualified FBS, 0.1 mM NEAA, 55
UM B-mercaptoethanol, high glucose DMEM with Glutamax) for two days. On day O, fibroblasts were
transduced with a cocktail of KOS, hc-Myc, hKIf4 (Yamanaka factors) using Sendai virus. Cells were fed

with the fibroblast medium every alternate day for one week.

Day 7 — Cells were passaged onto vitronectin (Thermofisher) coated coverslips at a density of 250,000 —

500,000 cells/well.

Day 8 onwards cells were fed with fibroblast medium every day and colonies began to emerge after 7-10

days.

Individual hiPSCs were picked manually and transferred to a vitronectin or Matrigel (BD Biosciences)
coated dish. These colonies were expanded as clonal lines. These were fed everyday with complete
mTesR1 medium (Stem Cell Technologies) and passaged every 5-7 days with complete mTesR1 medium

(Stem Cell Technologies).

ND30625 (healthy male), GM07072 (fragile X syndrome male), GM05848 (fragile X syndrome male)
hereby will be referred to as CON2, FXS2 and FXS3 respectively. These fibroblasts were obtained from the
Coriell Institute of Medical Research under their consent and privacy guidelines as described on their

website (http://catalog.coriell.org/). The generation of hIPSCs was carried out at Cedar-Sinai Medical

Centre (LA, CA).


http://catalog.coriell.org/

Fibroblasts were re-programmed into non-integrating and virus free hIPSCs by nucleofecting them with
episomal plasmids that expressed the reprogramming factors OCT4, SOX2, KLF4, L-MYC, LIN28 and shRNA
to TP53. Using a battery of characterization tests for pluripotency like hiPSC Scorecard Assay, PluriTest,
and RT-gPCR, the newly reprogrammed hiPSCs were confirmed to be pluripotent. Further authentication
of the iPSCs were also performed by matching the short tandem repeat (STR) profiles with the parental

tissue source (fibroblasts) to ensure the correct identity of the cell lines.

The hESC (human embryonic stem cell) Shef 4, hereafter called FMR1*Y was obtained from UK stem cell
bank. From Shef 4 using CRISPR-Cas9 technology (D’Souza et al., 2019), FMR1 was deleted to yield the
Shef 4 null line hereafter called FMR17.

Xeno-free and feeder free medium, Essential 8 (Thermo Fisher Scientific) was used to culture and
propagate the stem cells. The cultures were done using 6-well plates (Nunc Nunclon delta surface, Thermo
Fisher Scientific) coated with reduced growth-factor Matrigel (Corning Inc, New York, NY) at 37°C, 5% CO,
in a humidified incubator. The cells were cultured till 90% confluence and then enzymatically passaged

for propagation and cryopreservation.

ID in | ID at source Age Sex | Reprogrammed Re-programming | Starting G band
manuscript (years) cell line name method cell type | karyotype
CON1 SC176 14 M SC176 Sendai virus Fibroblast | Normal
CON2 ND30625 76 CS25iCTR-18nxx Episomal vectors | Fibroblast | Normal
FXS1 SC128 23 M SC128 Sendai virus Fibroblast | Normal
FXS2 GMO07072 22 M CS072iFXS-n4 Episomal vectors | Fibroblast | Normal
FXS3 GMO05848 4 M CS8488iFXS-n5 Episomal vectors | Fibroblast | Normal
FMR1*Y SHEF 4 ESC M NA NA - Normal
FMR17Y SHEF 4-FMR1 null | ESC M ESC- CRISPR Cas 9 | NA - cNormal
edited

2.2 Generation of NPCs and neurons:

Table 2.1 Details of cell lines used in this study.




Cortical NPCs were derived from the hESC and hIPSC cells using previously published protocols. Human
cortical neurons were then generated from NPCs.

o NPCs were plated on to 13 mm glass coverslips (VWR, Radnor, PA) coated with poly-L-ornithine,
laminin, fibronectin (Sigma, St. Louis, MO) and reduced growth-factor Matrigel at 30,000 cells /
coverslip in default medium; maintained at 3% O,, 5% CO,, 37°C for 1 week (days 1-7)

e For further 2 weeks (day 8-21) default + forskolin (Tocris, UK) was added.

e Default + forskolin media was supplemented with BDNF and GDNF and added to the cells for
further 5 weeks (days 22-56)

e At the 8™ week, neurons were used for electrophysiology experiments.

2.3 Generation of primary rodent astrocytes:

Astrocytes were isolated from the cerebral cortex of E18.5 CD1 mice. Cortices were dissected,
enzymatically digested and mechanically dissociated. Astrocytes were plated on poly-D-lysine and laminin
(Sigma) coated plates in medium containing DMEM supplemented with 10% FBS (Thermo Fisher Scientific)
and passaged twice prior to co-culturing with neurons on a 24 well- plate. For co-cultures, human NPCs
(30,000 cells/cover-slip) were plated on to a layer of astrocytes and differentiated into neurons in a

humidified incubator (5% CO2) at 37°C for 8 weeks.
2.4 Generation of astrocytes from iPSC and ESC

IPSCs and ESCs were neuralized and then converted to spheres as described earlier (Bilican et al., 2012;
Serio et al., 2013). Next, to induce astrogliogenesis spheres were subjected to glial enrichment
medium for 2 weeks before being cultured in glial maturation medium for 4 weeks. At the end of this
conversion phase, medium was switched to glial enrichment medium to maintain the proliferation of
astrocyte progenitor cells (APCs) in spheres. These astrospheres were dissociated into single cells using
the Papain Dissociation System (Worthington Biochemical) and plated onto 6-well Matrigel (BD
Biosciences, 1:80 diluted) coated plates to obtain monolayers of APCs, which were subsequently
differentiated into astrocytes by switching the medium to astrocyte differentiation medium for 2 weeks.

All media were changed every 2—3 days during the astrocyte generation process.

2.5 Gene-correction of FXS iPSC lines

CRISPR/Cas9 genome editing to remove pathogenic CGG repeats from FXS iPSC lines were performed by
Ms. Tuula Ritakari, a PhD student in Prof Chandran lab, University of Edinburgh (UK). Briefly, two guide



RNAs flanking the FMR1 5’UTR CGG repeat were used to excise the repeat from the genome (gRNA-1: 5’-
GACGGAGGCGCCGCTGCCAG-3’; gRNA-2: 5'-GCCCGCAGCCCACCTCTCGG-3’). The gRNAs were cloned into
pSpCas9-2A-GFP (Addgene: px458) vector and 2 ug of each plasmid together with 1 ug of an eGFP-
puromycin resistance plasmid were transfected into iPSC. Four hundred individual clones for each
line were picked and screened for FMRP re-expression by antibody staining for FMRP. Successful clones
were further screened for deletion of the CGG repeat by PCR flanking the CGG repeats (Fw: 5’-
tgcgctactttgaaccggacc-3’; Rev: 5'-gactccgagaggcecctageg-3’) and repeat primed PCR (South East Scotland
Genetics Service, Western General Hospital, Edinburgh). Demethylation of the FMR1 promoter site
upstream of the 5’UTR was confirmed with bisulphite sequencing and FMR1 mRNA re-expression was

confirmed in FMRP-positive clones with qPCR.
2.6 Western Blotting:

Pellets of hiPSC and hESC were lysed using lysis buffer (50 mM Tris-HCL, pH 7.4, 2mM EDTA, 0.1% SDS, 1%
Triton-X 100, 0.5% Na-deoxycholate, 150mM NaCl, protease and phosphatase inhibitor cocktails) followed
by sonication (10 cycles of 30 s on/30 s off) and centrifugation at 13,000 rpm for 10 min. The supernatant
was collected and using a BCA assay kit (Thermo Fisher Scientific), protein estimation was performed. On
a precast NUPAGE 4-12% Bis-Tris Protein gel (Thermo Fisher Scientific), 20 mg/sample protein was loaded,
followed by protein transfer to a PVDF membrane (GE Healthcare, Life science, Chicago, IL). The blot was
blocked in 1:1 TBST (0.2M Trizma base, 0.15M NaCl, 0.1% Tween-20) and Odyssey blocking buffer (Li-COR
Bioscience, Lincoln, NE) for 1 h at room temperature. The membrane was incubated with primary
antibodies FMRP (1:1000, AbCam, Cambridge, UK) and B-actin (1:5000, Sigma), in blocking buffer for
overnight at 4 °C, washed with TBST and incubated in secondary antibodies with IRDye 680RD and IRDye
800CW (Li-COR Bioscience) respectively for 1 h at room temperature. After multiple washes, the blot was

dried and imaged using Li-COR Odyssey FC infrared system.

2.7 Immunohistochemistry:

hiPSCs, hESCs, NPCs and neurons were stained as per standard immunocytochemistry protocols. Cells
were fixed with 4% PFA for 10 min followed by permeabilization for 5 min using 0.3% Triton X (USB
Corporation, Cleveland, Ohio, OH). To block nonspecific antibody binding, cells were incubated in 3% BSA

(Sigma) for 30 min. Following this, cells were incubated in primary antibody (Oct 4, 1:250, Santa Cruz



Biotechnology; Nanog, 1:100, R&D Systems; GFAP, 1:500, Sigma; Human nuclear antigen, 1:1000, Merck
Millipore; MAP2, Sigma; Beta tubulin, Sigma) at room temperature and secondary antibody (1:1000)
consecutively for 1 h each and then mounted on glass slides using Fluorsave (Sigma) and stored at 4 °Cin
the dark till imaging. Images were acquired using a confocal laser scanning microscope (Fluoview 3000
Olympus, Japan). hiPSC and ESC imaging was done using a x 40 (1.3 NA) oil immersion objective, and NPCs
and co-culture images were captured using x 60 (1.4 NA) oil immersion objective with diode lasers 405
nm, 488 nm, 561 nm, and 640 nm. All images were captured at 512 x 512 pixels per inch; Z step size was

set at 0.5 um with 1 airy unit of pinhole diameter.

2.8 Electrophysiology:
Whole-cell patch clamp experiments were performed at room temperature (23 —24°C). 13mm coverslips
containing the human cortical neurons cultured for 8 weeks were transferred onto the electrophysiology

chamber. Cells were perfused with an external recording solution comprising:

Ingredients Concentration (in mM)
NacCl 152

KCl 2.8

HEPES 10

CaCl, 2

Glucose 10

pH 7.3-74

Osmolarity 300-320 mOsm

Table 2.6 Composition of the external recording solution.

with a flow rate of approximately 1.35 ml per minute. The liquid junction potential was calculated to be
+14 mV (JPCalc, Clampex) and the values for membrane potential reported here do not take liquid junction

potential into consideration.

The cells were viewed under an inverted microscope (Scientifica, UK) with a 40X, water-immersion
objective (Olympus, Japan). Whole-cell current or voltage-clamp recordings were made using a Molecular

Devices MultiClamp 700B amplifier (Molecular Devices, San Jose, CA).

Recording patch-pipettes, fabricated from thick-walled borosilicate glass, with a resistance of 3-4 MQ

were filled with an internal recording solution.

Current clamp internal solution:

Ingredients Concentration (in mM)




K-gluconate 155

MgC|z 2

HEPES 10
Na-PiCreatine 10

Mg,-ATP 2

Nas-GTP 0.3

pH 7.3

Osmolarity 280-290 mOsm

Table 2.6.1. Composition of the current clamp internal recording solution.

Voltage-clamp internal solution:

Ingredients Concentration (in mM)
Cs-gluconate 110

CsCl 20

HEPES 10

NacCl 4

Qx-314 5

EGTA 0.2
Na-PiCreatine 10

Mg>-ATP 2

Nas-GTP 0.3

pH 7.3

Osmolarity 280-290 mOsm

Table 2.6.2 Composition of the voltage clamp internal recording solution.

Data were filtered at either 3 kHz or 10 kHz, for voltage-clamp and current-clamp recordings,

respectively, and digitized, via a Digidata 1550, at 20 kHz. Stimulation protocols were generated using

pClamp 10.5 software and subsequent offline analysis was conducted using Clampfit 10.5 software.

2.9 Intrinsic properties

For calculation of the active and passive electrical properties, in current-clamp mode, the neurons were

clamped at a voltage of -60 mV. Depolarizing steps of current were injected into the neurons. The protocol

followed was: 500 ms long current steps ranging from -10 to +65 pA, with a step interval of 5pA. Passive

properties calculated were: -

Resting membrane potential (RMP) — the membrane voltage of the neuron at rest.



Input resistance — input resistance was calculated in current — clamp mode from the sub-threshold current

and the corresponding change in voltage steps using Ohm’s law: R = V/I

Capacitance — The plasma membrane of the neuron acts as a capacitor. Whole- cell capacitance was

measured from the capacitance cap on the pClamp software.

Rheobase — The minimum current required to elicit an action potential from the neuron.

The action potential parameters calculated were: -

Threshold — The potential to which a neuron must be depolarized to be able to fire an action potential.

Amplitude — Amplitude is measured from the baseline to the peak of the action potential. An immature

neuron fires action potentials with lower amplitude.
Half-width — AP width at half the amplitude. As the neuron matures, AP half-with decreases.

Maximum number of Action potentials — The maximum number of action potentials fired by the neuron

in response to any current step was calculated.

AP half-width

AP amplitude

AP threshold

50 mv

.

10 ms

Fig 2.9 AP properties of a hPSC derived cortical neuron.
2.10 Synaptic properties
Spontaneous miniature synaptic responses are called excitatory postsynaptic currents (mEPSCs). These
were recorded in voltage-clamp mode. The external recording solution was supplemented with
tetrodotoxin (TTX; 500 nM) to block the sodium channels and hence the action potential dependent
events. MgCl, (1.3 mM) was also added to block the NMDA receptor-component of synaptic events.
Neurons were clamped at -60 mV and the events were recorded in the gap-free mode. Analysis of the

amplitude and frequency of the mEPSC events were done offline.
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Fig 2.10 A voltage clamp recording showing the mEPSCs from a hPSC derived cortical neuron.
2.11 Burst properties

Spontaneous burst recordings were performed in current and voltage-clamp. The neurons were clamped
at -70 mV. Bursts were defined as two or more action potentials occurring during a period of
depolarization followed by a quiescent phase. The duration of action potential bursts were measured from
the start of the first action potential to the time of the last action potential with bursts. The burst number

was defined as the number of bursts in a 10 min recording.
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Fig 2.11 Trace from a hPSC derived control neuron displaying the characteristic burst activity.

2.12 Pharmacology
e Riluzole — For studying the effect of riluzole on the spontaneous burst activity of the neurons,
baseline burst recordings were performed for 10 mins, and for further 10 mins bursts were
recorded in the presence of 0.1 uM riluzole.
e Paxiline — Effect of paxilline was studied by recording the baseline bursts for 10 min, and then

for further 10 min bursts were recorded in presence of 10 uM paxilline.



e Veratridine:
Neuron- rodent astrocyte co-culture — 10 min baseline bursts + 10 min in presence of 0.5 uM
veratridine.
Human co-cultures — 10 min baseline bursts + 20 min burst recordings in presence of 0.5uM
veratridine. The bursts in the last 10 min of the recording was taken for analysis to see the effect
of veratridine.

e S100B — Two concentrations of S100p were used — 100 uM and 1 mM. 10 min baseline bursts +
20 min burst recordings in presence of S100B. The bursts in the last 10 min of the recording was

taken for analysis to see the effect of S1008.

Culture Baseline Drug/Protein Recording

recording time (min) in

time (min) presence of

drug/protein
Rodent co-culture | 10 Riluzole 10
Rodent co-culture | 10 Paxilline 10
Rodent co-culture | 10 Veratridine 10
Human co-culture | 10 Veratridine 20
Human co-culture | 10 S100B 100 puM/ 1| 20

mM

Table 2.12 Recording protocols for analysing the effect of the drugs on burst activity.

2.13 Current measurements

Persistent sodium current (In.p) - To record the persistent sodium current (/vap), Nneurons were clamped
at —80 mV, then stepped to —100 mV and a depolarizing voltage ramp [30] to —20 mV (20 mV/s) was
applied. Insr Was isolated by subtracting the current recorded in the presence of TTX (1 uM) from current
recorded immediately prior in the same neuron but in the absence of TTX. To see the effect of veratridine

and S100 on Ingr, current was measured in their presence.

BK current - To record the Ca*-activated BK current (/gkc), neurons were clamped at —60 mV, then
stepped to —110 mV and a depolarizing voltage ramp to +40 mV (100 mV/s) was applied, with neurons
being held at +40 mV for a further 50 ms. During these recordings the external recording solution was
supplemented with TTX (0.5 uM) and with /g, being isolated by subtracting the current recorded in the
presence of paxilline (10 uM) from current recorded immediately prior in the same neuron but in the

absence of paxilline.



2.14 Statistical Analysis

All values are expressed as mean * standard error of the mean (SEM) and each data set was assessed for
normality. For the analysis of intrinsic membrane properties, mEPSC and network recordings, one-way
repeated analysis of variance (ANOVA) followed by post-hoc Tukey’s and Bonferroni’s test were used.
Paired statistical tests were used for data sets before and after drug application. Paired t-test was used
for data sets that passed the normality test, and Wilcoxon test was used for data sets that failed the
normality test. Two —way repeated measures ANOVA, followed by post-hoc Tukey’s or Bonferroni test
were used for Inep and Iskcs current — voltage relationships. GraphPad Prism (GraphPad software Inc., La
Jolla, CA, RRID: SCR_002798) was used for all the statistical tests. In all the experiments, ‘n’ denotes the
number of cells while ‘N’ represents number of de novo preparations of batches of culture from which ‘n’

is obtained.



Summary

Modelling neurodevelopmental diseases using human pluripotent stem cell derived neurons, provides a
wonderful platform to understand the fundamental properties of developing neurons and studying the
molecular underpinnings involved in the disease pathology. The basic techniques to derive neurons from
stem cells are now established (Benninger et al., 2003; Wernig et al., 2004). Increase in the refinement of
culture protocols now make it possible to generate region specific neurons from embryonic or induced
pluripotent stem cells (ESC/iPSC). The neurons thus generated are not only able to fire sustained action
potentials, but they also establish normal synaptic connections (Moody & Bosma, 2005; Livesey et al.,
2014). The neurons derived from the human stem cells of patients suffering from FXS can therefore serve
as an invaluable model to study the progression of the symptoms of FXS in vitro and subsequently help in

developing new therapies.

Thus, in this chapter protocols for generating ESC and iPSC derived cortical purely neuronal cultures are
discussed. The lines used are the isogenic pair FMR1*Y, FMIR1”¥ (ESC-derived) and CON1 and FXS1 (iPSC-

derived).

Whole-cell patch clamp recordings were performed in these neurons when they were 8-week-old in vitro.
These recordings revealed that the active and passive parameters did not differ between control and FXS
neurons. Thus, absence of FMRP did not alter the neurons’ ability to fire action potentials. However, in a

purely neuronal culture, both the control and FXS neurons did not develop robust synaptic activity.

3.1 Generation of cortical neurons from human pluripotent stem cells



The pathophysiology of FXS in Fmrl KO mouse models have revealed that the excitability of the cortical
neurons is altered in the absence of FMRP (reviewed in Contractor et al., 2015). However, it is crucial to
understand the FXS pathophysiology in human neurons and the advent of stem cell technology makes this
possible. The neural conversion of human pluripotent stem cells which mimics mammalian neurogenesis
is now well-established (Bouhon et al., 2006; Elkabetz et al., 2008; Vallier et al., 2004; Zhang et al., 2001).
In this study, to study the electrical properties of neurons in the presence and absence of FMRP, we have
used fibroblast derived iPSCs generated from a healthy individual (CON1), a FXS patient lacking FMRP
(FXS1), and one isogenic embryonic stem cell (FMR1*Y. FMR17") (Fig 3.1). Pluripotent stem cells were
converted to neurons (Fig 3.1A) and whole-cell patch clamp recordings were performed at 8 weeks. ESC
derived FMR17¥ was generated by CRISPR/Cas9 mediated deletion (Fig 3.1B) (D’Souza et al., 2019). After
PCR amplification, positive clones were around 450 bps and negative clones were about 100 bps (Fig 3.1C).
The FMRP western blot of positive clones shows the lack of FMRP. The selected clones are marked by *
(Fig 3.1D). Of these the Sanger sequence of the clone G3 is shown because the neurons derived from this
hESC clone was used for all the experiments (Fig 3.1E). Next immunohistochemistry experiments were
carried out to check the pluripotency of the stem cells. All cell lines expressed pluripotent stem cell
marker, Nanog (Fig. 3.1F). NPCs were generated from PSC and further terminally differentiated into
neurons using previously published protocols (Bilican et al., 2015). Immunocytochemistry showed high
expression of NPC markers, Nestin across all samples (Fig. 3.1G). The cultures at 8 weeks post
differentiation were positive for Map2ab and human nuclear antigen (hNA) thereby confirming the human
origin of the neurons. Moreover, there was negligible expression of the astrocyte marker, GFAP. (Fig.
3.1H). The development and maturation of neurons from human pluripotent stem cells is not affected by

the loss of FMRP.
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Figure 3.1 Derivation and specification of neurons from human pluripotent stem cell (hPSC)-derived
neural progenitor cells (NPCs).

(A): Summary of the protocol used to generate hPSC-derived cortical neurons: (1) hPSCs were neuralized
via dual-SMAD inhibition. (2) dissociated neural rosettes were propagated at 3% O, with mitogens. (3)
Cortical Neuronal Maturation (CNM) was induced by exposure to BDNF, GDNF and (4) subsequently co-
cultured with/without astrocytes. (B): Schematic of the gene targeting strategy used to generate FMR1
KO hPSC. (C) PCR screen illustrating FMR1 KO positive clones (D): Immunoblot analysis of FMRP protein
on positive clones from PCR screen. (E): Sanger sequencing of positive FMR1 KO clone -G3. (F):
Representative staining of hPSC identifies pluripotent cells expressing Nanog. Scale bar = 50um. (G):
Immunofluorescence analysis of dissociated cortical NPCs uniformly express Nestin and OTX2. Scale bar =
50um. (H): Example images illustrating hPSC derived cortical neurons expressing Blll tubulin, human nuclei
antigen. GFAP immunostaining shows no significant presence of astrocytes in the culture. Scale bar = 25
um. (Work performed by Rakhi Pal and Bharath Reddy)

3.2 Passive electrical properties of cortical FXS neurons in a neuron-only culture



Cortical hyperexcitability is a hallmark of FXS. Studies using Fmrl KO mouse model have suggested that
the hyperexcitability phenotype is linked to changes in the intrinsic membrane properties of the neurons
and dysregulation of ion channels (Contractor et al.,, 2015; Gibson et al., 2008; Goncalves et al., 2013;
Gross et al., 2015; Zhang et al., 2014). However, a recent crop of studies using primary mouse cortical
neurons and hPSC derived cortical neurons have also shown that loss of FMRP does not alter the passive
electrical properties (Bulow et al., 2019; Telias et al., 2015; Zhang et al., 2018). Thus we analysed the
passive membrane properties to understand how loss of FMRP affects the neurons generated using our
protocols. Whole-cell patch clamp recordings of 8 week old cortical neurons were performed in current-
clamp mode. Depolarizing current steps were injected to the neurons (-10 to +65 pA). The passive
membrane properties were analysed across all the lines (Fig 3.2). There were no significant differences in
these properties between the control and the FXS neurons. The mean resting potential (Fig 3.2A) of these
neurons was considerably depolarized and the mean input resistance (Fig 3.2B) was very high. This
suggests that despite being in culture for 8 weeks, these neurons were immature. The mean capacitance
(Fig 3.3C) and mean rheobase current (Fig 3.4D) also reinforces the immature state of the neurons. Thus
in a neuron-only culture, the passive membrane properties were unaffected by the loss of FMRP. Next,
we characterized the action potential properties of these neurons to check whether they varied between

control and FXS neurons.
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Figure 3.2: Passive electrical properties of FXS neurons is similar to controls in a neuron-only culture.
(A) Quantification of the resting membrane potential of control neurons (FMR1*”, -31.43 + 1.084, n= 38,
N=3; CON1, -34.84 + 1.526, n = 40, N = 4) and FXS neurons (FMR17Y, -29.84 + 1.148, n = 43, N = 4; FXS1, -
30.61 + 1.345, n = 38, N = 3). (B) Quantification of the input resistance of control (FMR1*/, 2.093 + 0.087
GQ; CON1, 2.07 + 0.1 GQ) and FXS neurons (FMR17¥ 2.04 + 0.11 GQ; FXS1, 1.922 + 0.13 GQ). (C)
Capacitance of the controls (FMR1*, 23.91 + 1.27 pA; CON1, 21.86 + 1.37 pA) and FXS neurons neurons
(FMR17Y21.76 + 0.99 pA; FXS1, 23.82 + 1.63 pA). (D) Quantification of the rheobase current in controls
(FMR1*,11.97 +0.63 pA; CON1, 16.63 + 1.53 pA) and FXS neurons neurons (FMR17Y15.23 + 1.39 pA; FXS1,

13.16 = 1.35 pA). All values are mean + SEM. Unpaired t-test.



3.3 Action potential properties of cortical FXS neurons in a neuron-only culture

Across several studies conducted using Fragile X mouse models, one of the key consistent feature was the
hyperexcitability displayed by the cortical neurons (Gibson et al., 2008, Deng et al., 2013, Zhang et al.,
2014). However, a recent study using human embryonic stem cell derived cortical neurons showed that
the FXS neurons were hypoexcitable (Telias et al., 2015). They were unable to fire sustained action
potentials. In the previous section, we reported that the passive membrane properties of the FXS neurons
did not differ from the control neurons. We sought to check if the action potential properties of the FXS
neurons neurons (ESC and iPSC) were different. Whole-cell patch clamp recordings were conducted on 8
week old neurons. In current-clamp mode, the neurons were injected with 500 ms long depolarizing
current steps ranging from -10 pA to +65 pA. The number of spikes were counted against each current
step to yield the firing frequency. A FMR1*Y (black trace) and FMR1” neuron (red trace) fired similar
number of action potentials in response to a depolarized current step (Fig 3.3A-B). The firing frequency
(Fig 3.3C) of the FXS neurons was similar to the controls across the iPSC and ESC lines. FXS neurons were
able to fire sustained action potentials at higher current steps similar to control neurons. Analysis of the
action potential properties (Fig 3.3D-F) - threshold, amplitude, and half-width also did not reveal any
significant differences between control and FXS neurons neurons. It should be noted however that like
passive membrane properties, these action potential properties exhibited by the 8 week old cortical
neurons were immature. These neurons fired short, thick action potentials as indicated by the mean
action potential amplitude (Fig 3.3E) and half-width (Fig 3.3F) respectively. Thus, 8 weeks of culture did
not yield sufficiently mature hPSC derived neurons, but in these neurons lack of FMRP did not alter the

action potential properties.

Next we asked if these neurons display robust synaptic activity and if the synaptic activity is different

between control and FXS neurons.
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Figure 3.3 FXS neurons display similar action potential properties as control neurons.
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(A) Representative current-clamp traces showing action potential firing at rheobase current (500 ms, +10
pA) from either FMR1*" (black) or FMR17¥ (red) neuron. (B) Sustained action potential firing evoked by
depolarizing current pulse (500 ms, +20 pA) from either FMR1*" (black) or FMR17 (red) neuron. (C) Firing
frequency plotted as the mean number of spikes elicited by the depolarized current steps (+10 pA to +50
pA). (D) Quantification of action potential threshold of control (FMR1*Y, -20.95 + 1.029 mV, n= 38, N=3;
CON1, -26.43 + 1.024 mV, n = 40, N = 4) and FXS neurons (FMR17, -24.31 + 0.95 mV, n = 43, N = 4; FXS1,
-23.52 + 1.192, n = 38, N = 3). (E) The action potential amplitude was similar between controls (FMR1",
56.27 + 1.76 mV; CON1, 51.33 + 1.77 mV) and FXS neurons (FMR17Y49.66 + 1.84 mV; FXS1, 44.64 + 2.077
ms). (F) The action potential half-width did not differ between controls (FMR1*, 3.97 + 0.23 ms; CON1,
4.303 + 0.26 ms) and FXS neurons (FMR17Y4.59 + 0.28 ms; FXS1, 4.75 + 0.27 ms). All values are mean +
SEM. Two-way ANOVA with post-hoc Bonferroni’s test; Unpaired t-test.

3.4 ESC/iPSC derived cortical neurons in a neuron-only culture failed to develop synaptic activity



Glutamatergic synapses provide the bulk of the excitatory input to all the neurons in the brain. Any
alterations in this input would thus result in gross deficits in synapse and network excitability. The effect
of loss of FMRP on the synaptic activity of neurons have been studied in FXS mouse models (Pfeiffer &
Huber, 2007, Bureau et al., 2008, Gibson et al., 2008, Domanski et al., 2019). Telias et al., 2015 reported
a decrease in the frequency of synaptic events in the hESC derived FXS neurons. Thus, we sought to check
whether the loss of FMRP led to synaptic dysregulation of the hPSC neurons generated using our
protocols. We performed voltage — clamp recordings to record miniature excitatory postsynaptic currents
(mEPSCs). Spontaneous mEPSCs were recorded at a holding potential of -60 mV in the presence of 0.5 uM
TTX, a sodium channel blocker, to block all the action potential dependent events (Fig 3.4A). We found
that both control and FXS neurons across the iPSC and ESC lines did not develop robust synaptic activity
even after 8 weeks in vitro (Fig 3.4B-C). Thus, together with the previous results, it is clear that hPSC
cortical neurons in a neuron-only culture did not mature after 8 weeks in vitro. Thus, for the proper
assessment of the role of FMRP in regulating neuron-only and synaptic excitability, it is imperative to

generate cultures where the neuron-only maturity is enhanced.
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Figure 3.4 Cortical neurons derived from hESC and hiPSC in a neuron-only culture do not develop robust
synaptic activity.

(A) Schematic shows the voltage-clamp recordings from the cortical neurons in presence of 0.5 uM TTX.
(B) Representative traces from a FMR1*" (black) and a FMR1”¥ (red) neuron showing little to no synaptic
activity. (C) Same as (B) but the representative traces are from a CON1 (black) and a FXS1 (red) neuron.



Discussion

Hyperexcitability of cortical neurons has been a key hallmark of the FXS pathophysiology established from
various studies using Fmr1”Y mouse models (reviewed in Contractor et al., 2015). This hyperexcitabilty
manifested as an increase in firing frequency of the neurons (Domanski et al., 2019; Zhang et al., 2014;
Deng & Klyachko, 2016). The Fmr1”¥ neurons displayed an increase in action potential firing following
depolarized current injections. FMRP binds to mRNAs and acts as a translational repressor (Darnell et al.,
2011). Many of the target mRNAs encode for proteins that are synaptically located and FMRP has been
reported to maintain the structural and functional integrity of the synapse (Pfeiffer & Huber, 2007).
Indeed, loss of FMRP has been reported to perturb the excitation-inhibition balance in the neocortex
(Gibson et al., 2008). Despite the numerous insights into the FXS pathophysiology yielded by rodent and
animal studies, to fully understand the details of the onset and progression of the disease in humans, it is

important to study this disease in a human-based model.

In this chapter we have described the generation of excitatory cortical neurons from human pluripotent
stem cells in a neuron-only culture. We have derived neurons from induced pluripotent stem cell (CON1,
FXS1) and an isogenic embryonic stem cell line (FMR1*Y, FMR1”Y) wherein the FMR1 gene has been
deleted using CRISPR-Cas9. The use of the isogenic line is crucial because any disease phenotype seen
using this line would be attributed to the loss of FMRP and not any other environmental factors. Using
whole-cell patch clamp recordings, we have also obtained an exhaustive characterization of the active and

passive membrane properties of the control and FXS neurons neurons. The key observations are:-

e Loss of FMRP doesn’t affect the development and maturation of the hPSC derived cortical
neurons.

e Passive membrane properties of FXS neurons did not differ from the control neurons.

e Action potential properties of the FXS neurons were similar to the control neurons.

e The hPSC derived cortical neurons failed to develop synaptic activity after 8 weeks in vitro.

The first study to investigate the role of FMRP in neurogenesis, reported that loss of FMRP in mouse NPCs
led to generation of more neurons and loss of glial cells (Castren et al., 2005). Subsequent studies in mice
and Drosophila have also shown an increase in the proliferative capacity due to loss of FMRP (Luo et al.,
2010; Callan et al., 2010). Loss of FMRP has been reported to cause aberrant differentiation of neural
progenitor cells derived from hiPSCs (Sunamura et al., 2018), however, another study found no difference

in the human NPCs and the subsequent neurogenesis after the loss of FMRP (Acharyya et al., 2008). Thus,



the effect of FMRP on human stem cells and neural progenitor cells is not uniform. Using our protocols,

we did not observe any difference in the differentiation and proliferation of NPCs in the absence of FMRP.

Cortical hyperexcitability is a common phenotype seen in mouse models of FXS. Changes in membrane
properties in the absence of FMRP is reported to be one of the causes of this hyperexcitability (Domanski
et al., 2019; Gibson et al., 2008, Deng et al., 2013, Zhang et al., 2014). However recent studies have
reported that loss of FMRP does not alter the passive membrane properties of cortical neurons (Bulow et
al.,, 2019; Zhang et al., 2018). In this study, we looked at the electrical properties of hPSC derived cortical
neurons 8 weeks in vitro. Achieving mature neurons in a culture has always been a hurdle. Here we report,
that the cortical neurons derived from iPSC and ES lines are able to fire sustained action potentials. We
did not find any significant difference in the passive membrane properties analysed between the controls
and FXS neurons neurons. However, analysis of passive properties of both control and FXS neurons
neurons indicated that the neurons were still immature characterized by high input resistance, low
capacitance, depolarized resting membrane potentials. Maturation of neurons is accompanied by changes
in the active and passive membrane properties (Wu & Oertel, 1987; Mongiat et al., 2009; Cepeda et al.,
2007) which influences the excitability. Thus, these results need to be confirmed in a more mature culture

system.

A study using ES derived cortical neurons reported that loss of FMRP led to hypoexcitability. The FMRP-
null neurons could only fire a single action potential in response to depolarized current injections (Telias
et al., 2015). However, in contrast to what Telias et al, reported, the FXS neurons neurons generated by
us could fire sustained action potentials similar to the controls in response to increased depolarizing
current steps. Analysis of the spike properties — amplitude, half-width, and threshold did not reveal any
significant difference between FMRP-null neurons and controls. This is broad agreement with the study
by Bulow et al., 2019, which reported that loss of FMRP did not affect the baseline firing frequency of
primary mouse cortical neurons. Thus, the cortical hyperexcitability phenotype of FXS is not uniform and

depends on the brain region and the type of neurons being studied.

The role of FMRP in modulating glutamatergic synapses has been studied in mice. Loss of FMRP led to
impairments in the excitatory drive onto the layer IV cortical neurons (Gibson et al., 2008). In the absence
of FMRP, there was a downregulation of NMDA receptor signalling in the cortex of mice (Gocel & Larson,
2013). Studies have reported a change in the AMPA/NMDA ratio in the cortex of mice due to loss of FMRP
(Harlow et al., 2010; Pilpel et al., 2009). However, there have been studies that report no change in the

baseline synaptic activity after loss of FMRP (Bulow et al., 2019; Zhang et al., 2018). Telias et al, also



reported a decrease in the synaptic activity in the absence of FMRP. In our study, we attempted to
characterize the synaptic activity of the hPSC derived cortical neurons, however we found that both
control and FXS neurons did not develop considerable synaptic activity after 8 weeks in vitro. The mEPSCs
if present were of extremely small amplitude (< 5 pA) making them very difficult to differentiate from the
baseline noise in the recording. The most likely explanation of this diminished synaptic activity is because
the percentage of glia in the neuron-only culture is very low. Several studies have shown the importance
of glia in the development and maintenance of synaptic transmission (reviewed in Araque & Perea, 2004).
Because a neuron-only culture system offered only limited scope, in the subsequent chapters of this thesis

we will discuss co-cultures of hPSC derived cortical neurons with astrocytes: mouse and human.
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Extensive studies in rodent models of FXS, show that FMRP acts as a translational repressor (Zalfa et al.,
2005) and loss of FMRP often leads to protein dysregulation (Krueger et al., 2011). Furthermore, many
proteins interacting with FMRP, are involved in maintaining synapse integrity and neuronal excitability
(Darnell et al., 2011). Indeed, aberrant neuronal excitability has been a consistent finding from rodent and
models of FXS (Goncalves et al., 2013; Contractor et al., 2015; Zhang et al., 2014). This aberrant neuronal
excitability leads to a concomitant alteration in the network activity of the FXS neurons (Gibson et al.,
2008). Studies using rodent models have provided many mechanistic insights into the FXS

pathophysiology.

In the previous chapter, using whole-cell patch clamp, we assessed the electrophysiological properties of
hPSC derived cortical control and FXS neurons in a neuron-only culture. We reported that the intrinsic and
action potential properties of the FXS neurons did not differ significantly from the controls, however both
the control and FMRP null neurons, did not develop robust synaptic activity. Multiple studies have
reported the prominent role of astrocytes in the development and maintenance of synapses (Araque &

Perea, 2004; Hama et al., 2004).

Thus, to assess the effect of the loss of FMRP on the synaptic and network activity of hPSC derived cortical
neurons were co-cultured with primary mouse astrocytes. In this study, cell lines used are: CON1, CON2,
FXS1, FXS2, FXS3 (iPSC derived) and the isogenic line FMR1*Y and FMR17¥ (ESC derived). In the absence of
FMRP, the neurons develop aberrant network activity characterized by high frequency bursts that last for
a shorter duration. We have further delineated the network activity to look at the underlying ion channels
modulating the network activity in these neurons and the dysregulation of these channels in the absence

of FMRP (Das Sharma et al., 2020).



4.1 Generation of co-cultures of hPSC derived cortical neurons and rodent astrocytes

In the previous chapter, it was seen that the hPSC derived cortical neurons did not develop proper synaptic
activity even after 8 weeks in vitro. In this chapter, we will see if the loss of FMRP alters the properties of
cortical neurons when co-cultured with primary mouse astrocytes. As in the previous chapter, fibroblast
derived iPSCs were generated. However, here in addition to CON1, another control (CON2) was used.
Three FXS patient lines (FXS1, FXS2, FXS3) and the ES-derived isogenic pair (FMR1*Y, FMR17Y) were also
used. Western blot images confirmed the absence of FMRP in the FXS ESC (FMR17) and iPSC (FXS1, FXS2,
FXS3) colonies. Brain lysate from Fmr1 KO rats were used as a negative control (Fig 4.1A, N=3). The cells
lines were stained for the pluripotency stem cell markers, Oct4 and Nanog. All the cell lines were positive
for Oct4/Nanog (Fig 4.1B, left panel, n=9; N=3). NPCs were generated from PSCs by dual-SMAD inhibition
(Bilican et al., 2014). All the samples were stained with the NPC markers Nestin and Pax6. High expression
of both these markers were observed across all the cell lines (Fig 4.1B, middle panel, n=18; N=6). The NPCs
were further plated on to a layer of astrocytes and terminally differentiated into neurons in a humidified
incubator (5% CO,) at 37°C for 8 weeks. Immunocytochemistry of the co-cultures at 8 weeks post
differentiation confirmed the presence of neurons positive for Map2ab and human nuclear antigen (hNA)
confirming all neurons to be of human origin and the astrocytes were positive for GFAP (Figure 4.1B right
panel, N=6; n=18). The differentiation efficiency observed across all 7 lines was comparable. Thus this set
of data suggests that the loss of FMRP does not affect the differentiation potential of human PSC derived

cortical neurons in vitro.
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Figure 4.1 Specification of neurons from human stem cell and pluripotent stem cell derived neural
progenitor cells.

(A) LI-COR immunoblot image of FMRP obtained from each of the pluripotent stem cell lines examined.
The image illustrates that FMR1*" CON1, CON2 cell lines express FMRP (71 kDa) and FMR17Y, FXS1, FXS2
and FXS3 lines lack FMRP. Rat brain lysate from Fmr1*Y and Fmr17¥ animals were used as positive and
negative controls respectively. (B) Left panel: Representative confocal images of paraformaldehyde fixed
hESC (FMR1*Y and FMR17Y) and hiPSC (CON2 and FXS3) expressing the pluripotency markers, Nanog and
Oct3/4. Scale bar = 50 um. Middle panel: Immunofluorescent staining of NPCs arranged as rosettes
(derived from hESC and hiPSC) for the progenitor markers Nestin and PAX6. Scale bar = 50 um. Right
panel: Confocal images illustrating hESC and hiPSC derived cortical neurons expressing



Map2ab/DAPI/hNA. The GFAP positive cells are murine astrocytes (negative for human nuclei) with which
hESC- and hiPSC-derived neurons were co-cultured. Scale bar = 50 um. Abbreviations: hESC: human
embryonic stem cells; hiPSC: human pluripotent stem cells; FMRI*Y: human embryonic stem cell line.
FMR17': gene edited isogenic hESC pair lacking FMR1 gene. L: Ladder. CON1; CON2: control hiPSC line.
FXS1, FXS2 and FXS3: hiPSC lines from fragile X syndrome patients. (Work performed by Rakhi Pal and
Bharath Reddy. Reproduced with permission.)

4.2 Loss of FMRP does not alter the passive membrane and action potential properties



Hyperexcitability exhibited by an increase in neuronal firing and alterations in the membrane properties
has been shown in Fmrl KO mouse models (Gibson et al., 2008; Zhang et al., 2014; Booker et al., 2019).
However recent studies using mouse primary cortical neurons and ES-derived human neurons have found
that loss of FMRP doesn’t affect the intrinsic properties of the neurons (Bulow et al., 2019; Telias et al.,
2015; Zhang et al., 2018). Human FXS neurons have been reported to exhibit a considerably compromised
ability to generate trains of action potential firing in response to depolarizing current injections (Telias et
al., 2015). Using the protocols discussed in this thesis to generate human excitatory cortical neurons we
did not observe differences in either passive or active membranes properties in any of the lines we
studied. For obtaining trains of action potentials, we followed the same protocol as described in chapter
3. Briefly, Neurons were injected with 500 ms long depolarizing current steps ranging from -10 pA to +65
pA. As shown in Fig 4.2A, the FXS neurons fired the same number of action potentials as the controls. The
passive membrane properties (Fig 4.2B-D) — resting membrane potential, input resistance and capacitance
of the FXS neurons were similar to the controls across the iPSC and ES cell lines. The action potential
properties — rheobase, AP threshold, amplitude, half-width were analysed from the first action potential
fired by the neuron. These were also similar between controls and FXS neurons (Fig 4.2E-H). The maximum
number of action potentials fired by the FXS neurons did not differ from the controls (Fig 4.21). Analysis of
these properties show that the intrinsic and firing properties of hPSC derived cortical neurons are not

altered by the loss of FMRP.
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Figure 4.2 Active and passive membrane properties of human pluripotent stem cell derived cortical FXS
neurons are similar to the control neurons.

(A) Representative current-clamp traces showing action potential firing in response to two depolarizing
current injections (500 ms; +15 pA or +30 pA) from either FMR1*¥ (black trace) or FMR1/Y (red trace)
neurons. (B, C, D, E) Quantification of the passive membrane properties of hESC (FMR1*Y, FMR17Y) and
hiPSC (CON1, CON2, FXS1, FXS2, FXS3) derived cortical neurons illustrating no significant differences
between control neurons and FXS neurons in their resting membrane potential (B), input resistance (C),
capacitance (D) or rheobase current (E). (F, G, H, I) Quantification of action potential parameters in each
of the lines indicating no difference in action potential (AP) threshold (F), AP amplitude (G), AP half-width
(H) or the maximum number of APs fired in response to depolarizing current injections (I). One-way
ANOVA with post hoc Tukey’s test. FMR1*Y: n =19, N = 3; FMR17: n = 15, N = 3; CON1: n = 25, N = 3;
CON2:n=18,N=3;FXS1:n=19, N=3; FXS2: n=33,N=3; FXS3: n=21, N = 3.



4.3 The synaptic properties of FXS neurons are similar to control neurons

The hPSC derived cortical neurons in a neuronal culture failed to develop robust synaptic activity as
reported in Chapter 3. Spontaneous miniature excitatory post synaptic currents (mEPSC) were recorded
in voltage-clamp mode, in the presence of 0.5 uM TTX at a potential of -60 mV. For this experiment only
one pair of iPSC (CON1, FXS1) and the isogenic (FMR1*Y, FMR17Y) were used. The neurons showed
considerable synaptic activity (Fig 4.3A, B). Quantification of the mEPSC frequency and amplitude revealed
no difference between the controls and FXS neurons (Fig 4.3C, D). Previous studies of hPSC-derived
cortical neurons have suggested that FXS neurons possess low levels of spontaneous synaptic activity
(Telias et al., 2013, 2015). However a recent study using a mixed culture iPSC derived neurons, mouse glia
and mouse neurons showed that in the absence of FMRP the baseline mEPSC and miPSC frequency and
amplitude are unaltered (Zhang et al., 2018). Similarly in primary mouse cortical cultures, the baseline
MEPSC properties are similar between controls and Fmr1 KO neurons (Bulow et al., 2019). Thus all these
studies, corroborate our observation that the loss of FMRP doesn’t affect the baseline synaptic activity in

hPSC derived cortical neurons.
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Figure 4.3 Synaptic activity of human cortical FXS neurons is comparable to the control neurons.

(A) Representative voltage-clamp traces of MEPSCs (Vhoia = =70mV) from either FMR1*Y (black) and FMR1"
/¥ (red) neurons and recorded in the presence of TTX (0.5 puM). (B) As in (A) but from CON1 (black) or FXS1
(red) neurons. (C) Quantification of mEPSC frequencies indicating that these do not differ between each
of the lines examined and had mean values of 0.443 + 0.10 Hz (FMR1*Y; n = 10, N = 2); 0.403 + 0.11 Hz
(FMR17; n =10, N = 2); 0.96 + 0.18 Hz (CON1; n =23, N =3) and 0.78 + 0.11 Hz (FXS1, n = 20, N = 3). (D)
Quantification of mEPSC amplitudes indicating that these do not differ between each of the lines
examined and had mean values of 20.85 * 3.13 pA (FMR1*Y); 20.72 + 3.08 pA (FMR17Y); 26.3 + 2.53 pA
(CON1) and 29.92 + 3.54 pA (FXS1). One-way ANOVA with post hoc Tukey’s test.

4.4 Loss of FMRP leads to altered spontaneous action potential burst firing of the neurons

Human excitatory cortical neurons derived from iPSC and ES cells develop active neuronal network
exhibited by the presence of synchronous burst activity (Heikkila et al., 2009; Weick et al., 2011).
Recordings from the principal neurons of somatosensory cortex and hippocampus shows an altered burst
firing profile in the Fmr1 KO mice (Zhang et al., 2014; Deng et al., 2016). Imbalance of excitation and
inhibition in the neocortex of Fmr1 KO mice, led to altered UP states reflecting aberrant network activity
(Gibson et al., 2008). Thus, to assess the role of FMRP in maintaining the neuronal network integrity, we
examined the spontaneous (action-potential) driven burst activity in the hiPSC and hES derived cell lines.
The cortical neurons derived from hPSCs when co-cultured with primary mouse astrocytes displayed
robust burst activity. However, the loss of FMRP led to a significantly different bursting profile as shown
in Fig 4.4. Recordings from FMR1*¥ neuron show longer bursts which are less frequent (Fig 4.4A, black
trace). Similar recordings from FMR17Y neuron show bursts that are more frequent but last for a shorter
duration (Fig 4.4A, red trace). This difference in bursting profile is also seen in iPSC derived neurons CON1
and FXS1 (Fig, 4.4B). Quantification of the burst activity across the iPSC and ESC cell lines reveal the same
difference - in FMR1*", CON1 and CON2 lines bursts of action potentials occur at a low frequency (Fig.
4.4C) but have long durations (Fig. 4.4D) as defined by the interval between the first and last action
potential in a burst. In contrast, absence of FMRP in the FXS lines (FMR1*"Y, FXS1, FXS2) led to cells

exhibiting bursts of higher frequencies but shorter durations.
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Figure 4.4 Bursts of action potentials occur at high frequencies but with shorter durations in FXS

neurons.

(A) Representative current-clamp recording (Vhoa = =70mV) of spontaneous bursts from either FMR1*"
(black) or FMR17" (red) neuron illustrating the difference in action potential bursting profiles. (B) As in (A)
but illustration recordings fron hiPSCs lines CON1 (black) and FXS1 (red). (C) Mean burst number per 10
minutes of recording for each of the hESC and hiPSC lines. Overall the mean number for bursts (per 10
minutes) are: 5 + 0.65 (FMR1"Y; n = 16, N = 3); 22.53 +2.63 (FMR17Y; n =15, N = 3); 3.9 + 0.81 (CON1; n
=20, N = 3); 7.727 + 0.88 (CON2; n = 22, N = 3); 28.07 + 3.73 (FXS1; n = 13, N = 3); 17.74 + 2.10 (FXS2; n =
19, N =3); 25.71 +3.56 (FXS3; n = 21, N = 3). (D) Mean burst duration for each of the hESC and hiPSC
lines. Overall the mean durations are: 50.4228 + 2.88 s (FMR1*Y); 12.85 +0.92 s (FMR17Y); 54.15 + 7.03
s (CON1); 47.38 + 4.30 s (CON2); 11.66 + 1.51 s (FXS1); 25.25 + 2.1 s (FXS2); 18.55 + 2.58 s (FXS3). ***p<

0.001, one way ANOVA with post hoc Tukey’s test.



4.5 Voltage clamp recordings also shows the aberrant bursting activity of FXS neurons

The bursts of action potentials seen in the current clamp mode can be easily identified as large inward
currents in voltage clamp (Fig 4.5). Here also, we found that the frequency of inward currents was higher
in the FMR17Y and FXS1 neurons as compared to FMR1*Y and CON1 neurons. The duration of the inward
current was calculated as the time interval during which the cell remained depolarized. FMR17Y and FXS1
neurons had shorter durations than FMR1*Y and CON1 neurons (Fig 4.5A, B). The bursting activity is NMDA
receptor dependent as application of the NMDA blocker, AP5 abolished the bursting activity. The
expanded traces show the integration of all the synaptic events impinging on the postsynaptic neuron.
These synaptic events drive the waves of depolarization and result in bursts of action potentials in current-
clamp. Quantification of the number and duration yielded similar values as was seen in voltage clamp (Fig
4.5C, D). The presence of wild-type primary mouse astrocytes was necessary for the development of
network activity of the human cortical neurons as we did not observe these bursts in voltage-
clamp/current-clamp mode in the neuron-only culture. This is primarily because the network activity is a
consequence of synaptic connectivity within the neurons and as we have already seen (chapter 3) neurons

in a neuron-only culture have very limited functional synaptic connectivity.

Because the intrinsic properties were not different between the FXS neurons and controls, we
hypothesized that the aberrant burst firing activity in the absence of FMRP could be due to altered ionic

channel conductances.
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Figure 4.5 FXS neurons display bouts of inward current activity of higher frequencies but of shorter
durations compared to control neurons.

(A) Representative voltage-clamp recording (Vhos = —70mV) of spontaneous inward currents from either
FMR1*V (black) or FMR1" (red) neurons illustrating the difference in spontaneous events. The insets
below each trace illustrate an expanded time-base where evidence of synaptic currents underlying these
inward currents can be observed. (B) As in (A) but illustration recordings from hiPSCs lines CON1 (black)
and FXS1 (red). (C) The number of events is higher in neurons lacking FMR1 than control. Overall the
mean number for bursts (per 10 minutes) are: 4.5 + 0.56 (FMR1*Y; n =8, N = 3); 20.67 + 3.96 (FMR1""; n
=12,N=3); 2.8 £0.34 (CON1; n =13, N = 3); 23.85 + 2.92 (FXS1; n =11, N = 3). (D) Mean burst durations
recorded from FXS neurons are shorter than those from control lines. Overall the mean durations are:



40.72 £ 6.8 s (FMR1*Y); 9.28 + 1.05 s (FMR17); 59.90 + 9.07 s (CON1); 11.52 + 1.55 s (FXS1). ***p< 0.001,
paired t-test, Wilcoxon test.

4.6 Bursting activity of hPSC derived cortical neurons is dependent on the sodium channel

Recent studies from Fmrl KO mice have shown that the neuronal hyperexcitability in the neurons of
entorhinal and prefrontal cortex is due to altered persistent and transient sodium currents (Deng et al.,
2016; Routh et al., 2017). The network activity of the hPSC derived cortical neurons is dependent on the
sodium current, as the bursts are abolished in the presence of TTX (Fig 4.6). Spontaneous network
recordings from a FMR1*Y neuron (Fig 4.6A) and FMR1”¥ neuron (Fig 4.6B) is abolished after addition of

0.5 uM TTX, indicating that the sodium channels play a crucial role in modulation of the network activity.
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Figure 4.6 TTX abolishes the spontaneous bursting activity in control and FMRP-null neurons

(A) Representative current-clamp trace from a FMR1*Y neuron. Burst activity is inhibited after addition of
0.5 uM TTX. (B) Representative current-clamp trace from a FMR1”Y neuron in the absence and presence
of TTX.



4.7 Loss of FMRP leads to a reduced Inop magnitude in hPSC derived cortical neurons

We did not quantify the transient sodium current because as we saw in Fig 4.2, there was no difference
in the action potential firing between control and FXS neurons after injection of 500 ms depolarizing
pulses. However, it is likely that intrinsic properties are altered after prolonged periods of depolarization.
One such conductance which is intimately associated with prolonged depolarization is the persistent
sodium current (/nee) and it has been implicated as the major conductance underlying the bursting
phenomenon in neurons (Williams & Stuart, 1999; Magistretti & Alonso, 2002; Franceschetti et al., 1995;
Parri & Crunelli, 1998; Brumberg et al., 2000). To assess the effect of loss of FMRP on the /n.r of the hPSC
derived cortical neurons, we injected a slow depolarizing ramp (20 mV/s) (Fig 4.7A) and recorded the
elicited current in the absence and presence of TTX (traces a and b). The subtracted current (trace, c)
represented the Ivep. As shown in Fig 4.7A, FMR17 (red trace) neuron showed very less Inopas compared
to FMR1*Y neuron (black trace). The Inge current density of FMR17Yand FXS3 neurons is significantly less
than FMR1*Y and CON2 neurons (Fig 4.7B,C). Given the reduced /xq» of the FXS neurons, we hypothesized
that addition of riluzole, a persistent sodium channel antagonist, wouldn’t alter the burst profile of the
FXS neurons. However, riluzole would change the burst profile of the control neurons. To test this
hypothesis, we recorded baseline burst activity (10 min) and added riluzole (0.1 uM) and further recorded
for 10 min in presence of riluzole. A FMR1*Y neuron shows the characteristic long duration, less frequent
bursts but the bursting profile changes after addition of riluzole (Fig 4.7D, black traces). The frequency of
bursts is unaltered, however riluzole significantly shortens the burst duration. In contrast, addition of
riluzole doesn’t alter the burst frequency or the burst duration of the FMR17Y neuron (Fig. 4.7D, red
traces). The burst number of FMR1*Y and CON2 is not significantly different after addition of riluzole (Fig
4.7E), however the burst duration is significantly reduced in presence of riluzole (Fig 4.7F). Thus, by
inhibiting the persistent sodium current, the burst duration of the hPSC derived control neurons can be
phenocopied to resemble the short duration bursts of FXS neurons. It should be noted that the reduced
Inap Observed in the human FXS neurons is in contrast to the findings from Fmrl KO mice, where the
neurons from the entorhinal cortex show an increased In.p conductance (Deng et al, 2016), thus

highlighting how the pathophysiology of FXS might vary significantly between rodents and humans.
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Figure 4.7 FXS neurons have reduced In.p densities and their burst properties are insensitive to riluzole.
(A) Persistent sodium currents (In.p) evoked by a slow depolarizing ramp (-100 mV to =20 mV, 20 mV/s)
either before (traces a) or during (traces b) application of TTX. The TTX-sensitive current (traces c) was
isolated by subtracting traces a and b. (B) I-V curves plotted from the ramp-evoked Inap, showing the
decreased Inap in FXS neurons. Currents are normalized to the corresponding cell capacitance. (C)
Quantification of current density at —20 mV show significant decrease of the persistent sodium current in
FXS neurons. Overall mean current densities are: -1.44 + 0.17 (FMR1*, n = 18, N=3); -1.73 £ 0.33 (CON2,
n =10, N =3); -0.27 + 0.03 (FMR17, n = 18, N=3); -0.35 + 0.098 (FXS3, n =9, N = 3). **p< 0.01, ***p<
0.001, two-way repeated measures ANOVA with post hoc Tukey’s test, paired t-test, Wilcoxon test. (D)
Representative traces illustrating spontaneous bursts recorded from either a FMR1*Y neuron or a FMR1
/Y neuron before and after the application of riluzole (0.1 uM). (E) Quantification of the number of bursts
recorded from FMR1*Y, CON2, FMR1” or FXS3 neurons before (open symbols) or after (closed symbols)
application of riluzole. Overall the mean number of bursts recorded are: 5.733 + 0.72 (FMR1*Y, n = 15,
N=3); 5.733 £ 0.65 (FMR1*" + riluzole, n= 15, N=3); 6.3 + 0.9 (CON2, n=10, N=3); 7 + 1.12 (CON2 + riluzole,
n=10, N=3); 42.33 + 8.92 (FMR17, n = 9, N=3); 38.89 + 8.49 (FMR1*" + riluzole, n=9, N=3); 34.1 + 9.52
(FXS3, n=10, N=3); 34.3 + 9.62 (FXS3 + riluzole, n=10, N=3). (F) Quantification of the duration of bursts
recorded from FMR1*Y, CON2, FMR1” or FXS3 neurons before (open symbols) or after (closed symbols)
application of riluzole. Overall the mean burst durations are: 47.86 + 6.27 s (FMR1*Y); 14.14 + 1.33 s
(FMR1*Y + riluzole); 47.81 + 12.14 s (CON2); 25.55 + 9.54 s (CON2 + riluzole); 8.77 + 1.34 s (FMR17¥); 9.43
+1.62 s (FMR1*"); 8.91 + 2.19 s (FXS3); 9.01 + 2.52 (FXS3 + riluzole) **p< 0.01; ***p< 0.001, paired t-test,
Wilcoxon test.

4.8 Potassium conductances are affected by the loss of FMRP, contributing to the altered burst firing




FMRP is known to interact with several mMRNAs encoding potassium channels (Darnell et al., 2011). Studies
have shown several potassium channel conductances to be impaired by the loss of FMRP (reviewed in
Ferron, 2016). To test whether potassium conductances are involved in maintaining the spontaneous
network activity of the hPSC derived cortical neurons we used a global potassium channel blocker,
tetraethyammonium bromide (TEA-Br). The baseline burst activity (10 min) was recorded from controls
and FXS neurons. Then 1mM TEA was added and network activity was recorded for another 10 min (Fig
4.8). In the presence of TEA, the bursting profile of FMR1*¥ neuron was altered to give shorter duration
bursts which were more frequent (Fig 4.8A). TEA had no significant effect on the bursting profile of the
FMR17¥ neuron (Fig 4.8B). Quantification of the burst number and duration (Fig 4.8C-D) shows the
significant increase in burst number and decrease in burst duration of FMR1*¥ and CON2 neurons,
following application of TEA. Thus blocking potassium conductances could alter the bursting profile of the
control neurons to resemble the FXS neurons, thereby suggesting that potassium conductances of hPSC
derived cortical neurons are downregulated by the loss of FMRP. Because TEA is a global potassium
blocker, this experiment did not help us to identify the particular potassium channel responsible for

altered bursting profiles.
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Figure 4.8 Pharmacological blocking of K* channels alters the bursting profile of the control neurons

making it similar to the neurons lacking FMR1.

(A) Representative traces of a FMR1*Y neuron firing spontaneous bursts before the application of TEA.
The bottom trace shows the change in the burst frequency and duration of the same FMR1*Y neuron after
the application of 1 mM TEA. (B) Representative traces from a FMR17Y neuron before the application of
TEA. The bottom trace from the same FMR17¥ neuron after the application of 1 mM TEA shows no change
in the bursting profile. (C) Burst frequency of control neurons in presence of TEA was significantly higher
but the burst frequency of neurons lacking FMR1 was not significantly altered. (D) Burst duration of
control neurons in presence of TEA was significantly shorter but the burst duration of neurons lacking
FMR1 did not show any significant change. ***p< 0.001, paired t-test, Wilcoxon test. The number of cells
were: FMR1*Y, n = 10; CON2, n = 11; FMR1"Y,n = 6; FXS3, n = 7.



4.9 FXS neurons show reduced BKc, currents and the bursting activity is insensitive to paxilline

As seen in the previous section, the bursting activity of the FXS neurons was insensitive to TEA, suggesting
a downregulation of potassium channels. However, TEA is not specific to a particular potassium channel.
Studies have shown the big conductance calcium activated potassium (BKc,) channels to be dysregulated
by the loss of FMRP and this was the underlying cause of the aberrant network firing in the entorhinal
cortex and following genetic upregulation or pharmacological activation of BKc, channels, the aberrant
network activity was restored to normal (Deng et al., 2013, 2016; Zhang et al., 2014). To assess whether
BKca channels were affected by the loss of FMRP in the hPSC derived cortical neurons, we injected a
depolarizing ramp (-110 mV to 40 mV, 100 mV/s) (Fig 4.9A). The currents in response to the depolarizing
ramp were recorded in absence and presence of BKc, specific channel blocker, paxilline (traces a,b). Fig
4.9B shows the currents from FMR1* (black traces) and FMR17Y neuron (red traces) respectively, elicited
by the depolarizing ramp. The subtracted trace (Fig 4.9B, below) shows the reduced /skc, of the FMR17Y
neuron. Quantification of the /s« current densities (Fig 4.9C, D) shows the significantly reduced /s«cq of
the FMR17Y and FXS3 neurons as compared to FMR1*Yand CON4. We hypothesized that the reduced /s«ca
of the FXS neurons, would render their burst activity insensitive to paxilline whereas it would alter the
burst activity of the control neurons. To test this, after baseline burst recordings (10 min), paxilline (10
UM) was washed in and burst activity recorded for further 10 min. Fig 4.9E shows the burst firing from
FMR1*Y neuron (black traces) before and after addition of paxilline. Paxilline alters the frequency of bursts
of the FMR1*"Y neuron without affecting the burst duration. The bursting activity of FMR17Y neuron doesn’t
change after addition of paxilline (Fig 4.9, red traces). The burst number (Fig 4.9F) of FMR1*Y and CON2
neurons shows a significant increase following application of paxilline whereas the burst number of FMR1
/Y and FXS3 is not altered. Paxilline doesn’t alter the burst duration (Fig 4.9G) of controls and FXS neurons.
These results are in agreement with the observations from Fmr1 KO mice. The pathophysiology of FXS is
quite complex and while some aspects maybe similar to that seen in rodent and other animal models,

other aspects are starkly different.
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Figure 4.9 FXS neurons have reduced Igkc, densities and their burst properties are insensitive to paxilline.

(A) Large Ca-activated potassium currents (lskca) evoked by a depolarizing voltage ramp from =110 mV to
+40 mV, 10 mV/s, with a hold of 50ms at +40 mV. (B) The lskca Was isolated by subtracting the currents
recorded in the absence and presence of paxilline (10 uM). (C) I-V curves plotted from the ramp-evoked
lskca Showing the decreased lgkca in FXS neurons. Currents are normalized to the corresponding cell
capacitance. (D) Quantification of current densities at +40 mV show significant decrease of lgkca in FXS
neurons. Overall mean current densities are: 11.73 + 1.49 (FMR1*Y, n = 15, N=3); 7.4 + 1.43 (CON2, n =
14, N =3); 3.57 £ 0.62 (FMR17Y, n = 14, N=3); 1.44 + 0.78 (FXS3, n = 12, N = 3). *p< 0.05, ***p< 0.001,
two-way repeated measures ANOVA with post hoc Tukey’s test, paired t-test, Wilcoxon test. (E)
Representative traces illustrating spontaneous bursts recorded from either a FMR1*Y neuron or a FMR1
/Y neuron before and after the application of paxilline (10 uM) and illustrating the increase of action
potential burst frequencies in FMR1*"Y neurons in the presence of paxilline. (F) Quantification of the
number of bursts recorded from FMR1*Y, CON2, FMR17¥ or FXS3 neurons before (open symbols) or after
(closed symbols) application of paxilline. Overall mean number of bursts are: : 6.7 + 1.086 (FMR1*Y, n =
10, N= 3); 13.8 + 1.85 (FMR1* + paxilline, n= 10, N=3); 5.6 + 1.08 (CON2, n=10, N=3); 11.3 + 1.94 (CON2 +
paxilline, n=10, N=3); 25.5 + 4.51 (FMR17", n = 10, N=3); 26 +5.12 (FMR1*" + paxilline, n=10, N=3); 25.4
+ 6.6 (FXS3, n=10, N=3); 26.5 + 5.95 (FXS3 + paxilline, n=10, N=3). (G) Quantification of the duration of
bursts recorded from FMR1*Y , CON2, FMR17Y or FXS3 neurons before (open symbols) or after (closed



symbols) application of paxilline. Overall mean burst duration are: 40.97 + 8.68 s (FMR1*); 38.47 + 7.85
s (FMR1* + paxilline); 58.65 + 13.12 s (CON2); 56.08 + 14.04 s (CON2 + paxilline); 2.65 + 0.53 s (FMR17);
3.08 + 0.68 s (FMR1*Y + paxilline); 4.107 + 0.64 s (FXS3); 3.93 + 0.77 (FXS3 + paxilline). **p< 0.01, ***p<
0.001, paired t-test, Wilcoxon test

4.10 Blocking Iner and Iskca Simultaneously increases action potential burst frequencies and decreases
their duration in control neurons



In the above sections we saw that altering specific conductances (/ns and Iskcs) Separately using channel
specific blockers in control neurons altered the burst duration and burst number respectively. We
assessed whether the effects of blocking Ins» and Iskce Were additive on the action potential burst
parameters recorded from FMRI*Y and CON2 lines. Figure 4.10A,B illustrates simultaneous application
of riluzole and paxilline gave rise to an action potential burst profile that was similar to that seen in FMR1"
N or FXS3 neurons albeit that the absolute burst frequencies and burst durations (Fig 4.10C, D) were still
different (statistically) from that seen in FXS neurons. Furthermore, application of riluzole and paxilline

resulted in no overall change in these parameters in FMR17Y or FXS3 neurons.
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Figure 4.10 Pharmacological block of In.r and lgkca increases action potential burst frequencies and
decreases their duration in control neurons.

(A) Representative traces of a FMR1*Y neuron illustrating spontaneous action potential bursting before
and after the application of riluzole (0.1 uM) and paxilline (10 uM). (B) As in (A) but illustrating traces
obtained from a FMR17Y neuron. (C) Quantification of burst number in FMR1*"Y, CON2, FMR1"7Y and FXS3
lines before and after the application of riluzole and paxilline. For both FMRI*"¥ and CON2 lines the
number of bursts recorded in a 10 minute period increased significantly but these drugs did not affect
burst frequency in FMR17Y and FXS3. Overall the mean number of bursts are: 6.917 + 0.91 (FMR1*Y, n =
12, N=3); 13.75 + 1.91 (FMR1*" + riluzole + paxilline, n= 12, N=3); 9.909 + 1.84 (CON2, n=11, N=3); 19.45
+ 4,07 (CON2 + riluzole + paxilline, n=11, N=3); 36.3 + 7.12 (FMR17Y, n = 10, N=3); 36 % 6.64 (FMR1* +
riluzole + paxilline, n=10, N=3); 30 + 3.97 (FXS3, n=11, N=3); 28 + 3.6 (FXS3 + riluzole + paxilline, n=11,
N=3). (D) Quantification of action potential burst durations in each of the four lines examined.
Simultaneous application of riluzole and paxilline resulted in a significant decrease in the duration of
action potential bursts in FMR1*Y and CON2 lines but was without effect in FMR17Y and FXS3 lines. Overall
the mean burst duration are: 38.68 + 8.24 s (FMR1*"); 12.12 + 1.96 s (FMR1*" + riluzole + paxilline); 33.3
+3.31s (CON2); 10.32 + 1.86 s (CON2 + riluzole + paxilline); 4.23 + 0.81 s (FMR17"); 3.7 + 0.68 s FMIR1*"Y
+ riluzole + paxilline); 6.36 £ 1.28 s (FXS3); 6.05 £ 1.16 s (FXS3 + riluzole + paxilline). ***p< 0.001, paired
t-test, Wilcoxon test.



4.11 Pharmacological activation of NaP channels partially rescue the bursting profile of FXS neurons to
look more like the controls

As seen in section 4.7, hPSC cortical FXS neurons display a decrease in the Iy magnitude. We
hypothesized that activation of the voltage-gated Na* channels would “rescue” the aberrant bursting
activity of the FXS neurons. To test this hypothesis, in a final set of experiments we tested the effect of
the sodium channel opener, veratridine on the bursting activity of the neurons. After recording the
baseline burst activity for 10 mins, veratridine (0.5 uM) was washed in and burst activity was recorded for
another 10 min. Indeed, the voltage-dependent Na* channel activator, veratridine (0.5 uM), has a selective
action on the burst firing patterns we recorded. As illustrated in Figure 4.11, it had no significant effect
on the burst parameters we measured in FMR1*"Y and CON2 lines but altered the bursting profile in FMR1-
N and FXS3 lines (Fig. 4.11A-B). Veratridine significantly reduced the frequency of action potential bursts
and increased the durations of FMR1”Y and FXS3 lines (Fig. 4.11C, D). Thus, to some extent activating
voltage-dependent Na* channels in FXS neurons gave rise to activity that phenocopies that seen in FMR1*"

and CON2 lines.
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Figure 4.11 In FXS neurons activation of voltage-dependent Na* channels decreases action potential
burst frequencies but increases their duration.

(A) Representative traces of a FMR1*Y neuron illustrating spontaneous action potential bursting before
and after the application of veratridine (0.5 uM). (B) As in (A) but illustrating traces obtained from a FMR1"
/Y neuron. (C) Quantification of burst number in FMR1*"Y, CON2, FMR1"Y and FXS3 lines before and after
the application of veratridine. Veratridine reduced significantly the frequency of bursts in lines lacking
FMRP. Overall the mean number of bursts are: 6 + 0.92 (FMR1*Y, n = 10, N= 3); 7.3 + 0.76 (FMR1"" +
veratridine, n= 10, N=3); 7.87 + 1.46 (CON2, n=8, N=3); 8 + 1.45 (CON2 + veratridine, n=8, N=3); 39.29 +
5.27 (FMR17Y, n = 14, N=3); 8.857 + 0.98 (FMR1"" + veratridine, n=14, N=3); 24.45 + 4.37 (FXS3, n=11,
N=3); 7.818 + 1.32 (FXS3 + veratridine, n=11, N=3) (D) Quantification of action potential burst durations
in each of the four lines examined. Veratridine increased significantly the duration of bursts in FMR17Y
and FXS3 lines and had no overall effect on FMR1*"Y and CON2 lines. Overall the mean burst durations
are: 39.09 + 6.47 s (FMR1*"); 34.34 + 4.5 s (FMR1* + veratridine); 37.42 + 7.39 s (CON2); 35.77 + 7.25 s
(CON2); 7.318 £ 0.64 s (FMR17); 25.5 +3.23 s (FMR1*Y + veratridine); 7.004 + 1.28 s (FXS3); 32.26 + 5.66
(FXS3 + veratridine). For both (C) and (D) **p< 0.01, ***p< 0.001, paired t-test, Wilcoxon test.

Discussion



Altered cortical network excitability have been described in FXS patients (reviewed in Contractor et al.,
2015), however detailed mechanistic studies to reveal the physiological underpinnings of the disease have
not been done in the human context. Most of the understanding of the FXS pathophysiology have been
from the rodent models of FXS and while it has helped glean many insights, we must also consider that
they may not always reflect human-specific physiology. In FXS, the temporal profile of FMRP expression
is very critical. Studies demonstrate that despite the CGG repeat expansion, FMRP can be detected in
human embryonic tissue till the end of first trimester (Willemsen et al., 2002; Mor-Shaked & Eiges, 2018).
This is not seen in genetically engineered rodent models of FXS and hence these models may not be able
to capture the full FXS etiology. The ability to model neurodevelopmental disease using human

pluripotent stem cells can give us many mechanistic insights into the FXS pathophysiology in humans.

In this chapter, we have reported the presence of spontaneous network activity displayed in the hPSC
derived cortical neurons in vitro when co-cultured with primary mouse astrocytes. We have also provided
detailed mechanistic insights into how loss of FMRP can lead to aberrant network activity. The key findings

emerging from this part of the study are:-

e The intrinsic and action potential properties of FXS neurons are not different than control
neurons.

e Inaneuron-astrocyte co-culture, the neurons are able to develop considerable synaptic activity.
The synaptic activity is of FXS neurons is similar to the control neurons.

e hPSC derived neurons in co-culture, develop robust spontaneous network activity characterized
by bursts of action potentials.

e FXS neurons display an altered bursting profile — more frequent bursts of shorter duration.

e FXS neurons show reduced persistent sodium current (/ap)

e FXS neurons show reduced big conductance, calcium activated potassium current (/s«cq)

All of the observations summarized above have been observed both in the iPSC as well as the ESC derived

isogenic lines, thereby unequivocally caused by the loss of FMRP and not any other external factors.

Altered network activity as a consequence of hyperexcitability of cortical neurons have been reported in
rodent models of FXS with a concomitant change in the active and passive membrane properties (Gibson
et al., 2008; Goncalves et al., 2013; Zhang et al., 2014; Booker et al., Domanski et al., 2019). However the

FXS pathophysiology is very complex and diverse. A recent study using mouse primary cortical neuronal



culture showed that the active and passive membrane properties are not different between control and
Fmrl KO neurons. Moreover loss of FMRP did not alter the synaptic and intrinsic excitability of the
neurons. Another study reported neuronal hypoexcitability in the visual cortex of fetal Fmrl KO mice
(Berzhanskaya et al., 2016). These exemplar studies highlight the diversity of the FXS etiology and how
the properties of FXS neurons depend on the developmental stage and neuronal subtype being
investigated. One of the first studies using hES derived cortical neurons report the FMR1 null neurons to
be hypoexcitable (Telias et al., 2015). These neurons were able to fire only one action potential following
depolarized current injections. In the previous chapter we had reported that the loss of FMRP did not
affect the passive and active membrane properties of the hPSC derived neurons in a neuron-only culture.
The FXS neurons were able to generate sustained action potentials in response to depolarized current
steps. However, as evidenced by the intrinsic membrane parameters and the lack of synaptic activity,
these neurons were immature and hence unsuitable for the study. Co-culturing hPSC derived neurons
with primary rodent astrocytes led to accelerated maturation of neurons evidenced by a decrease in their
resting potential, an increase in the Na+ and K+ currents and an increased propensity to fire action
potentials (Johnson et al., 2007). Indeed, we report that co-culturing of the neurons with primary mouse
astrocytes led to an enhanced maturation profile. These neurons were able to fire mature action
potentials and developed robust synaptic activity. However, we found that loss of FMRP did not alter the
intrinsic and synaptic properties of the neurons. This result is in agreement with a recent study using hES
derived neurons that shows no change in the baseline synaptic activity in the absence of FMRP (Zhang et

al., 2018).

During development, giant depolarizing potentials (GDPs) provide synaptic activity. GDPs are network
driven large oscillations and are important to establish proper synchrony between the neurons (Ben-Ari,
2001). In the cerebral cortex these rhythmic oscillations are pervasive and critical for proper cognitive
functions (Silva et al., 1991). Co-culturing human iPSC derived neurons with rat astrocytes also led to the
development of similar rhythmic network activity in vitro (Odawara et al., 2014). Indeed, we report robust
development of network bursting activity in the hPSC derived neurons co-cultured with mouse astrocytes
after 8 weeks in vitro. Several studies have suggested that loss of FMRP led to alterations in the cortical
circuits of Fmr1 KO mice resulting in network activity deficits (Goncalves et al., 2013; Gibson et al., 2008;
Testa-Silva et al., 2012). In the hPSC derived neurons, loss of FMRP led to aberrant bursting phenotype
characterized by more number of bursts of shorter durations. We found this to be a consistent phenotype

across all the ESC and iPSC derived FXS lines. These results suggest that though loss of FMRP doesn’t affect



the intrinsic and synaptic properties of individual neurons, the whole neuronal network is dysregulated in

FMRP’s absence.

FMRP binds to several mRNAs that encode proteins associated with ion channels or their regulation
(Darnell et al., 2011). Studies investigating prefrontal and entorhinal cortical dysfunction in the absence
of FMRP report an increase in transient (Routh et al.,, 2017) and persistent sodium current (Deng &
Klyachko, 2016). Sodium current is an integral component governing the bursting activity of neurons.
Indeed we observe a complete abolishment of bursting activity following addition of TTX. This led us to
investigate the effect of loss of FMRP on the persistent sodium current. We report a decrease in the
persistent sodium current magnitude in FXS neurons. Due to this reduced /x.p addition of riluzole, a
perisistent sodium channel blocker doesn’t change bursting profile of the FXS neurons. However, the burst
duration of control neurons is significantly reduced in the presence of riluzole. Thus, persistent sodium
current plays an important role in determining the burst duration of the hPSC derived cortical neurons

and is dysregulated by the loss of FMRP.

Several potassium channels are dysregulated in the absence of FMRP (reviewed in Ferron, 2016). Using a
non-specific potassium blocker, tetraethylammonium bromide (TEA) we observe a change in the bursting
profile of the control neurons — bursts durations become shorter and frequency increases. Thus, blocking
the potassium currents, alters the network activity of the control neurons to resemble that of the FXS
neurons. Studies have reported a dysfunction in the big conductance, calcium activated (BKc.) channel in
the absence of FMRP (Deng et al., 2013). FMRP interacts with the auxillary 4 subunit, of BKc,and loss of
FMRP results in a decrease in Iskca. Genetic upregulation or pharmacological activation of BKc, rescues the
defects in the absence of FMRP (Deng & Klyachko, 2016; Zhang et al., 2014). We also report a decrease in
the current conducted by BKc channels in FXS neurons. Indeed, blocking BKc, with specific channel
blocker, paxilline doesn’t change the bursting profile of FXS neurons, however in controls, paxilline
increased the frequency of bursts. Thus, BKc, together with persistent sodium channel is involved in
maintaining the bursting activity of hPSC derived cortical neurons. Blocking NaP and BKc, channels
simultaneously using paxilline and riluzole together, changed the burst number and burst duration of the

control neurons while the FXS neurons remained unaffected.

Having seen the dysfunction of the persistent sodium channels in the absence of FMRP, we used the

voltage-gated sodium channel activator, veratridine. We observed a significant increase in the burst



duration and decrease in the burst frequency of the FXS neurons. Thus, potentiating the sodium channel

current could partially “rescue” the aberrant network activity in the absence of FMRP.

Thus, in this chapter, we have provided a comprehensive analysis of how loss of FMRP leads to aberrant
spontaneous network activity of neurons. We have demonstrated that pharmacological manipulations
can alter the action potentials burst profiles in both control and FMRP-null human cortical neurons,
making them appear like their genetic counterpart. Our study indicates that many of the FMRP targets
found to be dysregulated in rodent models are also potential targets in the human-based system.
However, we also show the difference in how these FMRP targets are dysregulated in the human context
as compared to the rodent models. In combination with previous Fmr1 KO mice studies, our data suggest
that regulating network activity and the underlying channels is critical in FXS. Thus, future studies should
aim to develop potential therapeutics that can selectively target these ion channels and assess these drugs

vigorously in hPSC models.



Summary

The cortical neuronal network activity is shaped by a concerted effort of neurons and astrocytes (Lines et
al., 2020). Several in vitro studies have shown that the human stem cell derived neurons develop
spontaneous network activity in the presence of rodent astrocytes (Odawara et al., 2014; Tang et al.,
2013; Weick et al., 2011). In chapter 4, we have shown that hPSC derived glutamatergic cortical neurons

co-cultured with primary mouse astrocytes develop robust spontaneous network activity.

In our studies, co-culture of hPSC derived FXS neurons with mouse astrocytes still displayed the aberrant
network activity indicating that FMRP expressing mouse astrocytes were unable to rescue the network
activity impairments of human neurons. Multiple lines of evidence suggest that there are significant
differences between rodent and human astrocytes (Oberheim et al., 2009; Zhang et al., 2016). This led
us to ask if the presence of human astrocytes would have any non-cell autonomous effects on the

neuronal function.

Thus, we generated co-cultures of hPSC derived neurons with hPSC derived astrocytes to investigate the
role of human astrocytes in the FXS pathophysiology. In this study, one control (CON2) and two FXS patient
lines (FXS2, FXS3) of human cortical neurons and astrocytes derived from iPSCs are used. In addition to
these, the ESC derived isogenic pair FMR1*Y and FMR17is used. For the first time, in specific experiments,
astrocytes derived from the gene-corrected iPSC line (FXS2A) are used wherein, the FMR1 gene was
reactivated using CRISPR-Cas9. This gene-corrected iPSC line serves as another iPSC control. We find that

the network activity of the neurons is dependent on the astrocyte genoptye.

In this chapter, we have also studied the effect of astrocyte conditioned medium (ACM) from iPSC (CON2,
FXS2, FXS3) and ESC (FMR1*Y and FMR17") cell lines on the cortical network activity. Further, we have
studied the modulation of neuronal persistent sodium channel (NaP) by the astrocytes and ACM to

provide a mechanistic basis of the non-cell autonomous modulation of neuronal network activity.

Results

5.1 Co-cultures of hPSC derived neurons with hPSC derived FXS astrocytes does not affect the
maturation of the neurons



The morphological and metabolic changes in astrocytes following the loss of FMRP are reminiscent of the
astrocyte response to CNS injuries and diseases (reviewed in Boghdadi et al., 2020). Recent studies have
also shown that loss of FMRP selectively in the astrocytes leads to spine dysmorphogenesis and impaired
learning in the Fmrl KO mouse models (Jacobs & Doering, 2010; Hodges et al., 2017). In the previous
chapters we observed no significant changes in the morphology of iPSC and ESC derived FXS neurons in a
neuron-only culture or in a co-culture with primary mouse astrocytes. To understand the FXS
pathophysiology in a completely human system, we generated co-cultures of hPSC derived neurons with
hPSC derived astrocytes (Fig 5.1A). After 8 weeks in vitro the neurons and astrocytes were stained with
Map2ab and GFAP, respectively. We did not observe any significant difference in the morphology of
human neurons and astrocytes in the absence of FMRP thus suggesting that loss of FMRP did not

significantly disrupt the maturation of the neurons and astrocytes.

Whole-cell patch
clamp

A
Neurospheres NPCs Neurons
PSC Forebrain spheres é — > XL
% ase 3’:&5‘{’5 Too :tﬁ/ /"
—D s £33 —
\A Gliospheres APCs Astrocytes

CON2  FXS3

Neuron i\ i\

Astrocyte ¥ ¥

5.1 Loss of FMRP does not affect the morphology of human neurons and astrocytes.

(A) Schematic showing the generation of neurons and astrocytes from human pluripotent stem cells. (B)
Representative confocal images of hiPSC (CON2 and FXS3) derived cortical neurons expressing Map2ab
co-cultured with hiPSC derived astrocytes expressing GFAP. Left to right, neurons were co-cultured in four
combinations: CON2 neurons with CON2 astrocytes, FXS3 neurons with FXS3 astrocytes, CON2 neurons
with FXS3 astrocytes, FXS3 neurons with CON2 astrocytes. Scale bar = 50 uM. Work done by Rakhi Pal
and Bharath Reddy.

5.2 Human astrocytes derived from pluripotent stem cells modulate the network activity of hPSC
derived cortical neurons



Several in vitro studies have shown the modulatory effect of astrocytes on the burst firing of neurons
(Tukker et al., 2018; Paavilainen et al., 2018). In the previous chapter, we provided a detailed analysis of
the bursting properties of hPSC derived cortical neurons when co-cultured with primary mouse astrocytes.
In the absence of FMRP, the cortical neurons displayed an aberrant burst firing — more frequent bursts,
short burst duration (Das Sharma et al., 2020). This type of burst firing henceforth will be referred to as
“FXS bursting”. Multiple lines of evidence suggest the presence of FMRP in the astrocytes during early-
mid postnatal brain development (Gholizadeh et al., 2015; Pacey & Doering, 2007). Absence of FMRP led
to hypertrophy and increased GFAP expression in the astrocytes of the neocortex of Fmr1 KO mice (Lee
et al., 2019). As discussed in Chapter 4, we observed aberrant burst firing of the FMRP-null neurons in the
presence of healthy rodent astrocytes. Thus healthy mouse astrocytes were unable to rescue the aberrant
network activity of human cortical neurons. This led us to investigate the bursting activity of the neurons
co-cultured with human astrocytes. We conducted whole-cell patch clamp recordings from 8 week in vitro
hPSC derived cortical neurons co-cultured with hPSC derived astrocytes. Recordings from CON2 neurons
co-cultured with CON2 astrocytes displayed the control burst firing — low burst number, longer duration
(Fig 5.2A). In contrast, FXS3 neurons co-cultured with FXS3 astrocytes displayed FXS bursting profile -
higher frequency of bursts, but of lesser duration (Fig 5.2B). Analysis of the number of bursts (Fig 5.2C)
and burst duration (Fig. 5.2D) across all the iPSC and ESC derived cell lines showed that FXS neurons co-

cultured with FXS astrocytes display the aberrant burst profile.
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Figure 5.2 hPSC derived FXS neurons co-cultured with FXS astrocytes display aberrant spontaneous
burst firing.

(A) Representative current clamp recording (Vioiwo = -70 mV) of spontaneous bursts from a CON2 neuron
co-cultured with CON2 astrocyte illustrating the low burst number and longer burst duration. (B)
Representative current clamp recording of spontaneous bursts from a FXS3 neuron co-cultured with FXS3
astrocyte illustrating the aberrant burst firing - significantly higher burst number and shorter burst
duration. (C) Quantification of the burst number of all the lines. Overall the mean values are: 6 + 0.87
(CON2 neurons with CON2 astrocytes: n =24, N = 4); 18.25 + 3.36 (FXS2 neurons with FXS2 astrocytes: n
=12, N =3); 26.5 + 3.73 (FXS3 neurons with FXS3 astrocytes: n =12, N = 3). (D) Quantification of the burst
duration of all the combinations. The overall mean burst durations are (in seconds): 45.2 + 4.24 (CON2
neurons with CON2 astrocytes); 11.76 + 1.85 (FXS2 neurons with FXS2 astrocytes); 11.55 + 1.04 (FXS3
neurons with FXS3 astrocytes). Values are + SEM. ***p< 0.001, **p< 0.01, one way ANOVA with post hoc
Bonferroni test.



5.3 Human astrocyte genotype determines the phenotype of bursting activity of human cortical neurons

Studies have shown that selective deletion of FMRP in the astrocytes contribute towards the FXS
phenotype in Fmrl KO mouse models in vitro and in vivo (Jacobs & Doering, 2010; Higashimori et al., 2016;
Hodges et al., 2017). Interestingly, healthy astrocytes could prevent the abnormal dendrite morphology
of the Fmr1 KO neurons (Jacobs & Doering, 2010). However, in our own studies, we did not observe
rescue of the aberrant network activity of human FXS neurons by wild-type mouse astrocytes. This led us
to investigate if the spontaneous network activity of the neurons could be modulated by the human
astrocytes. In section 5.2, we saw that control neurons co-cultured with control astrocytes led to the
neurons displaying control burst phenotype and co-culturing FXS neurons with FXS astrocytes resulted in
the neurons exhibiting the FXS bursting phenotype. Here, we co-cultured control neurons with FXS
astrocytes and FXS neurons with control astrocytes. Similar to previous experiment, whole-cell patch
clamp recordings were performed when the neurons were 8 weeks in vitro, to assess the role of astrocyte
genotype on the spontaneous network behaviour of the neurons. Strikingly, recordings from CON2 neuron
co-cultured with FXS3 astrocytes showed that the bursting profile of the CON2 neurons resembled that of
the FXS — with more number of bursts and shorter burst duration (Fig 5.3A). Consequently, when FXS3
neurons were co-cultured with CON2 astrocytes the aberrant bursting activity was rescued to resemble
the control neurons with lesser number of bursts and longer burst duration (Fig 5.3B). Analysis of the
network activity of the other iPSC derived FXS line and ESC derived neurons and astrocytes showed the
same (Fig 5.3C-D) - the genotype of astrocytes determines the bursting phenotype of neurons across all

the lines, iPSC and ESC.
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Figure 5.3 Spontaneous bursting activity of hPSC derived cortical neurons is non-cell-autonomous and
determined by the genotype of the astrocytes.

(A) Representative current clamp trace from a CON2 neuron co-cultured with FXS3 astrocyte shows the
effect of astrocyte on the bursting profile of neuron. CON2 neuron shows the aberrant burst activity like
the FXS — high burst number, shorter burst duration. (B) Representative trace from a FXS3 neuron co-
cultured with CON astrocyte shows the FXS2 neuron bursting like control — low burst number, longer burst
duration. (C) Quantification of the burst number of all the combinations. Overall the mean values are:
17.21 + 1.88 (CON2 neurons with FXS2 astrocytes: n = 19, N = 3); 33 + 3.9 (CON2 neurons with FXS3
astrocytes: n =19, N = 3); 4.75 £ 0.95 (FXS2 neurons with CON2 astrocytes: n = 16, N = 3); 4.88 + 0.67
(FXS3 neurons with CON2 astrocytes: n = 18, N = 3); 5.91 + 0.64 (FMR1*Y neurons with FMR1*" astrocytes
:n =34, N =4); 23.06 + 2.93 (FMR17Y neurons with FMR17V astrocytes : n = 17, N = 3); 22 + 2.08 (FMR1"Y
neurons with FMR17¥ astrocytes : n = 15, N = 3); 6.89 + 0.95 (FMR1”¥ neurons with FMR1*Y astrocytes : n
=19, N = 3). (D) Quantification of the burst duration of all the combinations. The overall mean burst
durations are (in seconds): 12.18 + 1.26 (CON2 neurons with FXS2 astrocytes); 9.12 + 1.11 (CON2 neurons
with FXS3 astrocytes); 35.44 + 3.4 (FXS2 neurons with CON2 astrocytes); 32.73 + 4.08 (FXS3 neurons with
CON2 astrocytes); 44.46 + 2.52 (FMR1*Y neurons with FMR1*" astrocytes); 10.10 + 1.31 (FMR17Y neurons
with FMR17 astrocytes); 10.71 + 1.24 (FMR1*Y neurons with FMR17 astrocytes); 38.94 + 2.48 (FMR17Y
neurons with FMR1*Y astrocytes). Values are + SEM. ***p< 0.001, one way ANOVA with post hoc
Bonferroni test.

5.4 Gene-corrected astrocytes can rescue the aberrant network activity of FXS neurons



In the last section, we observed that healthy human astrocytes were able to rescue the aberrant network
phenotype of the neurons even in the absence of FMRP. Consequently, selective absence of FMRP in the
human astrocytes led to control neurons firing like fragile X neurons. To further confirm, that it is the
presence of FMRP in the healthy astrocytes that led to the rescue of aberrant neuronal firing, we
generated astrocytes from FXS gene-corrected (FXS2A) line wherein FMRP has been genetically re-
expressed by correcting the mutation using CRISPR-Cas. We co-cultured iPSC derived control (CON2) and
Fragile X (FXS2) neurons with the FXS2A astrocytes. At 8 weeks in vitro, whole-cell patch clamp recordings
were conducted. We hypothesized that the gene-corrected astrocytes would behave similar to control
astrocytes and control neurons when co-cultured with the gene-corrected astrocytes would exhibit a
control bursting phenotype. However, co-culturing FXS neurons on the gene-corrected astrocytes, would
rescue the aberrant spontaneous burst activity and the FXS neurons would display a bursting phenotype
resembling the controls (Fig 5.4). As expected, recordings from CON2 neurons plated with FXS2A
astrocytes displayed the control burst firing — low no of bursts, longer duration (Fig 5.4A). FXS2 neurons
co-cultured with FXS2A astrocytes also exhibited the control burst firing (Fig 5.4B). The no. of bursts (Fig
5.4C) and burst durations (5.4D) were similar between CON2 neurons co-cultured with FXS2A astrocytes
and FXS2 neurons co-cultured with FXS2A astrocytes, thus confirming that presence of FMRP in the human

astrocytes is crucial for the development of the proper network activity of human cortical neurons.
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Figure 5.4 Gene-corrected astrocytes can rescue the aberrant burst firing of Fragile X neurons.

(A) Representative current-clamp trace from a CON2 neuron co-cultured with FXS2A astrocytes
illustrating the control type of burst firing — low number of bursts, longer duration. (B) Representative
current-clamp recording from a FXS2 neurons co-cultured with FXS2A astrocytes bursting like the control.
(C) Quantification of the number of bursts shows no difference between CON2 neurons co-cultured with
FXS2A astrocytes and FXS2 neurons co-cultured with FXS2A astrocytes. Overall, the mean no. of bursts
are: 7 £ 1.23 (CON2 neurons with FXS2A astrocytes: n =10, N = 1); 7.056 + 0.53 (FXS2 neurons with FXS2A
astrocytes: n = 18, N =2). (D) There was no significant difference in the burst durations between CON2
neurons and FXS2 neurons when co-cultured with FXS2A astrocytes. The mean burst durations are: 33.14
1 5.86 (CON2 neurons with FXS2A astrocytes); 40.19 + 2.22 (FXS2 neurons with FXS2A astrocytes). Values
are = SEM. Unpaired t-test.



5.5 Passive membrane properties of FXS neurons are similar to control neurons in a human neuron-
astrocyte co-culture

Many studies using Fmr1l KO mice have reported a change in the passive membrane properties like the
input resistance and rheobase current of cortical neurons underlying the hyperexcitability phenotype of
FXS (Gibson et al., 2008; Kalmbach et al., 2015). However, recent studies using primary mouse cultures
have also observed no change in the baseline passive membrane properties in the absence of FMRP
(Bulow et al., 2019). Studies using hPSC derived neurons, have shown that loss of FMRP does not affect
the passive membrane properties (Telias et al., 2015; Zhang et al., 2018). In our neuronal and rodent co-
culture studies, we did not observe any change in the intrinsic properties of neurons, upon loss of FMRP.
Having observed the effect of human astrocytes on the spontaneous network activity of human neurons,
we conducted whole-cell patch clamp recordings, to check if the passive membrane properties of the
neurons were affected by the astrocyte genotype (Fig 5.5). The passive membrane analyzed were: resting
membrane potential (RMP) (Fig 5.5A), input resistance (Fig 5.5B), capacitance (Fig 5.5C) and rheobase
current (Fig 5.5D). These parameters were similar between control and FXS neurons across the iPSC and
ESC lines. Analysis of the passive membrane properties of neurons co-cultured with the gene-corrected
astrocytes were also similar to all the other lines. This suggests that loss of FMRP from the astrocytes and

neurons does not significantly alter the intrinsic membrane properties of the hPSC derived neurons.
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Figure 5.5 Passive membrane properties of hPSC derived neurons co-cultured with hPSC derived
astrocytes.

(A) Resting membrane potentials across all the lines. (B) Quantification of input resistances. (C)
Quantification of capacitance across all the lines. (D) Quantification of the rheobase currents. All the
values are mean + SEM. One-way ANOVA with post hoc Bonferroni’s test. CON2 neurons with CON2
astrocytes, n = 23, N = 3; FXS2 neurons with FXS2 astrocytes, n = 12, N = 3; FXS3 neurons with FXS3
astrocytes, n =12, N = 3; CON2 neurons with FXS2 astrocytes, n = 15, N = 3; CON2 neurons with FXS3
astrocytes, n = 14, N = 3; FXS2 neurons with CON2 astrocytes, n = 14, N = 3; FXS3 neurons with CON2
astrocytes, n = 12, N = 3; CON2 neurons with FXS2A astrocytes, n = 11, N = 1; FXS3 neurons with FXS2A
astrocytes, n = 18, N = 1; FMR1*" neurons with FMR1* astrocytes, n = 23, N = 3; FMR1”¥ neurons with
FMR17¥ astrocytes, n = 11, N = 3; FMR1*Y neurons with FMR17 astrocytes, n = 10, N = 3; FMR17¥ neurons
with FMR1*" astrocytes, n =12, N = 3.



5.6 The active properties of FXS cortical neurons co-cultured with hPSC derived astrocytes are similar
to control neurons

As already mentioned, neuronal hyperexcitability has been a hallmark of FXS pathophysiology. However,
recent studies using both Fmrl KO mouse models and hPSC derived neurons have shown that the
hyperexcitability phenotype is dependent on the type of neurons, age and the area of brain being
examined. Indeed, studies also have reported hypoexcitability and no alteration in the basal firing of the
cortical neurons of Fmr1 KO mice (Berzhanskaya et al., 2016; Bulow et al., 2019). Hypoexcitability was also
a key phenotype of the hESC derived cortical neurons (Telias et al.,, 2015). However, another study using
patient derived iPSC FXS neurons showed that the baseline firing frequency between controls and FXS
neurons was unaltered (Zhang et al., 2018). In chapter 3 and 4, we showed that hPSC derived
glutamatergic cortical neurons when cultured in a neuron-only culture or co-cultured with WT rodent
astrocytes, do not show any altered AP properties (Das Sharma et al.,, 2020). Recent lines of evidence
suggest that astrocytes contribute significantly to AP firing in neurons and the metabolic status of human
astrocytes is a determining factor (Deemyad et al., 2018; You et al., 2019). In the next step of experiments,
we wanted to investigate the role of FMRP in modulating the active AP properties of the human neurons
when co-cultured with human astrocytes. Neurons were co-cultured with astrocytes in the following
combinations — control neurons with control astrocytes, FXS neurons with FXS astrocytes, control neurons
with FXS astrocytes and FXS neurons with control astrocytes. We performed whole-cell patch clamp
recordings on neurons at 8 week in vitro. In current-clamp mode, 500 ms long depolarizing current steps
(-10to +65 pA) were injected and the AP parameters were calculated from the first AP fired by the neuron
(Fig 5.6). Control and FXS neurons could fire sustained action potentials in response to a depolarizing
current step in all the four combination of astrocytes (Fig 5.6A, B). We calculated the AP properties —
rheobase, spike amplitude and spike half-width and did not find any difference between control and FXS
neurons across all the lines (iPSC and ESC) and four combinations. Analysis of the AP properties of CON2
neurons co-cultured with FXS2A astrocytes and FXS2 neurons co-cultured with FXS2A astrocytes also did
not reveal difference (Fig 5.6C-E). To see if the firing frequency was affected by the absence of FMRP, we
calculated the maximum number of APs fired by the neurons and found no difference between control
and FXS neurons across the lines and four combinations. CON2 neurons and FXS2 neurons when co-
cultured with FXS2A astrocytes also did not exhibit any difference in the maximum number of APs fired
(Fig 5.6F). Thus, absence of FMRP does not affect the basal active properties of hPSC neurons when co-

cultured with hPSC derived astrocytes.
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Fig 5.6 In a human neuron-astrocyte co-culture, active properties of FXS neurons are similar to controls.

(A) Representative current-clamp recordings of AP firing by a FMR1*Y neurons co-cultured with FMR1*"
astrocyte (black trace) and a FMR17Y neurons co-cultured with FMR17" astrocyte (red trace) in response
to a depolarizing current step (500ms, 20 pA). (B) Representative AP traces by a FMR1*Y neurons co-
cultured with FMR17 astrocyte (black trace) and a FMR17Y neurons co-cultured with FMR1*" astrocyte
(red trace) in response to a depolarizing current step (500ms, 20 pA). (C, D, E) Quantification of AP
properties- spike amplitude, half-width, threshold across the iPSC and ESC and all the four combinations
— control neurons with control astrocytes, FXS neurons with FXS astrocytes, control neurons with FXS
astrocytes and FXS neurons with control astrocytes did not reveal any significant differences. (F) Maximum
number of APs by the neurons was similar between control and FXS neurons neurons. One-way ANOVA
with post hoc Bonferroni’s test.

5.7 FXS neurons co-cultured with FXS astrocytes display reduced persistent sodium current (/nqp)

As already discussed, Inap is a sub-threshold, slowly-inactivating, TTX-sensitive sodium current. In section

2.5, we showed that In.p Was critical for proper burst activity of the human cortical neurons and neurons



which lacked FMRP displayed reduced Ina.p. Blocking the Inap in control neurons with riluzole resulted in
bursts with shorter burst durations resembling the FXS bursting profile. In section 2.9 we showed that
pharmacological activation of the voltage-gated sodium channels using an activator, veratridine, could
partially rescue the aberrant burst activity of FMRP-null neurons. Several studies have confirmed the
crucial role of persistent sodium channels (NaP) in driving the burst activity of cortical networks
(Magistretti & Alonso, 2002; Van Drongelen et al., 2006; Astman et al., 2006). Studies on Fmr1 KO mice
have shown that loss of FMRP leads to an increase in In.r (Deng & Klyachko, 2016) and transient sodium
current (Routh et al., 2017) in the entorhinal and prefrontal cortex. However our own studies on hPSC
derived cortical neurons suggests a decrease in Iyq.p in the absence of FMRP (Das Sharma et al., 2020). This
is corroborated by the study using human embryonic stem cell derived neurons which showed an overall
reduction in the sodium current of the FXS neurons (Telias et al., 2015). Thus it is imperative to study the
persistent sodium channel in a total human system — human neurons with human astrocytes. We used
both iPSC and ESC derived neurons and astrocytes. As in section 2.5, we injected a slow depolarizing
voltage ramp (-100 mV to -20 mV, 20 mV/s) to the neurons in the absence and presence of TTX (Fig 5.7A).
Subtraction of the traces obtained in the absence and presence of TTX, yielded the TTX-sensitive /yap. CON2
neurons when co-cultured with CON2 astrocytes, exhibited a robust inward current which was the Iyqr (Fig
5.7A, black trace). In contrast FXS2 neurons co-cultured with FXS2 astrocytes displayed an extremely
reduced /e (Fig 5.7A, red trace). To neutralize the effect of cell size on the current observed, the current
was divided by capacitance, to give current density. Analysis of the current density across all the iPSC lines
revealed that FXS neurons co-cultured with FXS astrocytes exhibited significantly lesser e current
densities than control iPSC neurons co-cultured with control iPSC astrocytes (Fig 5.7B-C). Similarly, Inar
current densities of ESC derived FMRI7/ neurons co-cultured with FMR17 astrocytes was significantly
reduced than FMR1* neurons co-cultured with FMR1*Y astrocytes (Fig 5.7D-E). Thus, loss of FMRP from

the neurons and astrocytes leads to drastically reduced /nqp.
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Figure 5.7 hPSC derived FXS neurons co-cultured with hPSC derived astrocytes display reduced In.r
current densities.

(A) Ingpisolated from the neurons co-cultured with human astrocytes in response to a depolarizing voltage
ramp (-100 to -20 mV, 20 mV/s). Representative Inq.p trace from a CON2 neuron co-cultured with CON2
astrocytes (black trace). Insp Was isolated by subtracting the current elicited by the ramp in the presence
and absence of TTX. Insfrom a FXS3 neuron co-cultured with FXS3 astrocytes (red trace) is significantly
reduced. (B) | -V curves plotted from the ramp-evoked Inap, showing the decreased Inqpin iPSC derived FXS
neurons co-cultured with iPSC derived FXS astrocytes. Currents are normalized to the corresponding cell
capacitance. (C) Quantification of current density at -20 mV show significant decrease of the persistent
sodium current in iPSC derived FXS neurons co-cultured with FXS astrocytes. Overall mean current



densities are: -1.508 + 0.25 (CON2 neurons co-cultured with CON2 astrocytes, n = 13, N = 3); -0.288 +
0.083 (FXS2 neurons co-cultured with FXS2 astrocytes, n = 13, N = 3); -0.349 + 0.066 (FXS3 neurons co-
cultured with FXS3 astrocytes, n = 13, N = 3). (D) | -V curves plotted from the ramp-evoked /n.p, showing
the decreased Inopin FMR17Y neurons co-cultured with FMR17¥ astrocytes. Currents are normalized to the
corresponding cell capacitance. (E) Quantification of current density at —20 mV show significant decrease
of the persistent sodium current in FMR17¥ neurons co-cultured with FMR17¥ astrocytes. Overall the mean
current densities are: -1.656 + 0.22 (FMR1*Y neurons co-cultured with FMR1*Y astrocytes, n = 10, N = 2);
-0.48 +0.074 (FMR17¥ neurons co-cultured with FMR17¥ astrocytes, n =10, N = 2). Values are + SEM. ***p<
0.001, two-way repeated measures ANOVA with post hoc Bonferroni test, One-way ANOVA with post hoc
Bonferroni test, Wilcoxon test.

5.8 NaP dysfunction of hPSC derived neurons is rescued by co-culturing with control astrocytes

Control human astrocytes could rescue the aberrant burst firing of the FXS neurons as seen in section 5.3.
Similarly, FXS astrocytes could alter the bursting pattern of the control neurons to look like the FXS. Thus
the human astrocytes are fundamental in the development of proper network activity of the neurons. We
asked, if selective absence of FMRP in the astrocytes could lead to a reduction of /xepin the neurons. The
Inop from control neurons plated with FXS astrocytes and FXS neurons co-cultured with control astrocytes
was recorded (Fig 5.8). Recordings from CON2 neurons co-cultured with FXS3 astrocytes showed that the
Inop of CON2 is reduced (Fig 5.8A, black trace). A FX3 neuron when co-cultured with CON2 astrocytes
however, showed robust /n.e (Fig 5.8A, red trace). Analysis of the Inep current densities across all the iPSC
lines revealed the same — control neurons co-cultured with FXS astrocytes showed significantly reduced
Inap Whereas FXS neurons when co-cultured with control astrocytes displayed significantly greater Inap
current densities (Fig 5.8B-C). Inopcurrent densities of FMR1*Y neurons co-cultured with FMR17 astrocytes
was significantly less than FMRI7Y neurons co-cultured with FMR1*" astrocytes (Fig 5.8D-E). Thus this
suggests that selective loss of FMRP from the human astrocytes leads to a reduction in the /y.p magnitude
of the cortical neurons. Consequently, FMRP expressed in the healthy astrocytes rescues the Iyap

dysfunction seen in cortical FXS neurons.
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Figure 5.8 hPSC derived control neurons co-cultured with FXS astrocytes display reduced In.p magnitude.
Control astrocytes rescue the Iy,r dysfunction of FXS neurons and FXS neurons display robust Inap.

(A) Reduced /g elicited in response to depolarizing ramp from CON2 neuron co-cultured with FXS3
astrocytes (black trace). FXS3 neurons co-cultured with CON2 astrocytes displayed a robust Inqp (red trace).
(B) I -V curves plotted from the ramp-evoked /n.p, showing the decreased In,pin CON2 neurons co-cultured
with iPSC derived FXS astrocytes and the increased Inq.p of FXS neurons co-cultured with CON2 astrocytes.
(C) Quantification of In.e current densities at -20 mV. Overall the mean current densities are: -0.36 + 0.079
(CON2 neurons co-cultured with FXS2 astrocytes, n =11, N = 3); -0.46 + 0.09 (CON2 neurons co-cultured
with FXS3 astrocytes, n =19, N = 3); -1.764 + 0.29 (FXS2 neurons co-cultured with CON2 astrocytes, n =



13, N = 3); -1.39 + 0.13 (FXS3 neurons co-cultured with CON2 astrocytes, n = 13, N = 3). (D) I-V curves
showing the decreased Ive» in FMRI*Y neurons co-cultured with FMRI7¥ astrocytes and significantly
greater Ive of FMR17Y neurons co-cultured with FMR1*" astrocytes. (E) Quantification of /v.r current
densities at -20 mV. The mean current densities are: -0.46 + 0.097 (FMR1*”¥ neurons co-cultured with
FMR17 astrocytes, n = 10, N = 2); -1.48 + 0.13 (FMR17¥ neurons co-cultured with FMR1*" astrocytes, n =
10, N = 2). Values are + SEM. ***p< 0.001, two-way repeated measures ANOVA with post hoc Bonferroni
test, One-way ANOVA with post hoc Bonferroni test, Wilcoxon test.

5.9 iPSC derived gene-corrected astrocytes rescue the NaP dysfunction of FXS neurons

In a separate set of experiments to confirm that expression of FMRP in the astrocytes is indeed the critical
factor in the modulation of the persistent sodium current of neurons, we recorded /ns» from control and
FXS neurons co-cultured with FXS2A astrocytes (Fig 5.9). As expected, CON2 neurons co-cultured with
FXS2A astrocytes displayed robust In.e (Fig 5.9A, black trace). We hypothesized that the expression of
FMRP in the gene-corrected astrocytes would rescue the Iysr of the FXS neurons, similar to control
astrocytes. Indeed FXS2 neurons co-cultured with FXS2A astrocytes exhibited increased /. similar to
control neurons (Fig 5.9A, red trace). Inoe current densities of FXS neurons co-cultured with FXS2A
astrocytes did not differ from the CON2 neurons co-cultured with FXS2A astrocytes (Fig 5.9B-C). Our
results with the ESC derived isogenic pair (section 5.8) and these results from the gene-corrected
astrocytes confirm that it is indeed the expression of FMRP in the astrocytes and not any other
environmental factor that was able to rescue the dysfunction of the persistent sodium channels in FXS

neurons.
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Figure 5.9 Gene-corrected astrocytes (FXS2A) can rescue the Iy.p defects of FXS neurons.

(A) Robust Iyep elicited by CON2 neurons co-cultured with FXS2A astrocytes (black). FXS2 neurons co-
cultured with FXS2A astrocytes also exhibit robust /n.e (red) in response to depolarizing voltage ramp (-
100 to -20 mV, 20 mV/s). (B) I-V curves showing robust /nsp from FXS2 neurons co-cultured with FXS2A
astrocytes. (C) Quantification of the Inep current densities at -20 mV. Iygp current densities of FXS2 neurons
co-cultured with FXS2A astrocytes is similar to CON2 neurons with FXS2A astrocytes. Overall the mean
Ingp are: -1.344 + 0.091 (CON2 neurons co-cultured with FXS2A astrocytes, n = 6, N = 1); -1.89 + 0.603
(FXS2 neurons co-cultured with FXS2A astrocytes, n =8, N = 1). Values are + SEM. Repeated measures two
way ANOVA with post hoc Bonferroni test, Wilcoxon test.



5.10 Astrocyte conditioned media (ACM) from the human astrocytes has no effect on the maturation of
human cortical neurons.

In sections, 5.2 and 5.3, we observed the modulation of network activity of hPSC derived cortical neurons
by hPSC derived astrocytes. Indeed, presence of healthy astrocytes expressing FMRP could rescue the
aberrant bursting phenotype of FXS neurons. Consequently, FXS astrocytes lacking FMRP, altered the
bursting profile of the control neurons to resemble the FXS bursting — high number of bursts, shorter
durations. We have also given evidence, of how the human astrocytes exert their influence on the
neuronal network bursting via the persistent sodium channels. Control human astrocytes led to the
development of robust Iy in the FXS neurons, whereas FXS astrocytes prevented persistent sodium
channel activity in control neurons and led to significantly reduced /nqp (Fig 5.8). The myriad of functions
performed by astrocytes are mostly through secreted proteins (Christopherson et al., 2005; Chung et al.,
2008) which regulate synapse formation, axonal regeneration and neuronal apoptosis. In the next set of
experiment, we asked if the conditioned medium from the hPSC derived astrocytes had any effect on the
morphology and function of neurons. We plated neuronal cultures and added astrocyte conditioned
medium (ACM) at the 3™ week (Fig 5.10A). The neurons were allowed to grow and mature in the presence
of ACM till the 8" week after which stained the neurons with Map2ab. We found that culturing the
neurons with ACM did not have any significant effect on the morphology and maturation of neurons (Fig

5.10B).
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Figure 5.10 Culturing of hPSC derived neurons with FXS ACM does not alter their maturation.

(A) Schematic showing the addition of ACM to the neuron-only culture. (B) Representative confocal
images of hiPSC (CON2 and FXS3) derived cortical neurons expressing Map2ab. Left to right, neurons were
plated with ACM in four combinations: CON2 neurons with CON2 ACM, FXS3 neurons with FXS3 ACM,
CON2 neurons with FXS3 ACM, FXS3 neurons with CON2 ACM. Scale bar = 50 uM. (Work done by Rakhi
Pal and Bharath Reddy).

5.11 Astrocyte conditioned media (ACM) from the human astrocytes modulates the spontaneous
network activity of human cortical neurons

In the next set of experiments, we asked if the conditioned medium from astrocytes could modulate the
spontaneous burst activity of the hPSC derived neurons. Again, neuron-only cultures were allowed to
mature in the presence of ACM and at the 8™ week, whole-cell patch clamp recordings were performed
to assess the spontaneous network activity. Both iPSC and ESC derived neurons and ACM were used in
this experiment. In chapter 3, we had demonstrated that hPSC derived control and FXS neurons in a
neuron-only culture had failed to develop proper synaptic activity and a concomitant absence of network
activity. Presence of rodent and human astrocytes in the cortical neuron-only culture (chapters 2 and 3)
led to the development of spontaneous network activity in the form of bursts of action potentials. We
found that in presence of ACM, even in a neuron-only culture, the cortical neurons developed robust
network activity (Fig 5.11). CON2 neurons which were grown in presence of CON2 ACM had a bursting
activity like the controls — low number of bursts, longer durations (Fig 5.11A). Alternatively FXS3 neurons
grown in the presence of FXS3 ACM displayed a FXS bursting profile — high number of bursts, shorter
durations (Fig 5.11B). Analysis of the bursting activity across all the iPSC and ESC lines revealed the same

(5.11C-D). Thus cortical neurons are able to develop spontaneous network activity in the presence of ACM.



CON2  FXS3

Neuron

ACM @

A B

= =
£ J E
. o o
w w
40s 40s
& CON2-CON2 ¢ CON2-CON2
FXS2-FXS2 DFMRJ"’V-FMRI'_/V FXS2-FXS2 DFMRJ'{V‘FMRI'_/Y
FXS3-FXS3 FMR17”-FMR1" FXS3-FXS3 FMRI17-FMR17
100 100
*k = <
» 80 2 80 o 0
4 *kk sk s < DEI
S 60 ‘5 60
ol el
= s e
© 40 3 40 Oov Hkk *kk —n Hk ok
S B o % s
Z 20 = £ 20 o ao
é o [aa]
0 < 0
le le le le e le lo e e e
iPSC ESC iPSC ESC

Fig 5.11 Human cortical neurons in presence of hPSC derived ACM developed spontaneous network
activity.

(A) Representative current clamp recording (Vuowo = -70 mV) of spontaneous bursts from a CON2 neuron
co-cultured with CON2 ACM illustrating the low burst number and longer burst duration. (B)
Representative current clamp recording of spontaneous bursts from a FXS3 neuron co-cultured with FXS3
ACM illustrating the aberrant burst firing - significantly higher burst number and shorter burst duration
(C) Quantification of the number of bursts across the iPSC and ESC lines. Over the mean no. of bursts are:
2.83 +0.52 (CON2 neurons with CON2 ACM, n =12, N = 3); 47.18 + 7.23 (FXS2 neurons with FXS2 ACM, n
=11, N = 3); 35.67 + 4.23 (FXS3 neurons with FXS3 ACM, n = 12, N = 3); 3.75 + 1.08 (FMR1*¥ with FMR1*"
ACM, n =12, N = 3); 23.45 * 2.45 (FMR17Y with FMR17Y ACM, n = 12, N = 3). (D) Quantification of the burst
durations across all the lines. The mean burst durations are: 46.1 + 8.47 (CON2 neurons with CON2 ACM);
8.47 + 2.01 (FXS2 neurons with FXS2 ACM); 7.34 + 0.51 (FXS3 neurons with FXS3 ACM); 40.69 *+ 5.82
(FMR1*Y neurons with FMR1*Y ACM); 8.58 + 0.633 (FMR17¥ neurons with FMR17Y ACM).Values are + SEM.
***p< 0.001, **p< 0.01, One-way ANOVA with post hoc Bonferroni test.

5.12 The ACM genotype determines the bursting phenotype of the hPSC cortical neurons

Several studies on Fmrl KO mouse models have shown that selective loss of FMRP from the astrocytes

leads to neuronal dysfunction and presence of healthy astrocytes rescue the neuronal dysfunctions



(Higashimori et al., 2016; Jacobs & Doering, 2010; Wallingford et al., 2017). Multiple lines of evidence
show that the neuronal abnormalities in Fmrl KO mice can be rescued by conditioned media from the
astrocytes in vitro (Cheng et al., 2016; Krasovska & Doering, 2018; Sourial & Doering, 2016). Having
observed bursting of the cortical neurons in the presence of ACM, we asked if the neuronal bursting
phenotype depended on the ACM genotype, i.e. do control neurons display a FXS bursting profile in
presence of FXS ACM and can control ACM rescue the aberrant bursting phenotype of the FXS neurons
(Fig 5.12). To test this, we recorded the spontaneous burst activity of control neurons which were cultured
in presence of FXS ACM. Recordings from a CON2 neuron cultured in presence of ACM from FXS3
astrocytes, indeed show a FXS type bursting — high number of bursts, shorter durations (Fig 5.12A). A FXS3
neuron cultured in the presence of CON2 ACM exhibited a control bursting phenotype — low number of
bursts, longer durations (Fig 5.12B). Thus the genotype of the ACM determines the neuronal bursting
phenotype. This was true across all the iPSC lines and ES lines (Fig 5.12C-D). To further confirm that the
ACM derived from iPSC and ESC astrocytes exert the same effects, we cultured iPSC derived CON2 and
FXS3 neurons with ES derived FMR17Y and FMR1*/Y ACM respectively. FXS3 neurons in presence of FMR1*Y
ACM displayed a decrease in the number of bursts fired (Fig 5.12E) and an increase in the burst duration
(Fig 5.12F) as compared to CON2 neurons cultured with FMR17Y, thus suggesting that both ESC and iPSC
derived astrocytes secrete similar factors that are able to rescue the aberrant network activity of neurons
lacking FMRP. These results show that the hPSC derived astrocytes act as a determining factor of the
neuronal network activity via its secretome. This is a novel finding and for the first time we have provided
evidence of the rescue of FXS phenotype of human cortical neurons through factors secreted by the

human astrocytes.
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Figure 5.12 The ACM genotype determines the bursting phenotype of human cortical neurons.

(A) Representative current-clamp recording of a CON2 neuron cultured with FXS3 ACM displaying a FXS
bursting phenotype. (B) Representative trace of a FXS3 neuron cultured with CON2 ACM exhibiting the
control bursting phenotype. (€C) Quantification of number of bursts across all the lines. Overall the means
are: 17.67 +3.23 (CON2 neurons with FXS2 ACM, n =12, N = 3); 28 + 4.67 (CON2 neurons with FXS3 ACM,
n =10, N =3); 4.36 £ 0.82 (FXS2 neurons with CON2 ACM, n =10, N = 3); 4.2 + 0.89 (FXS3 neurons with
CON2 ACM, n =11, N = 3); 26.95 + 2.46 (FMR1*"¥ neurons with FMR17Y ACM, n = 20, N = 3); 4.167 + 0.75
(FMR17 neurons with FMR1*Y ACM, n = 12, N = 3). (D) Quantification of the burst durations across all the
lines. The mean burst durations are: 9.98 + 1.27 (CON2 neurons with FXS2 ACM); 8.59 + 0.96 (CON2
neurons with FXS3 ACM); 42.66 + 5.78 (FXS2 neurons with CON2 ACM); 51.59 + 6.56 (FXS3 neurons with
CON2 ACM); 9.40 + 0.58 (FMR1*Y neurons with FMR17Y ACM); 37.95 +5.14 (FMR1”Y neurons with FMR1*"
ACM). (E) Quantification of the number of bursts of iPSC neurons with ES ACM. Mean number of bursts
are: 20.65 + 2.26 (CON2 neurons with FMR17Y ACM, n = 20, N = 2); 2.5 + 0.38 (FXS3 neurons with FMR1*Y



ACM, n = 12, N = 2). (F) Quantification of the burst durations of iPSC neurons with ES ACM. Mean burst
durations are: 11.57 + 0.93 (CON2 neurons with FMR17Y ACM); 47.63 % 4.5 (FXS3 neurons with FMR1*"Y
ACM). Values are £ SEM. ***p< 0.001, **p< 0.01, *p< 0.05, One-way anova with post hoc Bonferroni test.

5.13 Intrinsic properties of FXS neurons are similar to controls in a neuron — ACM culture

In the previous section, we saw that the genotype of ACM determines the phenotype of the neuronal
bursting i.e. control neurons in presence of FXS ACM displayed the aberrant FXS bursting phenotype
whereas FXS neurons in presence of control ACM bursts like the control. This was true across the ES and
the iPSC lines. In section 5.5 and 5.6, we showed that though the astrocyte genotype determined the
bursting phenotype of the neurons, absence of FMRP in the neurons or the astrocytes did not have any
effect on the active and passive membrane properties of the neurons. To check, if the conditioned media
from the astrocytes altered the intrinsic membrane properties of the neurons were analysed. Similar to
previous experiments, neurons (iPSC and ESC) were cultured with ACM (iPSC and ESC). The passive
membrane properties — resting membrane potential (Fig 5.13A) input resistance (5.13B), capacitance
(5.13C) and rheobase current (5.13D) were similar between control and FXS neurons across the iPSC and
ESC lines. ACM from control or FXS astrocytes did not affect the basal passive membrane properties of

the neurons. This result is in accordance with our earlier observations with human and mouse astrocytes.
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Figure 5.13 Passive membrane properties of hPSC derived neurons cultured with ACM.

(A) Resting membrane potentials across all the lines. (B) Quantification of input resistances. (C)
Quantification of capacitance across all the lines. (D) Quantification of the rheobase currents. All the
values are mean + SEM. One-way ANOVA with post hoc Bonferroni’s test. CON2 neurons with CON2 ACM,
n =11, N = 3; FXS2 neurons with FXS2 ACM, n = 10, N = 3; FXS3 neurons with FXS3 ACM, n=11, N=3;
CON2 neurons with FXS2 ACM, n =11, N = 3; CON2 neurons with FXS3 ACM, n =11, N = 3; FXS2 neurons
with CON2 ACM, n = 11, N = 3; FXS3 neurons with CON2 ACM, n = 10, N = 3; FMR1*” neurons with FMR1*"
ACM, n =12, N = 3; FMR1"Y neurons with FMR17Y ACM, n = 18, N = 3; FMR1*Y neurons with FMR17Y ACM,
n=17, N = 3; FMR1” neurons with FMR1*Y ACM, n = 10, N = 3.

5.14 Action potential properties of FXS neurons are similar to controls in a neuron — ACM culture



In the next step of experiments, we analysed the action potential properties of the hPSC derived neurons
cultured with ACM. At 8 weeks in vitro depolarized current pulses (-10 to +65 pA) were injected into the
neurons. Analysis of the action potential properties from the 1°* AP also did not reveal any significant
differences (Fig 5.14). Current clamp traces from a FMR1*” neuron cultured with FMR1*Y ACM (Fig 5.14A,
grey trace) and a FMR17Y neuron cultured with FMR17¥ ACM (Fig 5.14B, pink trace), show similar sustained
AP firing in response to a depolarized current (20 pA) step. Similarly, current clamp traces from FMR1*Y
neuron cultured with FMR17¥ ACM (Fig 5.14B, grey trace) and a FMR17¥ neuron cultured with FMR1*"
ACM (Fig 5.14B, pink trace) displayed similar AP firing in response to the depolarized current step. AP
properties like — Spike amplitude (Fig 5.14C), Spike half-width (5.14D), Spike threshold (5.14E) were similar
across all the lines and combinations. The maximum number of APs fired by the neurons (5.14F) was also
similar. Thus, in accordance with our observations on neuronal, rodent astrocyte co-cultures, human
neuron astrocyte co-cultures the active membrane properties of control and FXS neurons do not differ in

human neurons-ACM cultures.
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Figure 5.14 AP properties of hPSC derived neurons cultured with ACM.

(A) Representative current-clamp recordings of AP firing by a FMR1*” neurons cultured with FMR1*Y ACM
(grey trace) and a FMR17 neurons cultured with FMR17Y ACM (pink trace) in response to a depolarizing
current step (500ms, 20 pA). (B) Representative AP traces by a FMR1* neurons cultured with FMR17Y
ACM (grey trace) and a FMR17Y neurons cultured with FMRI*Y ACM (pink trace) in response to a
depolarizing current step (500ms, 20 pA). (C, D, E) Quantification of AP properties- rheobase, spike
amplitude and half-width across the iPSC (CON2, FXS2, FXS3) and ESC (FMR1*Y, FMR1 lines and all the
four combinations — control neurons with control ACM, FXS neurons with FXS ACM, control neurons with
FXS ACM and FXS neurons with control ACM did not reveal any significant differences. (F) Maximum
number of APs by the neurons was similar between control and FXS neurons neurons. One-way ANOVA
with post hoc Bonferroni’s test.



5.15 FXS neurons cultured with ACM from FXS astrocytes display reduced persistent sodium currents
(/nar)

As already discussed, Inqap plays a critical role in the bursting activity of the neurons. In Chapter 4, we saw
that addition of voltage-gated sodium channel opener, veratridine rescued the aberrant bursting activity
of FXS neurons co-cultured with rodent astrocytes. In section 5.7, we demonstrated that FXS neurons co-
cultured with FXS astrocytes displayed significantly less Inqsrthan control neurons co-cultured with control
astrocytes. The hPSC derived astrocytes determined the neuronal network activity through its secretome
as evidenced by the ACM experiments in section 5.12. We hypothesized that the aberrant burst activity
of FXS neurons cultured with FXS ACM was due to reduced /nq.p. TO test this hypothesis, we recorded the
Ingp using previously described protocols. For this experiment, we used the iPSC derived CON2 and the
FXS3 lines. CON2 and FXS3 neurons were cultured with CON2 and FXS3 ACM respectively, and the Iyzpwas
recorded at 8 weeks in vitro (Fig 5.15). CON2 neurons cultured with CON2 ACM displayed robust NaP
currents (Fig 5.15A, grey trace). FXS3 neurons cultured with FXS3 ACM exhibited reduced NaP currents
(Fig 5.15A, pink trace). Analysis of the current densities at different voltages revealed that the FXS3
neurons cultured with FXS3 ACM had significantly reduced In.pcurrent densities (Fig 5.15B-C). Thus, similar
to FXS neurons — FXS astrocyte c-culture, culturing of FXS neurons with FXS ACM also led to reduced /nqp

resulting in an aberrant spontaneous network activity.
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Figure 5.15 hPSC derived FXS neurons cultured with FXS ACM display reduced /. current densities.

(A) Ingpisolated from the neurons cultured with ACM in response to a depolarizing voltage ramp (-100 to
-20 mV, 20 mV/s). Representative Iyqr trace from a CON2 neuron cultured with CON2 ACM (grey trace).
Inop Was isolated by subtracting the current elicited by the ramp in the presence and absence of TTX. Inap
from a FXS3 neuron cultured with FXS3 ACM (pink trace) is significantly reduced. (B) | -V curves plotted
from the ramp-evoked Ingr, showing the decreased Inapin FXS3 neurons cultured with FXS3 ACM. Currents
are normalized to the corresponding cell capacitance. (C) Quantification of current density at -20 mV
show significant decrease of the persistent sodium current in FXS3 neurons cultured with FXS3 ACM.
Overall mean current densities are: -1.572 + 0.217 (CON2 neurons cultured with CON2 ACM, n =14, N =
3); -0.379 £ 0.059 (FXS3 neurons cultured with FXS3 ACM, n = 14, N = 3). Values are + SEM. ***p< 0.001,
Two-way anova with post-hoc Bonferroni test, Unpaired t-test.

5.16 Control ACM rescues the Nap dysfunction of FXS neurons and the neurons display robust /y.p



In section 5.8, we showed that control astrocytes rescued the persistent sodium channel dysfunction of
FXS neurons. FXS neurons co-cultured with control astrocytes displayed robust persistent sodium
currents. However, control neurons co-cultured with FXS astrocytes had significantly reduced Ingpr. This
modulation of persistent sodium channel by astrocytes led to the determination of bursting patterns of
neurons. We hypothesized that culturing of FXS neurons with ACM from control astrocytes would also
rescue the sodium channel dysfunction and culturing control neurons in presence of FXS ACM would lead
to a drastic reduction of the Insr. To test this, we isolated and analysed the Ins, CON2 neurons cultured with
FXS3 ACM and FXS3 neurons cultured with CON2 ACM (Fig 5.16). Indeed we found that, in response to a
depolarizing voltage ramp, CON2 neurons cultured with FXS3 ACM, displayed reduced Inq.r (Fig 5.16A, grey
trace), while the Iy,p magnitude of FXS3 neurons cultured with CON2 ACM was significantly large (Fig
5.16A, pink trace). Analysis of the current densities showed that FXS3 neurons cultured with CON2 ACM
had significantly increased Inop as compared to CON2 neurons cultured with FXS3 ACM (Fig 5.16B-C). Thus
the secretions from the human astrocytes are able to modulate the persistent sodium channel, thus

determining the network activity of the neurons.
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Figure 5.16 Control ACM rescues the NaP dysfunction resulting in robust Iy.p densities in FXS neurons.

(A) Ingrisolated from the neurons cultured with ACM in response to a depolarizing voltage ramp (-100 to
-20 mV, 20 mV/s). Representative Insptrace from a CON2 neuron cultured with FXS3 ACM (grey trace). Inae
was isolated by subtracting the current elicited by the ramp in the presence and absence of TTX. Inepfrom
a FXS3 neuron cultured with CON2 ACM (pink trace) is increased. (B) | -V curves plotted from the ramp-
evoked Inep, showing the increased Inqpin FXS3 neurons cultured with CON2 ACM and the reduced /ngr of
CON2 neurons cultured with FXS3 ACM. Currents are normalized to the corresponding cell capacitance.
(C) Quantification of current density at —20 mV show significant increase of the persistent sodium current
in FXS3 neurons cultured with CON2 ACM. Overall mean current densities are: -0.399 * 0.06 (CON2
neurons cultured with FXS3 ACM, n =12, N = 3); -1.615 * 0.19 (FXS3 neurons cultured with CON2 ACM, n

=10, N = 3). Values are + SEM. ***p< 0.001, Two-way anova with post-hoc Bonferroni test, Unpaired t-
test.



Discussion

Periodic spontaneous bursting activity is an important attribute of cortical pyramidal cells and is critical
for reliable signal transmission, synaptic plasticity and overall development of the cortex (Wang, 1999;
O’Donovan, 1999). Disruptions in the cortical network activity has been observed in rodent models and in
human pluripotent stem cell models of FXS (Contractor et al., 2015; Graef et al., 2019; Das Sharma et al.,
2020). Understanding the FXS pathophysiology in rodent models and human stem cell derived models
have focused exclusively on the neurons, as neurons are the excitable components of the nervous system.
However, there is emerging evidence demonstrating that the network activity of the neurons is
modulated by the astrocytes (Fellin, 2009; Lines et al., 2020). Hence, to comprehend the complexities of

FXS physiology, it is necessary to study the astrocytes and neurons together.
The key findings emerging from our study are:

e hPSC derived cortical neuron co-cultured with hPSC derived astrocytes after 8 weeks in vitro
develop spontaneous network activity — neurons fire rhythmic action potentials.

e The genotype of the astrocytes determines the bursting phenotype of the neurons

The aberrant bursting phenotype of FXS neurons can be rescued by control astrocytes. Control neurons

display the aberrant FXS bursting in the presence of FXS astrocytes in the culture.

e FXS neurons co-cultured with FXS astrocytes display reduced /n,p. However, co-culturing FXS
neurons with control astrocytes rescue the NaP dysfunction leading to an increase in the
magnitude of Iyep.

e Control neurons co-cultured with control astrocytes display robust /n.e. Co-culturing of control
neurons with FXS neurons, leads to significantly reduced /nqp.

e Conditioned media from astrocytes, ACM, can elicit the same effects as the astrocytes i.e.

genotype of the ACM determined the bursting phenotype of the neurons

ACM from the control astrocytes can rescue the aberrant bursting phenotype of the FXS neurons. Control
neurons in presence of FXS ACM displays the FXS bursting.

e ACM can modulate the NaP. FXS neurons cultured with FXS-ACM show the characteristic reduced

Inap, Which is rescued when the neurons are cultured in presence of control ACM. Control neurons

in presence of control ACM show robust Inep, Which is significantly reduced when neurons are

cultured with FXS ACM.



Studies have predominantly looked at the FMRP expression in the neurons, but the intimate involvement
of astrocytes in modulating the neuronal function has led to studies examining the FMRP expression
patterns in the astrocytes and other glial cells. Immunocytochemistry studies have shown co-expression
of FMRP and astrocyte marker GFAP both in developing mouse brain and differentiating neurospheres
suggesting that FMRP is present in the astrocytes during early and mid postnatal brain development
(Pacey & Doering, 2007; Gholizadeh et al., 2015). Thus, presence of FMRP in the astrocytes during
development is crucial for proper neuronal function. Interestingly, recent studies have shown that
selective loss of FMRP from the astrocytes contribute to the FXS phenotype and re-expression of FMRP in
the astrocytes can rescue the synaptic deficits and abnormal neuronal development in Fmrl KO mouse

models (Higashimori et al., 2016; Jacobs & Doering, 2010).

In our study using human cortical neurons with wild-type mouse primary astrocytes, we observed neurons
lacking FMRP displaying an aberrant spontaneous network phenotype characterized by more number of
bursts and shorter durations (Das Sharma et al., 2020). While presence of rodent astrocytes led to
development and maturation of synaptic and network properties of the hPSC derived cortical neurons,
the wild-type rodent astrocytes could not correct the network activity deficits of human FXS neurons.
Rodent astrocytes have been crucial in studying the astrocytic properties, but emerging studies have
shown that there are fundamental differences between human and rodent astrocytes (reviewed in Vasile
et al., 2017). Strikingly, transplantation of human astrocyte progenitor cells into the embryonic neocortex
of mice, led to adult mice with enhanced synaptic plasticity and learning (Han et al., 2013). Thus in the
present study, we used co-cultured hPSC neurons with hPSC derived astrocytes to understand the FXS
pathogenesis in a completely human system. We found that human neurons — human astrocytes co-
cultures had robust spontaneous network activity. For the first time we show that the genotype of the
astrocytes had a profound effect on the burst activity of neurons. FXS neurons when co-cultured with FXS
astrocytes had the characteristic aberrant burst activity, but when FXS neurons were co-cultured with
control astrocytes, the network activity deficits were rescued and the FXS neurons displayed a control
burst phenotype. Consequently, control neurons co-culture with control astrocytes showed control
bursting activity, but when co-cultured with FXS astrocytes, the control neurons displayed FXS bursting
phenotype. Thus, selective expression of FMRP in the human astrocytes is sufficient for proper neuronal
network behaviour. Similarly, loss of FMRP from the astrocytes is enough to give rise to the FXS
phenotype. Using gene-corrected astrocytes, we have also shown that reactivation of FMR1 in the

astrocytes, leads to correction of the network deficits of FXS neurons.



FMRP is known to regulate a wide number of ion channels, thereby influencing the neuronal excitability
(reviewed in Ferron, 2016). Fmrl KO mouse studies have shown that alterations in the neuronal
excitability of the entorhinal cortex, is due to increase in the persistent sodium current (Deng & Klyachko,
2016). In section 2.5, we observed that the FXS neurons co-cultured with mouse astrocytes, displayed
significantly reduced Inqsr and in section 2.9, we partially rescued the aberrant bursting activity of the FXS
neurons, by potentiating the voltage-gated sodium channels, using veratridine. This propelled us to look
at the Inep in @ human neuron-human astrocyte co-culture. Indeed, we found that human astrocytes
determine the bursting phenotype of the neurons by modulating the In.r. FXS neurons co-cultured with
FXS astrocytes displayed the characteristic reduced /nqp, but co-culturing with control astrocytes rescued
the NaP deficits and FXS neurons displayed enhanced Inqp, similar to control neurons. Control neurons co-
cultured with FXS astrocytes showed reduced Iyqr suggesting that loss of FMRP expression from the
astrocytes is sufficient to cause dysfunction of the NaP channel in the neurons and selective expression of

FMRP in the astrocytes is able to rescue the NaP channel dysfunction of FXS neurons.

Astrocytes are secretory cells and secrete factors that actively regulate neurogenesis, neural function and
synapse development (reviewed in Barres, 2008). Recent body of evidence suggest that the astrocyte
function can be brought about by its secretome. Several in vitro Fmrl KO mouse studies have shown that
conditioned medium extracted from the astrocytes can rescue the FXS phenotype displayed by neurons
(Sourial & Doering, 2016; Cheng et al., 2016; Wang et al., 2016). Indeed we see a striking effect of ACM
derived from hPSC astrocytes on the human neurons. The ACM genotype determined the bursting
phenotype of the neurons just like the astrocytes. ACM from control astrocytes could rescue the aberrant
bursting phenotype of the FXS neurons and ACM from FXS astrocytes made the control neurons burst like
FXS. Thus secretions from healthy astrocytes is able to rescue the network deficits observed in human FXS
neurons. Similar to the astrocytes, we found that the ACM also modulated the NaP of the neurons. FXS
neurons cultured with control ACM, displayed enhanced Iy, and the control neurons cultured with FXS
ACM displayed reduced Inee. This suggests that the factor/s secreted by the healthy astrocytes are able to
potentiate the NaP channel. This result is particularly important because, it gives us clues to further

investigate the ACM for factors that modulate the sodium channels.

Thus this study provides important mechanistic insights in understanding the role of human astrocytes
in FXS pathophysiology. Astrocyte cell based therapy is a relatively new approach and is being
extensively studied for neurodegenerative diseases like ALS (Barbeito, 2018). Astrocyte studies to

understand FXS pathogenesis are burgeoning, and studies like ours are an important precursor for



designing such cell based therapies. Our results with astrocyte conditioned medium are significant as
the ACM can be screened for factors that interact with FMRP and modulate network behavior which will

hopefully translate to new therapeutic drugs.



Summary

In the previous chapter, we have provided comprehensive details of the modulation of network activity
of hPSC derived neurons by hPSC derived astrocytes. Conditioned media experiments showed us that this
modulation was through the astrocyte secretions. Healthy astrocytes and conditioned media derived from
healthy astrocytes rescued the aberrant network activity of FXS neurons. Astrocytes alter the
microenvironment at a short time scale (trauma) or longer time scales (neurodegeneration,
neurodevelopmental diseases) by secreting signaling molecules like cytokines. One such important
signaling molecule is S100B. S100B is a calcium sensing protein, expressed primarily in the astrocytes. It
exerts both intracellular and extracellular functions (reviewed in Donato et al., 2009; Donato et al., 2013;

Van Eldik & Wainwright, 2003).

Recent studies have shown that the plasma concentration of S100B is elevated in children suffering from
Autism Spectrum Disorders (Al-Ayadhi & Mostafa, 2012; Guloksuz et al., 2017). Studies on Down’s
syndrome using iPSC’s have shown elevated levels of S1008 in the ACM extracted from Down’s astrocytes
and this high concentration of S100B led to impaired neuronal excitability (Mizuno et al., 2018).
Extracellular S100PB also modulates neuronal bursting by altering the persistent sodium conductance (/nap)
(Morquette et al., 2015). Our results have shown that astrocytes and the ACM determine neuronal
bursting by modulating the In.p. This result combined with multiple lines of evidence of the role of
extracellular S100B in modulating the neuronal function, led us to investigate if indeed S1008 is the

molecule in the ACM which rescued the aberrant network firing of the hPSC derived FXS neurons.

Because the function of S100pB is dependent on the concentration, in this chapter we have studied the
effect of two concentrations of exogenous S1008 — 100 uM and 1mM on the network activity of hPSC
derived neurons. The lines used for the study are: CON2, FXS, FXS3 (iPSC) and FMR1*Y FMR17¥ (ESC). We
found that 100 uM S1008 could rescue the aberrant FXS bursting phenotype. However, 1 mM S1008
altered the control bursting phenotype to the aberrant FXS bursting phenotype. From the study by
Morquette et al., it is known that S100p alters the Ina.p and thereby affects the bursting of neurons. In this

chapter have also investigated if S100B modulates the Inap of hPSC derived neurons.

Results



6.1 Exogenous S100PB in low concentration (100 uM) can rescue the aberrant bursting phenotype of
hPSC derived FXS neurons co-cultured with FXS astrocytes

Inthe last chapter, we saw that the genotype of the human astrocytes determined the bursting phenotype
of neurons. Interestingly, conditioned media from the astrocytes also recapitulated the same result —
genotype of ACM determined the phenotype of neuronal network activity. Thus control astrocytes and
ACM rescued the aberrant bursting of FXS neurons. This result suggested that the control astrocytes and
ACM had a factor or factors “X” that could rescue the burst firing of FXS neurons. The calcium binding
protein S100B is actively released into the extracellular space by the astrocytes (Shashoua et al., 1984;
Van Eldik & Zimmer, 1987). The extracellular S100B chelates calcium and modulates the bursting activity
of the neurons by increasing the conductance of the persistence sodium channel (Morquette et al., 2015).
Thus, we hypothesized that the factor “X” released by the hPSC astrocytes that modulated the neuronal
bursting activity was S100B and addition of exogenous S100B to the FXS neurons would rescue their
aberrant network activity. To test this, we used human-astrocyte co-cultures — control neurons with
control astrocytes and FXS neurons with FXS astrocytes. The spontaneous burst activity of the neurons
was recorded when the neurons were 8 weeks in vitro (Fig 6.1). The baseline burst activity was recorded
for 10 mins and 100 uM S1008 was the added to the recording chamber. After 20 mins, the burst activity
of the neuron was measured with the S1008 in the bath (Fig 6.1A). Recordings from a CON2 neurons co-
cultured with CON2 astrocytes revealed that addition of S100B did not have any significant effect on the
bursting activity of the CON2 neuron even after 20 mins (Fig 6.1B). The number of bursts and burst
duration (Fig 6.2C, D) in the absence and presence of S100B was not significantly different across the
control iPSC and ESC line. Next, we recorded the baseline spontaneous network activity from a FXS3
neuron co-cultured with FXS3 astrocytes (Fig 6.1E, left, red trace). The burst activity of FXS3 neuron was
the characteristic aberrant firing — high number of bursts, short burst duration. S100p was added and the
burst activity was recorded in its presence. We found that the burst activity of the FXS3 neurons is slowly
altered (Fig 6.1E, middle, red trace) and after 20 min of S100B, the burst activity is significantly altered to
resemble that of the control neurons (Fig 6.1E, right, grey trace). The number of bursts of the FXS neurons
was significantly less after addition of S100B (Fig. 6.1F). Similarly, the burst duration of the FXS neurons
was increased after addition of S100pB (Fig 6.1G) across the iPSC and ESC lines. This result suggests that
100 uM S100B can rescue the aberrant burst firing of the FXS neurons even when they are co-cultured

with FXS astrocytes.
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Figure 6.1 100 1M S100p rescues the aberrant bursting phenotype of FXS neurons co-cultured with FXS
astrocytes.

(A) Schematic showing the protocol. The baseline spontaneous bursting activity is recorded for 10 min.
S100B (100 uM) is added to the bath and burst activity is recorded for a further 20 min. (B) Representative
current-clamp recording from a CON2 neuron co-cultured with CON2 astrocyte displaying the control
bursting activity (left trace) — low burst number, longer burst duration. Addition of S100B does not alter
the burst activity (middle trace) after 20 min (right trace). (C) Quantification of the number of bursts of
control neurons (iPSC and ESC-derived) before and after addition of S100B. Overall the mean values are:



7.4 £ 1.27 (CON2 neurons co-cultured with CON2 astrocytes, n = 10, N = 3); 8 + 1.18 (CON2 neurons co-
cultured with CON2 astrocytes + S100B); 5.667 + 1.022 (FMR1* neurons co-cultured with FMR1*"
astrocytes, n =6, N = 2); 5.833 + 1.25 (FMR1*” neurons co-cultured with FMR1*Y astrocytes + S100B). (D)
Quantification of the burst durations of control neurons before and after addition of S100B. Overall the
mean burst durations (in seconds) are: 51.74 + 7.97 (CON2 neurons co-cultured with CON2 astrocytes);
50.56 + 8.39 (CON2 neurons co-cultured with CON2 astrocytes + S100B); 49.31 + 8.33 (FMR1*Y neurons
co-cultured with FMR1*" astrocytes); 52.05 + 9.22 (FMR1*Y neurons co-cultured with FMR1*" astrocytes
+S100B). (E) Representative trace from a FXS3 neuron co-cultured with FXS3 astrocytes displaying the FXS
bursting - high number of bursts, shorter durations (left trace). Addition of S100B alters the bursting
profile (middle trace) and after 20 min in presence of S100B FXS3 neuron displays a control bursting
activity — low number of bursts, longer durations (right trace). (F) Quantification of the number of bursts
of FXS neurons (iPSC and ESC-derived) before and after addition of S100B. Overall the mean values are:
22.4 +2.76 (FXS3 neurons co-cultured with FXS3 astrocytes, n = 10, N = 3); 14.9 + 1.88 (FXS3 neurons co-
cultured with FXS3 astrocytes + S100B); 23.14 + 2.82 (FMR1”Y neurons co-cultured with FMR17Y
astrocytes, n =7, N = 2); 7.286 + 1.68 (FMR1” neurons co-cultured with FMR17 astrocytes + S100B). (G)
Quantification of the burst durations of FXS neurons before and after addition of S100B. Overall the mean
burst durations (in seconds) are: 9.45 + 1.74 (FXS3 neurons co-cultured with FXS3 astrocytes); 28.52 + 3.58
(FXS3 neurons co-cultured with FXS3 astrocytes + S100B); 7.73 + 1.528 (FMR17Y neurons co-cultured with
FMR17¥ astrocytes); 34.18 + 7 (FMR17Y neurons co-cultured with FMR17 astrocytes + S100B). All values
are £ SEM. **p< 0.01, *p<0.05, Paired t-test, Wilcoxon matched — signed rank test.

6.2 The aberrant burst firing of control neurons co-cultured with FXS astrocytes is rescued by 100 uM
S$1008

As seen in chapter 5 (section 5.3), the astrocyte of the hPSC derived astrocyte determined the bursting

phenotype of the neurons in a human neuron-astrocyte co-culture. Thus, control neurons when co-



cultured with FXS astrocytes displayed the aberrant FXS bursting phenotype — high number of bursts,
short burst durations while FXS neurons co-cultured with control astrocytes displayed the control burst
phenotype —low number of bursts, longer burst durations. Low concentrations of S100f (100 uM) rescued
the aberrant bursting activity of FXS neurons co-cultured with FXS astrocytes, but had no effect on the
burst profile of control neurons co-cultured with control astrocytes. We hypothesized that 100 uM S10083
would also rescue the aberrant burst activity of control neurons co-cultured with FXS astrocytes but will
not alter the bursting activity of FXS neurons co-cultured with control astrocytes. To test this, we used the
same protocol as described in section 6.1. Neurons were co-cultured in two combinations — control
neurons with FXS astrocytes and FXS neurons with control astrocytes. Baseline spontaneous bursting
activity of the neurons (8 week in vitro) were recorded for 10 min and S100B (100 uM) was added to the
recording chamber and the burst activity of the neuron was recorded in presence of S100p for further 20
min (Fig 6.2). CON2 neurons co-cultured with FXS3 astrocytes displayed the characteristic FXS bursting
(Fig 6.2A, left, black trace). As hypothesized, addition of 100 uM S100p altered the bursting profile (Fig
6.2A, middle, black trace) to resemble the control bursting type (Fig 6.2A, right, grey trace). Analysis of
the burst number and duration revealed that after addition of S100p to control neurons co-cultured with
FXS astrocytes, there was a significant decrease in number of bursts (Fig 6.2B) and an increase in the burst
durations (Fig 6.2C) across the iPSC and ESC lines. Next, we recorded bursting activity from FXS3 neuron
co-cultured with CON2 astrocytes. The FXS3 neurons displayed the control bursting activity (Fig 6.2D, left,
red trace). Addition of 100 uM S100pB had no significant effect on the burst activity (Fig 6.2D, middle, red
trace) even after 20 min (Fig 6.2D, right, grey trace). The burst number and duration (Fig 6E, F) of FXS
neurons co-cultured with control astrocytes were not altered in presence of S100B. Thus addition of
exogenous S100B rescued FXS bursting phenotype of hPSC derived neurons even in the presence of FXS
astrocytes. This novel finding is in agreement with studies that have shown that S100B in low

concentrations has a protective role.
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Figure 6.2 100 uM S100B corrects the aberrant network firing of control neurons co-cultured with FXS
astrocytes.

(A) Representative trace from a CON2 neuron co-cultured with FXS3 astrocytes displaying the FXS bursting
phenotype (left trace). In presence of S100B (100 uM) the burst activity is altered (middle trace) to
resemble the control burst firing (right trace). (B) Quantification of the number of bursts of control
neurons co-cultured with FXS astrocytes (iPSC and ESC) before and after addition of S100B. Overall the
mean values are: 28.8 + 4.72 (CON2 neurons co-cultured with FXS3 astrocytes, n =10, N = 3); 9.9 + 1.303
(CON2 neurons co-cultured with FXS3 astrocytes + S100B); 24.44 + 2.6 (FMR1*Y neurons co-cultured with
FMR17 astrocytes, n =9, N = 3); 8.89 + 1.8 (FMR1"Y neurons co-cultured with FMR17¥ astrocytes + S100B).
(C) Quantification of the burst durations before and after addition of S100B. Overall the mean burst
durations (in seconds) are: 8.42 + 1.14 (CON2 neurons co-cultured with FXS3 astrocytes); 29.05 * 3.97



(CON2 neurons co-cultured with FXS3 astrocytes + S100B); 9.055 + 1.186 (FMR1*Y neurons co-cultured
with FMR17 astrocytes); 34.4 + 3.412 (FMR1*"¥ neurons co-cultured with FMR17¥ astrocytes + S100B). (D)
Representative trace from a FXS3 neurons co-cultured with CON2 astrocytes bursting like the control (left
trace). Addition of S100B does not alter the bursting profile (middle trace) after 20 min (right trace). (E)
Quantification of the number of bursts of FXS neurons co-cultured with control astrocytes (iPSC and ESC
— derived). Overall the mean numbers are: 5.66 + 0.88 (FXS3 neurons co-cultured with CON2 astrocytes,
n=6, N =2); 6.33 + 1.52 (FXS3 neurons co-cultured with CON2 astrocytes + S100B); 3 + 0.54 (FMR17"¥
neurons co-cultured with FMR1*Y astrocytes, n = 7, N = 2); 3.4 + 0.92 (FMR17Y neurons co-cultured with
FMR1*Y astrocytes + S100B). (F) Quantification of the burst durations. Overall the mean burst durations
(in seconds) are: 43.72 + 6.19 (FXS3 neurons co-cultured with CON2 astrocytes); 43.88 + 5.93 (FXS3
neurons co-cultured with CON2 astrocytes + S100B); 64.1 + 8.83 (FMR17 neurons co-cultured with
FMR1*" astrocytes); 64.3 + 11.22 (FMR1”Y neurons co-cultured with FMR1*" astrocytes + S100B).

6.3 High concentration of S1008 (1 mM) alters the bursting profile of control neurons co-cultured with
control astrocytes to resemble the FXS bursting



Several studies have shown that the children suffering from ASDs have an enhanced level of S1008 in the
serum (Al-Ayadhi & Mostafa, 2012; Guloksuz et al.,, 2017). High levels of S100B are associated with
neurotoxicity. This neurotoxicity is in part due to the interaction of S100f3 with the receptor for advanced
glycation end products (RAGE) which leads to the transduction of several inflammatory stimuli (Donato et
al., 2001). The secretion of S100B from the astrocytes is also increased in response to metabolic stress
(oxygen, serum and glucose deprivation) (Gerlach et al., 2006). S100B is also elevated in another
neurodevelopmental disorder, Down’s syndrome (Yang et al., 2005). Indeed, studies using iPSC neurons
derived from DS patients have demonstrated aberrations in calcium signaling and neuronal excitability
due to high S100B (Chen et al., 2014; Mizuno et al., 2018). This led us to investigate the effect of high
concentration of S100B on the hPSC derived neurons. Human neurons and astrocytes were co-cultured —
control neurons with control astrocytes and FXS neurons with FXS astrocytes. 8 week old neurons were
used for whole-cell patch clam recordings (Fig 6.3). The baseline spontaneous burst activity was recorded
for 10 min and then 1 mM S100B was bath applied. Burst activity was recorded from the same neuron for
an additional 20 min (Fig 6.3A). A CON2 neuron co-cultured with CON2 astrocytes displayed the
characteristic control bursting phenotype (Fig 6.3B, left, black trace) — low number of bursts; longer
durations. On addition of 1ImM S100B, the bursting activity of the CON2 neuron is altered (Fig 6.3B, middle,
black trace) and the CON2 neuron displays a FXS bursting phenotype — high number of bursts, shorter
burst durations (Fig 6.3B, right, pink trace). There was a significant increase in the burst number (Fig 6.3C)
and a significant decrease in the burst durations (Fig 6.3D) in control neurons co-cultured with control
astrocytes across the iPSC and ESC lines. Next, we recorded the spontaneous network activity of FXS
neurons co-cultured with FXS astrocytes. A FXS3 neuron co-cultured with FXS astrocyte displayed the
characteristic FXS burst activity (Fig 6.3E, left, red trace). Addition of 1mM S100B did not change the
bursting profile (Fig 6.3E, middle, red trace) even after 20 min (Fig 6.3E, right, pink trace). No significant
changes in burst number (Fig 6.3F) or burst durations (Fig 6.3G) of FXS neurons co-cultured with FXS
astrocytes was observed in the presence of 1mM S100B across the ESC and iPSC derived lines. Thus high
concentration of S100B can change the bursting activity of control neurons to resemble the FXS, even
when the culture contains control astrocytes. This result is especially interesting because 100 uM of S100B
had no effect on the bursting activity of control neurons co-cultured with control astrocytes. This

reiterates the role of dose dependent function of S100p.
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Figure 6.3 Control neurons co-cultured with control astrocytes display the aberrant FXS burst firing in

presence of 1 mM S1008.

(A) Schematic showing the protocol. The baseline spontaneous bursting activity is recorded for 10 min.
S100B (1 mM) is added to the bath and burst activity is recorded for a further 20 min. (B) Representative
current-clamp recording from a CON2 neuron co-cultured with CON2 astrocyte displaying the control
bursting activity (left trace) — low burst number, longer burst duration. Addition of S100p alters the burst
profile (middle trace) and the CON2 neuron starts to burst like the FXS — higher number of bursts, shorter
durations (right trace). (C) Quantification of the number of bursts of control neurons (iPSC and ESC-



derived) before and after addition of S100B. Overall the mean values are: 6.7 = 1.08 (CON2 neurons co-
cultured with CON2 astrocytes, n = 10, N = 3); 19.8 + 2.04 (CON2 neurons co-cultured with CON2
astrocytes + S100B); 3.182 + 0.6 (FMR1* neurons co-cultured with FMRI*" astrocytes, n = 11, N = 3);
12.55 + 1.6 (FMR1* neurons co-cultured with FMR1*" astrocytes + S100B). (D) Quantification of the burst
durations of control neurons before and after addition of S100B. Overall the mean burst durations (in
seconds) are: 45.03 + 5.49 (CON2 neurons co-cultured with CON2 astrocytes); 10.09 + 1.36 (CON2 neurons
co-cultured with CON2 astrocytes + S100B); 42.83 + 5.96 (FMR1*Y neurons co-cultured with FMR1*Y
astrocytes); 10.68 + 1.051 (FMRI1*Y neurons co-cultured with FMRI*"Y astrocytes + S100B). (E)
Representative trace from a FXS3 neuron co-cultured with FXS3 astrocytes displaying the FXS bursting -
high number of bursts, shorter durations (left trace). Addition of S100B does not change the bursting
profile (middle trace) after 20 min (right trace). (F) Quantification of the number of bursts of FXS neurons
(iPSC and ESC-derived) before and after addition of S1008. Overall the mean values are: 22.56 + 3.93 (FXS3
neurons co-cultured with FXS3 astrocytes, n =9, N = 3); 23 + 4.17 (FXS3 neurons co-cultured with FXS3
astrocytes + S100B); 48.29 + 8.97 (FMR17 neurons co-cultured with FMR17¥ astrocytes, n=7, N = 2); 44.57
+ 8.17 (FMR1”Y neurons co-cultured with FMR17¥ astrocytes + S100B). (G) Quantification of the burst
durations of FXS neurons before and after addition of S100B. Overall the mean burst durations (in seconds)
are: 10.79 + 1.23 (FXS3 neurons co-cultured with FXS3 astrocytes); 11.96 + 1.85 (FXS3 neurons co-cultured
with FXS3 astrocytes + S100B); 7.62 + 0.64 (FMR17¥ neurons co-cultured with FMR17¥ astrocytes); 9.31 +
0.65 (FMR17¥ neurons co-cultured with FMR17 astrocytes + S100B). All values are + SEM. **p< 0.01,
Paired t-test, Wilcoxon matched — signed rank test.

6.4 FXS neurons co-cultured with control astrocytes display an aberrant FXS burst firing after addition
of 1 mM S1008

In previous sections, we showed that low concentration of S1008 did not alter the burst activity of hPSC

derived neurons co-cultured with control astrocytes. However, the aberrant activity of neurons co-



cultured with FXS astrocytes was rescued by 100 uM S100. Interestingly, high concentration of S1008 (1
mM) altered the bursting activity of control neurons co-cultured with control astrocytes and had no effect
on the bursting activity of FXS neurons co-cultured with FXS astrocytes. Thus we hypothesized that, 1 mM
$100B would also alter the burst profile of FXS neurons co-cultured with control astrocytes and it will have
no effect on the burst activity of control neurons co-cultured with FXS astrocytes. To test this, same
protocol as described in section 6.3 was followed. Cells were co-cultured in two combinations — control
neurons with FXS astrocytes and FXS neurons with control astrocytes. Spontaneous burst activity was
recorded from 8 week old neurons. Baseline burst activity was recorded for 10 min. 1 mM S1008 was bath
applied and recordings were continued for a further 20 min (Fig. 6.4). CON2 neuron co-cultured with FXS3
astrocytes displayed the aberrant FXS burst firing (Fig 6.4A, left, black trace). Addition of 1 mM S1008 did
not have any effect on the burst firing (Fig 6.4A, middle, black trace) after 20 min (Fig 6.4A, right, pink
trace). The burst number (Fig 6.4B) and duration (Fig 6.4C) were not significantly different in the presence
of 1mM S100pB across the iPSC and ESC line. Next we proceeded to record from FXS neurons co-cultured
with control astrocytes. A FXS3 neuron co-cultured with CON2 astrocytes displayed the control bursting
(Fig 6.4D, left, black trace). Upon addition of 1 mM S1008, the bursting profile changed (Fig 6.4D, middle,
black trace) and the neuron started to display the aberrant FXS burst firing (Fig 6.4D, right, pink trace).
Analysis of the burst number and duration (Fig 6.4E-F) revealed that across the iPSC and ESC lines, addition
of 1 mM S1008 significantly increased the number of bursts and decreased the burst duration. Together,
the results from section 6.3 and 6.4 suggest that S1008 in high concentration can alter the control burst

firing of hPSC derived neurons to aberrant FXS burst firing even in the presence of control astrocytes.
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Figure 6.4 1 mM S100p alters the bursting profile of FXS neurons co-cultured with control astrocytes to
resemble the aberrant FXS bursting.

(A) Representative trace from a CON2 neuron co-cultured with FXS3 astrocytes displaying the FXS bursting
phenotype (left trace). In presence of S100B (1 mM) the burst activity is not altered (middle trace) even
after 20 min (right trace). (B) Quantification of the number of bursts of control neurons co-cultured with
FXS astrocytes (iPSC and ESC) before and after addition of S100B. Overall the mean values are: 25.17 +
2.98 (CON2 neurons co-cultured with FXS3 astrocytes, n = 6, N = 2); 25.83 + 2.93 (CON2 neurons co-
cultured with FXS3 astrocytes + S100B); 36.6 + 8.63 (FMR1*¥ neurons co-cultured with FMR17¥ astrocytes,
n=9, N =3);30.8 +5.7 (FMR1*Y neurons co-cultured with FMR17¥ astrocytes + S100B). (C) Quantification



of the burst durations before and after addition of S100B. Overall the mean burst durations (in seconds)
are: 9.34 = 1.25 (CON2 neurons co-cultured with FXS3 astrocytes); 8.37 £ 1.36 (CON2 neurons co-cultured
with FXS3 astrocytes + S100B); 11.08 + 2.38 (FMR1*" neurons co-cultured with FMR17" astrocytes); 10.5
+ 2.1 (FMR1*" neurons co-cultured with FMR17¥ astrocytes + S100pB). (D) Representative trace from a FXS3
neuron co-cultured with CON2 astrocytes bursting like the control (left trace). Addition of S100B alters
the bursting profile (middle trace) and the neuron starts to display the control bursting (right trace). (E)
Quantification of the number of bursts of FXS neurons co-cultured with control astrocytes (iPSC and ESC
— derived). Overall the mean numbers are: 4.5 + 0.71 (FXS2 neurons co-cultured with CON2 astrocytes, n
=10, N = 3); 13.6 + 2.24 (FXS2 neurons co-cultured with CON2 astrocytes + S100B); 5.43 + 1.25 (FXS3
neurons co-cultured with CON2 astrocytes, n = 7, N = 2); 21.43 + 1.95 (FXS3 neurons co-cultured with
CON2 astrocytes + S100B); 3.286 + 1.01 (FMR1”Y neurons co-cultured with FMR1*Y astrocytes, n=7, N =
2); 18.29 + 3.57 (FMR17Y neurons co-cultured with FMR1*" astrocytes + S100pB). (F) Quantification of the
burst durations. Overall the mean burst durations (in seconds) are: 45.44 + 3.1 (FXS2 neurons co-cultured
with CON2 astrocytes); 11.34 + 1.34 (FXS2 neurons co-cultured with CON2 astrocytes + S100B); 38.13 +
5.41 (FXS3 neurons co-cultured with CON2 astrocytes); 12.65 + 1.34 (FXS3 neurons co-cultured with CON2
astrocytes + S100B); 49.98 + 7.44 (FMR17Y neurons co-cultured with FMR1*" astrocytes); 12.09 + 1.43
(FMR17Y neurons co-cultured with FMR1*" astrocytes + S100B). All values are + SEM. ***p<0.001, **p<
0.01, *p< 0.05. Paired t-test, Wilcoxon matched — signed rank test.

6.5 100 uM S100B increases the persistent sodium current of FXS neurons co-cultured with FXS
astrocytes



In chapter 5, we provided evidence of the hPSC derived neurons and ACM modulating the persistent
sodium channel (NaP) conductance and thereby determining the bursting phenotype of the neurons.
Control neurons co-cultured with control astrocytes displayed robust /vsr whereas FXS neurons co-
cultured with FXS astrocytes displayed reduced Inep. This result was also recaptilated with astrocyte
derived ACM — control neurons cultured in presence of ACM displayed robust /nee while Inge from FXS
neurons cultured in presence of FXS ACM was severely reduced. It has been shown that extracellular
calcium plays a very important role in modulating the persistent sodium current dependent bursting of
neurons. Lowering of external calcium concentration [Ca?'], induces bursting by potentiating the Iyse
whereas increasing [Ca®*], resulted in suppression of bursting by decreasing the Iv.p (Hailing et al., 2001).
Astrocytes secrete S100p into the extracellular space, and S100B chelates the [Ca?*],. The chelation of
[Ca®*], results in an increase in the Iy, of the neurons (Morquette et al., 2015; Kadala et al., 2015).
Exogenous S100B also exerts the same function, thereby regulating bursting of neurons (Morquette et al.,
2015). In previous sections, we have discussed the dual role exhibited by S100B on the bursting activity of
hPSC derived neurons co-cultured with human astrocytes. 100 uM S100pB rescued the aberrant bursting
phenotype of FXS neurons co-cultured with FXS astrocytes. We hypothesized that the rescue of the
aberrant burst behaviour by 100 uM S100B was due to potentiation of Iy, of FXS neurons co-cultured
with FXS astrocytes. To test this we isolated the Inep from control neurons co-cultured with control
astrocytes and FXS neurons co-cultured with FXS astrocytes. Depolarizing voltage ramp (-100 to -20 mV,
20 mV/s) was injected to the 8 week old neurons in the absence and presence of 1 uM TTX. The two traces
were subtracted, to reveal the TTX-sensitive Iyop. 100 UM S100B was applied to the recording chamber
and after 20 min Inep was recorded with the S100p in the chamber (Fig 6.5). CON2 neuron co-cultured with
CON2 astrocytes exhibited robust /nee (Fig 6.5A, black trace). The I, was not significantly altered in
presence of 100 UM S100p (Fig 6.5A, grey trace). Analysis of the current densities (Fig 6.5B-C) across the
iPSC and ESC lines showed the same — in presence of 100 UM S100p there was no significant change in
the Inap of control neurons co-cultured with control astrocytes. Next we proceeded to record from FXS
neurons with FXS astrocytes. FXS3 neuron co-cultured with FXS3 astrocytes displayed reduced /nqe (Fig
6.5D, red trace). Upon addition of 100 uM S100PB there was an increase in the Iyqp of the FXS3 neuron (Fig
6.5D, grey trace). The Ingp current densities across iPSC and ESC lines (Fig 6.5E-F) also showed a significant
increase in the presence of 100 uM S100B. Thus exogenous S100B indeed modulated the NaP and it is this

modulation that led to the rescue of burst activity in FXS neurons co-cultured with FXS astrocytes.
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Figure 6.5 100 uM S100B increases the Inqp in FXS neurons co-cultured with FXS astrocytes.

(A) A CON2 neuron co-cultured with CON2 astrocytes shows the characteristic robust /ygrin response to
depolarizing voltage ramp (-100 to -20 mV, 20 mV/s). Addition of 100 uM S100B has no effect on the Inq.p
magnitude (B) | -V curves plotted from the ramp-evoked Inq.p, showing the robust /n.e of control neurons
co-cultured with control astrocytes across the iPSC and ES lines in the presence and absence of S1008.
Currents are normalized to the corresponding cell capacitance. (C) Current density at -20 mV showing no
significant effect of 100 uM S100B on Inee current densities of control neurons co-cultured with control
astrocytes. Overall the mean current densities (pA/pF) are: -1.368 + 0.16 (CON2 neurons co-cultured with



CON2 astrocytes, n =5, N =2); -1.318 + 0.25 (CON2 neurons co-cultured with CON2 astrocytes + S1008);
-1.78 + 0.68 (FMR1*" neurons co-cultured with FMR1*" astrocytes, n = 11, N = 3); -2.13 + 0.77 (FMR1*Y
neurons co-cultured with FMR1*” astrocytes + S100B). (D) A FXS3 neuron co-cultured with FXS3 astrocytes
shows reduced Ing. Addition of 100 uM S100B increases the Inge. (E) | -V curves plotted from the ramp-
evoked Inqp, showing the significant increase in Iy in the presence of S100B across the iPSC and ESC
derived lines. (F) Current density at -20 mV shows the significant increase of Inee current densities in
presence of 100 uM S100pB in FXS neurons co-cultured with FXS astrocytes. Overall the mean current
densities (pA/pF) are: -0.438 + 0.1 (FXS3 neurons co-cultured with FXS3 astrocytes, n =8, N = 3); -1.65 +
0.33 (FXS3 neurons co-cultured with FXS3 astrocytes + S100B); -0.44 + 0.1 (FMR1”Y neurons co-cultured
with FMR17¥ astrocytes, n =7, N = 3); -1.4 + 0.19 (FMR17Y neurons co-cultured with FMRI7 astrocytes +
S100B). All values are + SEM. ***p< 0.001, **p< 0.01, *p<0.05, Two-way ANOVA - RM, Paired t-test,
Wilcoxon matched — signed rank test.

6.6 Reduced Iyq.r of control neurons co-cultured with FXS astrocytes is rescued following addition of 100
uM S1008

Control neurons when co-cultured with FXS astrocytes displayed similar persistent sodium channel
dysfunction as FXS neurons co-cultured with FXS astrocytes evidenced by the significantly reduced Inap

(chapter 5, section 5.8). In the previous section we discussed the modulation of NaP in FXS neurons co-



cultured with FXS astrocytes by S100B. Presence of 100 uM S100pB potentiated the NaP channel thereby
increasing the magnitude of Iner. We hypothesized that the reduced /nqep of control neurons co-cultured
with FXS astrocytes will be rescued to control levels by 100 uM S1008. To test this we followed the same
protocol as decribed in section 6.5. Briefly, after isolation of Iy, from the neuron, 100 uM S100B was
added into the recording chamber and the /Iy was recorded from the same neuron after 20 min.
Recordings from a CON2 neuron co-cultured with FXS3 astrocytes, revealed the characteristic reduced Inap
(Fig 6.6A, black trace) . Following addition of S100B, there is an increase in the Iy,» magnitude (Fig 6.6A,
grey trace). Analysis of current densities across iPSC and ESC lines (Fig. 6B-C) revealed significant increase
in the current density post application of 100 uM S100pB. Next, we recorded the Iyzr from FXS neurons co-
cultured with control astrocytes. We hypothesized that similar to control neurons co-cultured with
control astrocytes, S100B would have no effect on the In,» magnitude in FXS neurons co-cultured with
control astrocytes. Indeed, recordings from FXS3 neuron co-cultured with CON2 astrocytes showed that
robust Inee (Fig 6.6D, red trace) which was not significantly altered after addition of 100 uM S100p (Fig
6.6D, grey trace). Analysis of the Inep current densities across the iPSC and ESC derived lines revealed the
same — 100 uM S100B did not alter the Iyqr current densities of FXS neurons co-cultured with control
astrocytes. Thus, these results together with section 6.5, suggest that exogenous S100B rectified the
aberrant burst activity of neurons co-cultured with FXS astrocytes through modulating the NaP
conductance. As many studies suggest, this S100B most likely chelates the external calcium and
potentiates the already dysfunctional NaP in neurons co-cultured with FXS astrocytes thereby correcting

the aberrant network activity.
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Figure 6.6 100 1M S100p increases the Inqp in control neurons co-cultured with FXS astrocytes.

(A) Inap magnitude from a CON2 neuron co-cultured with FXS3 astrocytes (black trace) increases after
application of 100 uM S100p (grey trace). (B) | -V curves plotted from the ramp-evoked In.p, showing the
significant increase in Inep in the presence of S100B across the iPSC lines. Current is normalized to
capacitance. (C) Current density at -20 mV shows the significant increase of Iy current densities in
presence of 100 uM S100B in control neurons co-cultured with FXS astrocytes. Overall the mean current
densities (pA/pF) are: -0.67 + 0.07 (CON2 neurons co-cultured with FXS2 astrocytes, n=6, N=2); -1.62 +



0.26 (CON2 neurons co-cultured with FXS2 astrocytes + S100B); -0.41 £+ 0.1 (CON2 neurons co-cultured
with FXS3 astrocytes, n=9, N = 3); -1.84 £ 0.35 (CON2 neurons co-cultured with FXS3 astrocytes + S100B);
(D) FXS3 neuron co-cultured with CON2 astrocytes displayed robust Inee (red trace) which is unaltered after
application of 100 uM S100B (red trace). (E) | -V curves plotted from the ramp-evoked /n.p, showing the
robust /nae of FXS neurons co-cultured with control astrocytes across the iPSC lines in the presence and
absence of S100B. Currents are normalized to the corresponding cell capacitance. (C) Current density at -
20 mV showing no significant effect of 100 uM S100 on /e current densities of FXS neurons co-cultured
with control astrocytes. Overall the mean current densities (pA/pF) are: -1.329 + 0.27 (FXS2 neurons co-
cultured with CON2 astrocytes, n=5, N=2);-1.368 + 0.19 (FXS2 neurons co-cultured with CON2 astrocytes
+ S100B); -1.406 + 0.13 (FXS3 neurons co-cultured with CON2 astrocytes, n =5, N = 2); -1.33 + 0.21 (FXS3
neurons co-cultured with CON2 astrocytes + S100B). All values are + SEM. ***p< 0.001, **p< 0.01,
*p<0.05, Two-way ANOVA - RM, Paired t-test, Wilcoxon matched — signed rank test.

6.7 Veratridine rescues the aberrant network activity of FXS neurons co-cultured with FXS astrocytes



In chapter 4 (section 4.9) the aberrant burst firing of FXS neurons co-cultured with primary mouse
astrocytes was rescued by the voltage-gated sodium channel activator, veratridine. Several studies have
shown the increase or induction of burst activity by micromolar concentrations of veratridine (Tian et al.,
1995; Fekete et al., 2009). Indeed, 0.5 uM veratridine increased the burst duration and decreased the
number of bursts significantly of FXS neurons in a human-rodent co-culture. This propelled us to
investigate the effect of veratridine on the bursting of human neurons co-cultured with human astrocytes.
Co-cultures of control neurons with control astrocytes and FXS neurons with FXS astrocytes were used for
this experiment. Spontaneous network activity was recorded from the 8 week old neurons. After
recording baseline activity (10 min), 0.5 uM veratridine was added to the bath chamber and the recordings
were continued for 20 min, similar to S100B experiments (Fig 6.7A). The bursting activity of CON2 neuron
co-cultured with CON2 astrocytes (Fig 6.7B, left, black trace) is not altered after addition of veratridine
(Fig 6.7B, middle, black trace) even after 20 min (Fig 6.7B, right, grey trace). Next, we proceeded to study
the effect of veratridine on the network activity of FXS neurons co-cultured with FXS astrocytes. The
bursting profile of a FXS3 neuron co-cultured with FXS3 astrocytes (Fig 6.7C, left, red trace) changes after
addition of 0.5 uM veratridine (Fig 6.7C, middle, red trace). After 20 min the bursting profile of the FXS3
neuron resembles that of the control (Fig 6.7C, right, grey trace). The number of bursts decreases
significantly (Fig 6.7D) and there is a significant increase in the burst duration (Fig 6.7E) of FXS neurons co-
cultured with FXS astrocytes whereas the burst number and duration of control neurons co-cultured with
control astrocytes was not significantly altered by veratridine. Thus similar to rodent co-culture,
veratridine can also rescue the aberrant burst firing of FXS neurons co-cultured with FXS human

astrocytes.
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Figure 6.7 Veratridine corrects the aberrant burst firing of FXS neurons co-cultured with FXS astrocytes.

(A) Schematic showing the protocol for recording the effect of veratridine on the burst activity of hPSC
derived neurons. (B) Representative trace showing the burst activity of a CON2 neuron co-cultured with
CON?2 astrocytes (left trace). Addition of veratridine does not alter the bursting profile (middle trace) even
after 20 min (right trace). (C) A FXS3 neuron co-cultured with FXS3 astrocytes shows the characteristic
aberrant burst firing (left trace). After addition of veratridine the bursting profile changes (middle trace)
and starts to resemble the control bursting profile (right trace). (D) The number of bursts of FXS3 neurons
co-cultured with FXS3 astrocytes decreases significantly in presence of veratridine. Overall the mean burst
numbers are: 5.8 + 1.2 (CON2 neurons co-cultured with CON2 astrocytes, n =5, N = 2); 6 + 0.31 (CON2
neurons co-cultured with CON2 astrocytes + veratridine); 44.14 + 6.89 (FXS3 neurons co-cultured with
FXS3 astrocytes, n =7, N = 2); 26.71 + 6.48 (FXS3 neurons co-cultured with FXS3 astrocytes + veratridine).
(D) The burst durations of FXS neurons co-cultured with FXS astrocytes significantly increases after
addition of veratridine. Overall the burst durations (in seconds) are: 54.78 + 10.5 (CON2 neurons co-
cultured with CON2 astrocytes); 54.24 + 9.27 (CON2 neurons co-cultured with CON2 astrocytes +
veratridine); 7.4 + 0.51 (FXS3 neurons co-cultured with FXS3 astrocytes); 27.5 + 2.18 (FXS3 neurons co-
cultured with FXS3 astrocytes + veratridine). All values are + SEM. *p< 0.05. Paired t-test, Wilcoxon
matched — signed rank test.



6.8 Veratridine rescues the aberrant network activity of control neurons co-cultured with FXS
astrocytes.

As seen in section 6.7, in presence of veratridine, the aberrant network activity of FXS neurons co-cultured
with FXS astrocytes was corrected. We hypothesized that veratridine could also rescue the aberrant burst
activity of control neurons co-cultured with FXS astrocytes. To test this, we followed the same protocol
outlined in section 6.7. The spontaneous network activity of a CON2 neuron co-cultured with FXS3
astrocytes (Fig 6.8A, left, black trace) was altered after addition of 0.5 uM veratrdine to the bath chamber
(Fig 6.8A, middle, black trace). After 20 min, the bursting profile resembled that of the control (Fig 6.8A,
right, grey trace). There was a significant decrease of the number of bursts (Fig 6.8B) and significant
increase in the burst duration (Fig 6.8C) following addition of veratridine. As a next step we checked if the
spontaneous network activity of FXS neurons co-cultured with control astrocytes was affected by
veratridine. Burst activity was recorded from FXS3 neuron co-cultured with CON2 astrocytes (Fig 6.8D,
left, red trace). Addition of 0.5 uM veratridine did not alter the burst profile (Fig 6.8D, middle, red trace)
even after 20 min (Fig 6.8D, right, grey trace). There was no significant change in the burst number (Fig
6.8E) or the burst duration (6.8F) in the presence of veratridine. The results of section 6.7 and 6.8 together
suggest that veratridine rescues the aberrant burst activity of the neurons co-cultured with FXS astrocytes.
This is similar to the effect mediated by S100pB. As discussed in 6.5 and 6.6, the effect of S100B on the
burst activity of neurons is primarily through the potentiation of persistent sodium channel, in the last set

of experiments, we proceeded to study the effect of veratridine on Ingp.
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Figure 6.8 Aberrant network activity of control neurons co-cultured with FXS astrocytes is rescued by
veratridine.

(A) Representative trace from a CON2 neuron co-cultured with FXS3 astrocytes shows the aberrant
bursting profile (left trace) which is altered after the addition of veratridine (middle trace). The bursting
profile starts to resemble the control bursting in presence of veratridine (right trace). (B) Quantification
of the number of bursts across the iPSC lines shows a significant decrease in the burst number of control
neurons co-cultured with FXS astrocytes in the presence of veratridine. Overall the mean number of bursts
are: 23.88 + 2.6 (CON2 neurons co-cultured with FXS2 astrocytes, n=8, N =2); 8.25 + 1.31 (CON2 neurons
co-cultured with FXS2 astrocytes + veratridine); 24 + 4.98 (CON2 neurons co-cultured with FXS3
astrocytes, n =12, N =3); 7.33 + 1.47 (CON2 neurons co-cultured with FXS3 astrocytes + veratridine). (C)
Quantification of the burst durations shows a significant increase in the presence of veratridine. Overall



the mean burst durations (in seconds) are: 8.96 + 1.62 (CON2 neurons co-cultured with FXS2 astrocytes);
33.39 £ 6.73 (CON2 neurons co-cultured with FXS2 astrocytes + veratridine); 8.64 + 1.13 (CON2 neurons
co-cultured with FXS3 astrocytes); 35.39 + 4.184 (CON2 neurons co-cultured with FXS3 astrocytes +
veratridine). (D) The bursting profile of FXS3 neuron co-cultured with CON2 astrocytes (left trace) does
not change after application of veratridine (middle trace). 20 min of veratridine does not alter the burst
profile of the neuron (right trace). (E) Quantification of the number of bursts of the iPSC lines in the
presence and absence of veratridine. Overall the mean number of bursts are: 6.75 + 1.03 (FXS2 neurons
co-cultured with CON2 astrocytes, n=8, N=2); 7.5+ 1.16 (FXS2 neurons co-cultured with CON2 astrocytes
+ veratridine); 6.2 + 1.28 (FXS3 neurons co-cultured with CON2 astrocytes, n =5, N = 2); 6.8 + 1.46 (FXS3
neurons co-cultured with CON2 astrocytes + veratridine). All values are + SEM. ***P<0.001, **p< 0.01.
Paired t-test, Wilcoxon matched — signed rank test.

6.9 Veratridine increases the Iyqop in neurons co-cultured with FXS astrocytes



Experiments with S100B suggested that the correction of aberrant FXS firing by 0.5 uM S1008 was by
increasing the current through the NaP. So we hypothesized that veratridine’s action on the NaP would
be similar. Indeed several studies have shown that veratridine increases the Iyqr in neurons (Morquette et
al., 2015; Tazerart et al., 2008). As reported in the previous sections, veratridine did not alter the bursting
profile of neurons co-cultured with control astrocytes. So, in the last step of experiments, we selectively
analysed the effect of veratridine on the Inep of neurons co-cultured with FXS astrocytes. Using the same
depolarizing voltage ramp (-100 to -20 mV, 20 mV/s) In.p was evoked from the neurons.. Veratridine was
added to the recording chamber and the /nop was recorded from the same neuron after 20 min (Fig 6.9). A
FXS2 neuron co-cultured with FXS2 astrocytes displays the characteristic reduced In.e (Fig 6.9A, red trace).
As expected, veratridine increased the /nosp magnitude of the FXS2 neuron (Fig 6.9A, grey trace). Analysis
of the Inee current densities revealed that across the FXS iPSC lines, veratridine increased the /Iy, current
density (Fig 6.9B-C). Similarly, a CON2 neuron co-cultured with FXS2 astrocytes, displays reduced Inqp in
response to the depolarizing voltage ramp (Fig 6.9D, black trace). Addition of veratridine resulted in an
increase in the /Iy,p magnitude of the CON2 neuron (Fig 6.9D, grey trace). There was a significant increase
in the Inep current densities after addition of veratridine across the iPSC lines (Fig 6.9E-F). Together these
results suggest that both S100B and veratridine correct the aberrant FXS firing by reversing the deficits in

the neuronal Iy.p despite the presence of FXS astrocytes in the culture.
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Figure 6.9 Veratridine corrects the /yqp deficits in neurons co-cultured with FXS astrocytes.

(A) A FXS2 neuron co-cultured with FXS2 astrocytes shows reduced Inqee (red trace). Addition of 0.5 uM
veratridine increases the Iyqr (grey trace).(B) | -V curves plotted from the ramp-evoked /n.p, showing the
significant increase in Inep in the presence of veratridine across the iPSC lines. Current is normalized to
capacitance. (C) Current density at -20 mV shows the significant increase of Iy current densities in
presence of 0.5 UM veratridine in FXS neurons co-cultured with FXS astrocytes. Overall mean current
densities (pA/pF) are: -0.3 + 0.09 (FXS2 neurons co-cultured with FXS2 astrocytes, n =5, N = 2); -1.081 +



0.16 (FXS2 neurons co-cultured with FXS2 astrocytes + veratridine); -0.17 £ 0.06 (FXS3 neurons co-cultured
with FXS3 astrocytes, n = 9, N = 3); -0.9 + 0.11 (FXS3 neurons co-cultured with FXS3 astrocytes +
veratridine). (D) Reduced /nar (red trace) of a CON2 neuron co-cultured with FXS2 astrocytes is corrected
after in the presence of veratridine (grey trace). (E) )| -V curves showing a significant increase in the Inep
current densities post application of veratridine in control neurons co-cultured with FXS astrocytes. (F)
Current densities at -20 mV are significantly increased after addition of veratridine. Overall the mean
current densities (pA/pF) are: -0.18 + 0.07 (CON2 neurons co-cultured with FXS2 astrocytes, n=7, N = 2);
-1.13 £ 0.2 (CON2 neurons co-cultured with FXS2 astrocytes + veratridine); -0.28 + 0.1 (CON2 neurons co-
cultured with FXS3 astrocytes, n =9, N = 3); -1.49 + 0.33 (CON2 neurons co-cultured with FXS3 astrocytes
+ veratridine). All values are + SEM. ***p< 0.001, *p<0.05, Two-way ANOVA - RM, Paired t-test, Wilcoxon
matched — signed rank test.

Discussion



The pathophysiology of FXS though studied extensively, has been exclusively neurocentric for the past
decades. The role of astrocytes and their secretome has rarely been taken into consideration. Recent lines
of evidence strongly suggest the active role of astrocytes in the FXS pathophysiology. Studies using Fmr1
KO mouse models have shown that lack of FMRP leads to hyperthrophy of astrocytes (Lee et al., 2019).
Interestingly, presence of healthy astrocytes is enough to correct the dendritic dysmorphogenesis in the
absence of FMRP (Cheng et al., 2012). Astrocytes influence the neural network firing in mice (Deemyad et
al., 2018) and abnormal astrocyte feedback could result in epileptic seizures (Yu et al., 2020). Indeed, in
Chapter 5, we have provided evidence of how astrocytes modulate the network activity of hPSC derived
neurons. We saw that the presence of healthy astrocytes rescued the aberrant network firing of FXS
neurons and this effect was also recapitulated by the conditioned media derived from astrocytes. We also
reported that presence of FXS astrocytes/ACM drove the control neurons to fire aberrant bursts
suggesting that it is the secretions from the astrocytes which modulate the hPSC derived neuronal

network firing.

Astrocytes secrete a number of chemokines, cytokines and growth factors which mediate the neuron-glia
communication. Some of the cytokines secreted by astrocytes in culture include interleukins like IL-6, IL-
8, IL-1B (Choi et al., 2014). Our results with the ACM led us to investigate the factors present in the ACM
which could be responsible for the modulation of the neuronal network activity. We found that the
molecule S100pB was integral to the regulation of neuronal burst activity. Key findings emerging from our

study are:

e S100B in low concentrations (100 uM) can correct the aberrant bursting phenotype of hPSC
neurons co-cultured with FXS astrocytes.

e High concentrations of S100B (1 mM) converts the control bursting profile to a FXS bursting profile
of neurons co-cultured with control astrocytes. Thus S100f modulation of the network burst firing
depends on its concentration.

e S100PB (100 uM) increases the persistent sodium current magnitude in neurons co-cultured with
FXS astrocytes.

e Veratridine (0.5 pM) also corrects the aberrant bursting phenotype of hPSC neurons co-cultured
with FXS astrocytes.

e The persistent sodium current magnitude of neurons co-cultured with FXS astrocytes increases in

the presence of veratridine.



S100B is a calcium — chelating protein, released by the astrocytes into the extracellular space (reviewed
in Donato et al., 2013). It is involved in regulating the extracellular and intracellular calcium metabolism
(Schafer & Heizmann, 1996). Depending on the concentration, S100B might have a trophic or a toxic
effect. At nanomolar concentrations, it stimulates the growth of neurons and protects them during an
injury or trauma (Rothermundt et al., 2003; Gazzolo et al., 2015). At micromolar concentrations S1003
mediates apoptosis resulting in cell death (Sorci et al., 2004; Rothermundt et al., 2003). S100B acts a
damage — associated molecular pattern (DAMP) which is released by the cells under conditions of duress
(Sorci et al.,, 2010). A tight regulation of S100B takes place during neurogenesis, with an enhanced
expression in neural progenitor cells (NPCs) when they are proliferating and migrating, followed by a
decrease in S100B expression. This is concomitant with an increase in S100B expression in glial precursor

cells and differentiated astrocytes (Raponi et al., 2007).

The plasma concentration of S100pB is enhanced in children with autism (Al-Ayadhi & Mostafa, 2012;
Guloksuz et al., 2017). In the cerebellum of Fmrl KO mice, there was an increase in the expression of
S100B (Pacey et al., 2015). Recent studies have shown that S100f modulates the neuronal bursting.
External addition of S100PB led to rhythmic burst firing of neurons (Morquette et al., 2015). In primary
cortical and hippocampal neuronal culture, incubation of the neurons with nanomolar concentrations of
S100B protected the neurons from excitotoxicity (Ahlemeyer et al., 2000; Kogel et al., 2004). Cortical
neurons already exposed to excitoxicity, S100B promoted the survival of neurons (Villarreal et al., 2011).
Indeed, our results suggest a similar protective action of S100B. Exogenous S1008 in low concentrations
when added to the recording chamber, was able to rescue the aberrant burst firing of the neurons co-
cultured with FXS astrocytes. The modulation of burst activity by S100p is primarily through the chelation
of external calcium ions. The decrease in external calcium concentration increases the current through
the persistent sodium channels resulting in an increase in the burst firing (Morquette et al., 2015; Su et
al., 2001). This led us to investigate if S100B indeed modulated Inqe in the hPSC derived neurons. 100 uM
S100B indeed increased the Ino,p magnitude in neurons co-cultured with FXS astrocytes. Thus similar to
other studies, S100B was able to rescue the aberrant burst firing of the neurons co-cultured with FXS

astrocytes by increasing the current through persistent sodium channels.

To further corroborate the results obtained using 100 uM S1008, we performed similar experiments with
a sodium channel opener, veratridine. The action of veratridine on the network activity of neurons is well
established. Veratridine alters the sodium channel function and leads to induction of neuronal bursting

(Tian et al., 1995). The bursting activity elicited by veratridine is also dependent on calcium. Studies have



shown that in presence of calcium antagonists like cobalt and verampil, veratridine is unable to induce
rhythmic bursting in neurons (Link et al., 2008). In Chapter 4, we had reported the rescue of aberrant
burst firing of FXS neurons by veratridine when the human neurons were co-cultured with rodent
astrocytes. Here, we report that veratridine also corrects the aberrant burst activity of human neurons
co-cultured with human FXS astrocytes. Several studies have shown that veratridine enhances the Iyqp
thereby modulating neuronal networks (Tazerart et al., 2008; Morquette et al., 2015). Indeed, we found
that veratridine increased the Iyop magnitude of neurons co-cultured with FXS astrocytes. The results

obtained using veratridine and S100f suggests that the modulation of Ingris criticial for proper burst firing.

The function of S100 is intimately associated with its concentration. Brain trauma induces S1008 release
from the astrocytes. Enhanced levels of S100p is found in the CSF and peripheral blood in a number of
neurodegenerative and neurodevelopmental diseases (Van Eldik & Griffin, 1994; Braga et al., 2006). iPSC
studies using neurons from Down’s Syndrome patients have shown an elevation in the S100B expression.
Moreover this heightened S1008 expression led to aberrant calcium signaling and dirsuptions in neuronal
excitability (Chen et al., 2014; Mizuno et al., 2019). Several studies point towards an increase in S1003
levels in the cortex of patients suffering from Alzheimer’s and in the AD mouse models (Simpson et al.,
2010; Yeh et al., 2015). Hence, an abnormal increase in the S100 levels is a common outcome of several
diseases of the CNS. Here, we have confirmed the dual role of S100B on the neuronal network activity.
High concentration of S100B converted the control bursting activity of neurons co-cultured with control
astrocytes into aberrant FXS bursting. The mechanistic basis of this result is not very clear, however a
probable mechanism was outlined in a study by Kispersky et al., 2012, which suggested that a very high

increase in the sodium conductance could lead to a decrease in the firing rate of neurons.

In Chapter 5, we had reported that astrocytes and ACM modulated the /ysr and neuronal burst firing and
in this chapter, we provide a potential molecule released by the astrocytes, S100B that modulated the
Inge. Different levels of S100B elicited bidirectional modulation of burst firing in neurons to achieve both
protective (switching FXS firing to control) and injurious effects (control to FXS). It is worth nothing that
the correction of burst activity by S100B though statistically significant, was not back to the exact same
levels as the controls (Figure 6.1-6.2). This raises the possibility that other factors besides S100B may also
contribute to this process. Our results provide a framework to investigate other potential molecules in
the future. In conclusion, our study offers new dimension in understanding the FXS pathophysiology by
focusing on neurons and astrocytes and their interactions. This may represent a new target for potential

therapeutic strategies against this disorder.






7.1 AP firing is not impaired in hPSC derived cortical neurons in the absence of FMRP

In this study, we have attempted to comprehensively study the function of FMRP in maintaining proper
neuronal activity. For this we have used human stem cell derived neurons and looked at the intrinsic,
synaptic and network activity in the presence and absence of FMRP. The FXS pathophysiology in cortex
has been extensively studied in mouse models and while these insights have been invaluable, recent
studies have shown that the FXS pathophysiology in human cortical neurons can be very different. The
cortical hyperexcitability phenotype was not found in ESC and iPSC derived human neurons .The human
cortical neurons were either hypoexcitable or didn’t exhibit any change in firing frequency in the
absence of FMRP (Telias et al., 2015; Zhang et al., 2018). We have generated both human ESC and iPSC
derived cortical neurons in this study. We found that generating neuron-only cultures led to the neurons
developing diminished AP firing and synaptic activity. In a neuron-only culture, loss of FMRP did not alter
the AP firing activity. The FXS neurons similar to control neurons were capable of firing sustained albeit

immature action potentials in response to depolarizing current steps.

7.2 FXS neurons co-cultured with mouse astrocytes display aberrant network activity, due to

decreased Insp and Iskca

Since we found that human cortical neurons in a neuron-only culture did not develop considerable
synaptic activity, we generated co-cultures of human neurons with mouse astrocytes. We found that in
this rodent co-culture, the human neurons fired mature APs and had robust synaptic activity. Similar to
Zhang et al., loss of FMRP did not lead to any change in the neuron’s firing and synaptic activity. The
human neurons in the rodent co-culture, also developed robust network activity, evidenced by
spontaneous bursts of action potentials. This network activity was tightly regulated by FMRP. The FXS
neurons displayed an aberrant network activity characterized by more frequent bursts that lasted for
shorter durations. Studies in Fmr1 KO mice have shown that in the entorhinal cortex the persistent
sodium current (/nee) is enhanced (Deng & Klyachko, 2016). However we found that in hPSC derived
cortical neurons, loss of FMRP led to diminished Iygr. This dysregulated /Iy, Was responsible for the
shorter burst durations of FXS neurons. The aberrant burst activity of the FXS neurons could be partially
rectified by veratridine, a sodium channel opener. Another channel known to be affected in FXS is the
BK channel (Deng et al., 2013; Deng & Klyachko, 2016). Similar to Fmr1 KO mice, hPSC derived FXS
neurons also displayed diminished current through the BK channels. This diminished /g«c, Was

responsible for the increase in the burst frequency of FXS neurons. Thus our study for the first time



shows the aberrant network firing in FXS neurons and the underlying channels which are dysregulated

by the absence of FMRP.
7.3 hPSC derived astrocytes modulate the network activity of human cortical neurons

One of the key aspects of this study was to understand the glia-neuron crosstalk and how it influences
neuronal function. Co-cultures of human neurons with human astrocytes were generated and we found
that the astrocytes had a profound impact on the neuronal network activity. Control neurons co-
cultured with control astrocytes displayed the characteristic control burst profile — low burst frequency,
longer burst durations and FXS neurons co-cultured with FXS astrocytes displayed the aberrant burst
profile — high burst frequency, shorter burst durations. However when control neurons were co-cultured
with FXS astrocytes, the control neurons displayed the aberrant FXS burst firing. FXS neurons co-
cultured with control astrocytes displayed the control bursting profile. Thus, presence of FMRP in the
astrocytes was enough to correct the impaired bursting activity of FXS neurons. Consequently, absence
of FMRP in the astrocytes led to impaired network activity in control neurons. We found that astrocytes
influenced the network activity by modulation of the NaP channel. Control neurons when co-cultured
with FXS astrocytes displayed diminished Ino.p Whereas FXS neurons co-cultured with control astrocytes
displayed robust /nee. To determine whether the astrocytic modulation was contact dependent or
independent we conducted a series of experiments wherein hPSC derived neurons were cultured in the
presence of astrocyte conditioned media (ACM). We found that even in the absence of astrocytes, ACM
was able to mediate similar effects on the neuronal network activity. We also demonstrated that like the
astrocytes, the ACM regulated the NaP. This result suggests that the astrocytes release factor/s which in

turn influence the neuronal persistent sodium channel and regulate bursting activity.
7.4 S100B released by the astrocytes modulate the neuronal bursting activity

Down’s syndrome (DS) studies have demonstrated that hPSC derived DS astrocytes expressed high levels
of the calcium chelating molecule, S100B (Chen et al., 2014; Mizuno et al., 2018). S100B has been known
to regulate synaptic and rhythmic neuronal activity (Morquette et al., 2015; Nishiyama et al., 2002). We
studied the effect of exogenous S1008 on the network activity of the neurons in human neuron —
astrocyte co-cultures. Low concentration of S100B (100 uM) was able to correct the aberrant bursting
activity of the neurons co-cultured with FXS astrocytes. Further we also studied the effect of 100 uM
S100B on the Ingrand found that it enhances the Ingrin cortical neurons co-cultured with FXS astrocytes.

Thus despite the presence of FXS astrocytes in the culture, addition of exogenous S100B was able to



rescue the network deficits by increasing the current through the NaP channel. Intriguingly, high
concentration of S1008 (1 mM) exerted an opposite effect i.e. 1 mM S100p altered the bursting profile
of neurons co-cultured with control astrocytes to resemble the FXS burst profile. Though S1008 has

been known to have neurotoxic effects at high concentration, the mechanism is relatively unknown.

Thus we conclude that in human cortical neurons, FMRP is crucial for proper network activity. Our study
shows that the FMRP targets which have been found in rodent models are also potential targets in human
neurons. The robust network activity demonstrated in this study can be exploited to study other
neurodevelopmental and neurodegenerative diseases in the human stem cell model. One of the goals of
this study was to understand the complexities of FXS pathophysiology and to do this we included human
astrocytes. The crosstalk between neurons and glial cells has been long overlooked. Here, we show how
astrocytes and its secretions are critical for the maintenance of proper neuronal network activity. Our
study reveals a new role for astrocytes, and their interactions with neurons, in the pathogenesis of FXS,

and may represent a new target for potential therapeutic strategies against this disorder.



Synopsis

Fragile X Syndrome (FXS) is an X-linked disorder and the most common form of inherited intellectual
disability and autism. It is caused by an increased cytosine-guanine-guanine (CGG) triplet repeat mutation
in the 5 UTR of the Fragile X mental retardation one (FMR1) gene, thereby silencing the gene and
subsequent loss of its product. Clinical symptoms of FXS include, impaired cognition, anxiety, hyperactivity
and repetitive behaviors (Pimentel, 1999; Bagni & Oostra, 2013).

The most well characterized animal model for studying FXS is the Fmr1 knockout (Fmr1 KO) mouse, which
lacks the FMRP protein due to disruption in the Fmr1 gene expression. Studies from the Fmr1 KO mice
have implied on how the loss of FMRP might be affecting several neuronal functions, including altered
synaptic plasticity and cellular excitability in different brain regions (Huber et al., 2002; Li et al., 2002). In
contrast, the amygdala from the same mouse model shows impairment in mGIuR dependent long-term
potentiation (LTP) (Suvrathan et al., 2010). In a recent study by Zhang et al., 2014, authors have shown
increased neuronal and dendritic excitability, following tactile stimulus, in the somatosensory cortex of
the Fmrl KO mice. Taken together, these data suggest that FMRP expression is necessary for proper
neuronal development and normal synaptic physiology. Clinical investigations to develop FXS specific
treatments based on the above preclinical findings have limited success (Berry-Kravis et al., 2016; Mullard,
2016).

Thus, it is imperative to look into more human-based FXS in vitro models using neural progenitor cells and
compare them with the existing mouse models of FXS.

The basic techniques to derive neurons from stem cells are now established (Benninger et al., 2003;
Wernig et al., 2004). Increase in the refinement of culture protocols now make it possible to generate
region specific neurons from embryonic or induced pluripotent stem cells (ESC/iPSC). The neurons thus
generated are not only able to fire sustained action potentials, but they also establish normal synaptic
connections (Moody & Bosma, 2005; Livesey et al., 2014). The neurons derived from the human stem cells
of patients suffering from FXS can therefore serve as an invaluable model to study the progression of the
symptoms of FXS in vitro and subsequently help in developing new therapies. In my PhD study, | will be
focusing on studying the functional properties of human stem cell derived FXS neurons and rescuing the
defects, if any.

Aims and Objectives:

e Functional characterization of hPSC derived neurons in a pure neuronal culture

> Intrinsic
> Synaptic
e Functional characterization of hPSC derived FXS neurons in a rodent astrocyte co-culture.
> Intrinsic
» Synaptic
> Network
o Effect of hPSC derived astrocytes on the electrophysiological “phenotype” of the hPSC derived
neurons.

Results:



e Action potential properties of cortical neurons lacking FMRP are similar to controls in a neuron-
only culture.

e Neurons lacking FMRP exhibit aberrant network activity when co-cultured with primary mouse
astrocytes — high frequency bursts but shorter duration than control neurons.

e Neurons lacking FMRP display reduced persistent sodium channel current (Inap) and

e Neurons lacking FMRP display reduced persistent big conductance calcium-activated potassium
(BKCa) current.

e Human astrocytes derived from pluripotent stem cells modulate the network activity of hPSC
derived cortical neurons.

e Astrocyte conditioned media (ACM) derived from the human astrocytes can modulate the
network activity of hPSC cortical neurons.

e A potential mechanism of how the ACM mediates these effects is through the molecule S1008,
which potentiates the persistent sodium channel.

Conclusion:

e In this study, cortical neurons were derived from human pluripotent stem cells. To understand
the FXS pathophysiology in humans, cortical neurons were derived from fibroblasts of FXS
patients. An isogenic embryo stem cell line (FMR1*Y, FMR17Y) wherein, FMR1 gene has been
knocked out using CRISPR-Cas9 was also included.

e  Culturing the neurons in a pure neuronal culture, the intrinsic and firing properties of the neurons
are unaffected by the loss of FMRP

e The neurons in a purely neuronal culture failed to develop robust synaptic activity.

e Co-culturing the hPSC derived cortical neurons with primary mouse astrocytes led to the
development of spontaneous neuronal network activity.

o Loss of FMRP led to aberrant network activity of neurons characterized by high frequency, short
duration bursts.

e The persistent sodium current magnitude is reduced in neurons lacking FMRP. Potentiating the
current with veratridine, “rescues” the aberrant network activity of FMRP-lacking neurons.

e Astrocytes modulate the neuronal network activity as shown by co-culturing the hPSC derived
cortical neurons with hPSC derived astrocytes. The genotype of astrocytes determines the
electrophysiological phenotype of neurons. This effect is mediated by the astrocyte conditioned
media. The genotype of the ACM determines the type of bursting activity of the neurons.

e The ACM could be modulating the neuronal activity via the S100B molecule which is secreted by
the astrocytes.
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Appendix 1.2 Effect of ACM genotype on the neuronal network phenotype




