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Abstract

Frontotemporal dementia (FTD) refers to a group of neurodegenerative disorders that are
characterized by pathology predominantly localized to the frontal and temporal lobes. FTD is the
second leading cause of early-onset dementia behind Alzheimer’s Disease, and there are
currently no disease-modifying treatments available. Approximately 40% of FTD cases are
familial, and 25% of these are caused by heterozygous loss of function mutations in the gene
encoding for progranulin (PGRN), GRN. Since its discovery almost 15 years ago, a plethora of
research has attempted to explain the mechanisms for how loss of PGRN leads to FTD, but an
entire picture remains unclear. Evidence from murine models has in the past suggested that
astrocytes, the main supporting cells of the brain, do not secrete PGRN; however, more recent
analysis has shown astrocyte expression in both murine and human cells. It has also been shown
that mutations in MAPT – another leading cause of familial FTD – greatly alters astrocyte gene
expression which leads to subsequent non-cell autonomous effects on neurons. In this study, we
utilized human induced pluripotent stem cell (hiPSC)-derived neural tissue carrying a
homozygous GRN R493X-/- knock-in mutation to investigate in vitro whether GRN mutant
astrocytes have a non-cell autonomous effect on neurons. Using microelectrode array analysis,
we demonstrated that GRN R493X-/- astrocytes impact neuron maturation by significantly
delaying excitatory electrical development. Histologically, neurons during the delay showed a
decrease in GABAergic synaptic markers while also showing an increase in glutaminergic
synaptic markers. We also demonstrate that this effect is due in-part due to soluble factors, and
that GRN mutation alters neurotrophic factor secretion in astrocytes. Overall, this work
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represents the first study investigating astrocyte-induced neuronal pathology in GRN mutant
hiPSCs, and supports the hypothesis of astrocyte involvement in the progression of FTD.
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Lay Summary

Frontotemporal dementia (FTD) is the second leading cause of early-onset dementia.
Approximately 25% of FTD cases are caused by mutations in the progranulin gene (GRN). There
are some ideas as to how this mutation causes dementia, but mechanisms are generally unknown,
and there is no disease-modifying treatment currently available. In this research we have shown
that diseased astrocytes – the main supporting cells of the brain – delay development of neurons
– the main network cells of the brain – whether the latter are diseased or not. This work
demonstrates a potentially new disease mechanism for FTD, which could potentially lead to new
treatments.
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Preface

The design of all research, data analysis, and manuscript preparation were an original intellectual
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performed all experiments and analysis myself with the following exceptions:
N. Weilinger performed all electrophysiology experiments and analysis found in figure 4.
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Chapter 1: An Introduction to Frontotemporal Dementia, Stem Cells, and the
Impact of Astrocytes on Dementia

1.1

Frontotemporal Dementia and Frontotemporal Lobar Degeneration

Frontotemporal dementia (FTD) is an umbrella term describing several distinct neurological
disorders that are each characterized by neurodegeneration predominantly localized to the frontal
and temporal lobes. Clinically, FTD generally presents as disorders of behavior or language.
Behavioral disorders are classified under behavioral variant (bvFTD), and present, among other
pathologies, as a loss of socially appropriate behavior and empathy, compulsive behavior, and
apathy (1). FTD language disorders are subdivided further and classified as semantic dementia
(SD) or progressive nonfluent aphasia (PNFA). SD is characterized by impaired single word
comprehension with relatively unhindered speech production, and is caused by underlying
atrophy in the anterior temporal lobe (2). PNFA, alternatively, is characterized by impairment in
multiple facets of speech production – e.g. apraxia, anomia, agrammatism – and is caused by
underlying left hemisphere posterior-fronto-insular atrophy (2). It is important to note that as the
disease progresses, there is significant overlap in symptoms among the FTD subtypes (3).
Epidemiologically, the prevalence of FTD is estimated to be 15 - 22 per 100,000 individuals
aged 45 – 64 years, and it is thought to be the second leading cause of dementia in those aged <
65 years (4, 5). Prognosis for FTD is extremely poor: affected mental processes progressively
and often rapidly decline, with death generally following 3-12 years after initial diagnosis (6).
With the average age of the population rising, FTD prevalence is expected to rise and have an
increasing burden on the healthcare system.
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The underlying frontal and temporal lobe pathology associated with FTD is referred to as
frontotemporal lobar degeneration (FTLD). Neuropathologically, FTLD is characterized by the
presence of abnormally processed and aggregated proteins present as inclusion bodies within the
neurons and glia of the afflicted areas (7). Histological postmortem analysis of FTD patients
separates FTLD into three major subtypes based upon the type of proteinopathy present. The
majority of FTD patients show FTLD characterized by inclusions composed of either the
microtubule-associated protein tau (FTLD-tau) or the RNA/DNA binding protein TAR DNAbinding protein 43 (TDP-43) (FTLD-TDP), with the former making up approximately 40% of
cases and the later making up approximately 50% of cases (8). The remaining 10% of FTD cases
display inclusions positive for the fused in sarcoma (FUS) protein (FTLD-FUS) (9). FTLD-tau
proteinopathies can be further specified based on the morphology and biochemical composition
of the tau inclusions; pick’s disease, corticobasal degeneration (CBD), and progressive
supranuclear palsy (PSP) are the most common examples of FTLD-tauopathies (7).
Neuropathology in FTLD-tau is thought to be caused by the hyperphosphorylation of tau
detrimentally affecting normal actions of the protein, including axonal transport, microtubule
formation, and microtubule stabilization; furthermore, the hyperphosphorylation increases tau
aggregation, which leads to neurotoxicity (3). FTLD-TDP were originally classified based on the
inclusion’s absence of immunoreactivity to tau, but further study showed the majority of taunegative inclusions were immunoreactive to ubiquitin, and that most ubiquitin positive inclusions
were immunoreactive to TDP-43 (10). In FTLD-TDP, TDP-43 normally found in the nucleus is
transported to the cytoplasm before being abnormally phosphorylated, ubiquitinated, and cleaved
to produce C-terminal fragments (3). TDP-43 inclusions show variation in their cortical
localization and can appear morphologically as neuronal cytoplasmic inclusions, neuronal
2

intranuclear inclusions, or dystrophic neurites (3). The variation in location and constitution of
TDP-43 inclusions found upon histological analysis subdivides FTLD-TDP into four major
classifications, named type A-D. FTLD-FUS is the most recent subtype identified and makes up
the majority of FTLD that are immunoreactive for ubiquitin but not TDP-43 (11, 12). Similar to
TDP-43, FUS is a nucleotide-binding protein normally found in the nucleus but is pathologically
processed in the cytoplasm in FTLD (13).
From an inheritance standpoint, FTD cases appear as both sporadic and familial.
Approximately 40% of FTD patients show familial inheritance patterns, with 10% displaying
autosomal dominant inheritance (7). This is in stark contrast to Alzheimer’s disease, which
shows a familial inheritance pattern of less than 1% (14, 15). Inheritance patterns are variable
depending on the clinical FTD subtypes; notably, bvFTD shows the highest familial inheritance
(7). Approximately 60% of inherited FTD can be attributed to mutations found across three
genes: MAPT, GRN, and C9orf72 (16). Encoding for the protein tau, MAPT was the first gene
found to be linked to FTD and is located on chromosome 17q21.31. Mutations in MAPT disrupt
tau’s normal interaction with tubulin, leading to the pathogenic hyperphosphorylation found in
FTLD-tau. Following the discovery of the link between MAPT and FTD, there remained several
FTD families that showed linkage to chromosome 17q21.31 but lacked mutations in MAPT and
were negative for tau inclusions. The unknown gene was found to be GRN, which encodes the
highly conserved secreted protein progranulin (PGRN) (17). Mutations of GRN are highly
variable but are almost always heterozygous and cause a loss of function (LOF) of >50%,
predominantly via destruction of the mutated mRNA prior to translation, although some
missense mutations may escape destruction to encode for low-functional products (16). The most
recently discovered major causal gene for FTD is the chromosome 9q21 gene C9orf72. In 2011,
3

investigation by two groups into the link between FTD and amyotrophic lateral sclerosis (ALS)
revealed the pathological mutation to be an intronic hexanucleotide GGGGCC repeat (18, 19).
Healthy individuals possess 2 to 24 GGGGCC repeats, while diseased individuals possess
hundreds to thousands of repeats (16). Prior to the discovery of its connection to FTD and ALS,
C9orf72 was completely uncharacterized; consequently, the causal mechanism for
hexanucleotide repeats leading to disease remains unclear, but evidence exists for both LOF and
gain of function mechanisms (18, 20-25)
Prevalence for FTD-causing mutations varies greatly (Table 1). C9orf72 is the most
commonly mutated gene found in familial FTD and is estimated to account for approximately
33% of familial FTD cases (26). Following Cc9orf72, mutations in MAPT and GRN show fairly
similar prevalence, accounting for 10-20% and 5-20% of familial FTD, respectively (16).
Outside of these three major genes, rarer mutations found in a number of genes make up another
<5% of familial FTD: these implicated genes include TARDBP, FUS, VCP, CHMP2B, TBK1,
ITM2B, and TBP (16). While it is promising that causal genes for approximately two thirds of
familial FTD have been identified, further discovery of familial FTD causing genes will provide
even more insight into the pathophysiology of this exceptionally heterogenous disease.
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Table 1: Genotype-phenotype correlation in frontotemporal dementia
Gene

Protein and Function

Familial

Predominant Phenotype

Prevalence
C9orf72

C9orf72: Uncertain,

33%

possible guanine

Behavioural FTD and/or
ALS

nucleotide exchange
factor (27)
MAPT

Tau: Microtubule

10–20%

stabilization
GRN

Progranulin: Various –

Frontotemporal dementia
with parkinsonism (28)

5-20%

inflammation,

Behavioural FTD and
progressive aphasia

proliferation, neural
development, other
Other: TARDBP,

Various

>5%

Various

FUS, VCP,
CHMP2B, TBK1,
ITM2B, and TBP

1.2

GRN and FTLD-GRN

As mentioned, mutations in GRN are one of the major causes of familial FTLD. Clinically,
FTLD caused by GRN mutations (FTLD-GRN) shows notable phenotypic heterogeneity, even
5

within a kindred suffering from a single GRN mutation. To date, 79 pathogenic GRN mutations
have been identified, and all result in LOF of the allele (29). The individuals suffering from
FTLD-GRN may present with bvFTD, PNFA, SD, atypical movement disorders including
parkinsonism and CBD, or the amnesic form of mild cognitive impairment. However, the most
common clinical pathway in FTD-GRN patients is an initial diagnosis of bvFTD followed by the
emergence of symptoms suggestive of PNFA as the disease progresses (25, 30). Age of onset
also shows high variation, ranging from 35 - 87 years with a mean of 64.9 ± 11.3 years, while the
disease duration ranges from 3 – 12 years (30). Examining neuropathology, FTLD-GRN
produces ubiquitin and TDP-43 positive inclusions, falling under the category of FTLD-TDP.
For the majority of cases, atrophy is most significant in the frontal neocortex, displaying nonspecific neuron death, gliosis, and microglial activation (31). How mutated GRN LOF leads to
neurodegeneration is not entirely clear, but evidence suggests that progression is multifaceted,
involving lysosomal dysfunction, neuroinflammation, and issues with neural connectivity (29).
Despite information on FTLD-GRN continuing to grow, there remains no disease-modifying
treatment available and only a single candidate in phase III clinical trials (ClinicalTrials.gov:
NCT04374136). Overall, a clearer picture for how decreased PGRN leads to neurodegeneration
is critical for eventually discovering a treatment.
GRN is located on chromosome 17q21.31 and codes for PGRN – a 593 amino acid (AA)
long protein that is 68.5 kDa before modification, but is heavily post-translationally glycosylated
to produce a mature protein of 88 kDa (32). PGRN itself is a precursor protein and is cleaved in
the extracellular matrix or lysosomes to produce multiple granulin (GRN) proteins (33). Each
GRN is 60 AAs long and possesses a cysteine-rich stacked β-sheet structure. The structure of
GRN makes it part of a larger family of peptides that function as hormones, growth factors, and
6

other signal peptides (34). Both PGRN and GRN are functionally active and play a number of
roles in both the central nervous system (CNS) and the periphery. This thesis will focus on the
role of PGRN and GRN in the CNS, but their peripheral roles include tissue proliferation,
differentiation, regeneration, and host-defense response – particularly inflammation via
interaction with the tumor necrosis factor (TNF) pathways (35).
Expression of GRN in the CNS is widespread and varies over time. From in vivo murine
studies, we have learned that GRN expression begins during early embryonic development,
where PGRN levels are relatively low (36). PGRN at early stages is suggested to play a small,
nonessential role in microvasculature and neural development (37, 38) GRN expression increases
with age and is expressed broadly throughout the brain in adult mice. Interestingly, expression of
GRN appears to be highest in the innermost neocortical layers and the CA3 region of the
hippocampus, contrasting the established understanding that the bulk of FTLD-GRN atrophy
occurs in the upper neocortex and CA1 region of the hippocampus, and suggesting that regions
of high expression may be more protected from the LOF-induced atrophy (31, 36). The current
body of research does not provide a consensus for expression patterns within the distinct cell
type of the brain. Histological analysis of adult mice showed PGRN immunoreactivity solely in
neurons and microglia, with the latter showing the highest expression (36). More recent
histology on adult rats also showed predominant expression in neurons and microglia, but
additionally displayed marginal expression in neural stem cells (NSC), astrocytes, and
oligodendrocytes, and expression was also found in in vitro primary NSC, neuron, astrocyte, and
oligodendrocyte cultures (39). Whole brain western blotting and single-nuclei RNA-sequencing
reported similar expression between neurons and astrocytes in murine samples, and in vitro
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culture from primary human astrocytes and human induced pluripotent stem cells (hiPSCs)
differentiated astrocytes have both showed PGRN expression and secretion (40-43).
The mechanism for how GRN LOF leads to FTLD is multi-faceted and reflects the
numerous effects that PGRN has within the CNS. Overall, there are three major mechanisms that
are thought to contribute to FTLD-GRN. One of the earliest measurable pathogenic markers for
FTLD-GRN is aberrant lysosome function (29). GRN -/- mice display increased lysosomal
proteins, autophagy markers, and lipofuscin deposits – large aggregates of cross-linked protein
and lipids that are a hallmark of aging in post-mitotic cells (43-46). Perhaps the most striking
evidence for lysosomal dysfunction causing FTLD comes from patients suffering from a rare
GRN-induced form of neuronal ceroid lipofuscinosis (NCL). NCL is a lysosomal storage
disorder characterized by the excessive accumulation of lipofuscin throughout various tissues of
the body (47). In general, NCL is caused by mutations in lysosomal-focused genes, but an
extremely rare form of the disease – CLN11 – is caused by homozygous mutations in GRN (4853). The finding of homozygous GRN mutations causing a lysosomal disease solidifies the
involvement of GRN LOF in lysosomal dysfunction; furthermore, additional work has also found
that heterozygous FTD patients also display some NCL phenotypes (43, 54, 55). However,
whether lysosomal dysfunction leads directly to FTLD is unclear, and is best exemplified by an
individual who possessed a homozygous GRN mutation and developed CLN11, but showed none
of the behavioral dysfunction found in FTLD-GRN (48). The second major disease mechanism in
question is neuroinflammation and microgliosis, which are processes found universally in FTLDGRN. PGRN has anti-inflammatory effects on microglia, and microglia that are deficient for
PGRN show a pathogenic increase in production of pro-inflammatory cytokines, phagocytosis,
and overall neuroinflammation (56-58). Findings suggest that PGRN downregulates the immune
8

response by acting as an inhibitor of the receptor for the pro-inflammatory cytokine TNF-α (59,
60), and the overall effect of PGRN deficiency on microglia appears to be age-dependent (61).
Cell-type specific knockout of microglial GRN has garnered mixed results; some groups have
reported that reduction of microglial PGRN in mice already partially deficient for PGRN does
not worsen FTLD-GRN pathology, while others have observed a measurable decline (61-63).
The final mechanism for GRN LOF causing disease is the hypothesis that PGRN acts as a
neurotrophic factor, and its decreased expression leads to defects in neural network formation
and maintenance. Structurally, PGRN appears similar to other growth factors, and
overexpression of PGRN is linked to cancer progression (34, 64). Within in vitro models of
murine primary neuron culture, PGRN deficiency interferes with neurite outgrowth – a
phenotype which can be rescued through application of exogenous PGRN – and PGRN and GRN
have been shown to promote neuron survival and neurite outgrowth (37, 65-67). It is unclear
how or through which receptor PGRN mediates neural development. PGRN is known to bind to
the type I membrane glycoprotein sortilin (SORT1); however, evidence suggests the purpose of
this interaction is mainly to control extracellular levels of PGRN via trafficking to the lysosome,
and SORT1 is not required for the neurodevelopmental effects of PGRN (67-69). Similarly, it is
unclear whether binding of PGRN to TNF receptors is a direct interaction, nor is it understood
how this interaction could impact neuron development (70-72). The receptor tyrosine kinase
ephrin type-A receptor 2 is another possible receptor for PGRN and has been linked to cancers,
but whether the interaction between PGRN and EphA2 is involved in neuron development has
not yet been investigated (73).

9

1.3

Stem Cells and Stem Cell Models of Neurodegeneration and FTLD-GRN

In the late 90s and early 2000s, stem cell research was a promising area of investigation driven
by the derivation of the first human embryonic stem cells (hESC) in 1998 (74). These cells
displayed long-term self-renewal and pluripotency – the ability to differentiate into all three
germ layers – prompting further research into their potential in regenerative medicine and tissue
modelling. While powerful, hESCs are limited in that they cannot be representative of a living
individual who suffers disease, and their method of isolation from human blastocysts raises
ethical concerns (75). In 2006, the Yamanaka group published groundbreaking methodology for
generation of pluripotent stem cells from mature cells (76). Using four distinct exogenous
transcription factors (Oct4, Sox2, cMyc, and Klf4), Yamanaka and his group could reprogram
mouse fibroblasts into induced pluripotent stem cells (iPSCs), which showed the same
differentiation capacity as ESCs, and a year later the same group reprogrammed human cells into
the first hiPSCs (77). As mentioned, one of the largest benefits from the discovery of hiPSCs is
the potential to model human disease in vitro with cells from an individual suffering from said
disease; this is especially pertinent for CNS disorders, as the source neural tissue is generally
inaccessible for cell culture while the patient is living. Multiple protocols for generating hiPSCs
exist, but typically a patient sample of skin fibroblasts or blood mononuclear cells is taken and
reprogrammed (78). Acquired cells are then differentiated into a neural lineage and, in the case
of neurological disorders, used either to model disease pathophysiology or as a tool to screen for
potential therapies.
Neurodegenerative diseases such as FTD have large potential for being modelled using
hiPSCs. Mice have historically been the standard for modelling neurodegenerative diseases due
to their similarity to humans in overall brain structure and neurotransmitter physiology (79).
10

While a powerful tool, mice and other animal models for neurodegeneration have drawbacks:
differences in protein function, signaling pathways, and overall cellular processes between mice
and humans exist, and may explain why there has been immense difficulty in translating
potential disease modifying drugs that seem effective in animal models to the clinic (79). hiPSCs
present an additional resource for the modelling of neurodegenerative diseases that can be used
in supplementation to-, or even in lieu of animal models. A recent review published by our lab
highlights the large role hiPSCs have had in furthering research into Alzheimer’s Disease, the
leading cause of dementia (80). Similarly, hiPSCs have been used to model a variety of familial
and sporadic FTD cases (81-84), including multiple lines for FTLD-GRN (42, 55, 85-87).
To date, only a handful of FTLD-GRN lines have been developed. The first FTLD-GRN
hiPSC line was generated in 2012 by the Gao group, and possessed the heterozygous nonsense
mutation GRN S116X (85). As expected, secreted progranulin from these iPSCs and
differentiated neurons and microglia was approximately 50% of comparable control cells.
Further findings in these cells implicated downregulation of the PI3K/Akt and MEK/MAPK
pathways as a possible contributor to FTLD. Another major hiPSC line finding came from the
Verfailie group, who generated three lines from separate patients carrying the same GRN
IVS1+5G > C mutation (87). The notable result from these lines was difficulty in differentiating
neural progenitor cells (NPC) into mature cortical neurons when compared to cells from healthy
donors, which was attributed to defects in the neurogenesis involved Wnt signaling pathway.
While profound, the finding of impaired cortical neuron differentiation has not been corroborated
by any prior or subsequent FTLD-GRN line (29). Outside of neuron development, hiPSC models
of FTLD-GRN have been utilized to produce findings for drug discovery, drug validation, and
dysfunctional lysosome investigation (55, 86, 88, 89). Lastly, our own group recently developed
11

two lines: one from heterozygous FTLD-GRN patients with a GRN R418X mutation, and one
from a healthy control that was CRISPR edited to be a homozygous knock-in for the GRN
R493X mutation (42). These lines were used to validate the therapeutic potential of premature
termination codon readthrough drugs. Overall, the findings from FTLD-GRN hiPSCs have been
impactful, yet minimal, and there remains a large pool of untapped potential for utilizing FTLDGRN hiPSCs investigating pathophysiological mechanisms of the disease.

1.4

Astrocytes and Their Involvement with Dementia

As the most numerous glial cells of the brain, astrocytes play a number of critical role in
maintaining proper neural function, including – but not limited to – maintaining homeostasis,
energy storage, tissue repair, and synaptic modulation (90); however, astrocytes role in
contributing to dementia has often been overshadowed due to neurons being the main functional
cells of the brain and the hallmarks of degeneration occurring largely within neurons (91).
Astrocytes are morphologically and functionally diverse, and can be classified in several
different ways. Original classification was based upon morphology: fibrous astrocytes which
were present in the white matter, and protoplasmic astrocytes present in the grey matter (92).
This remains a common method of classification, but it is now recognized that the binary
classification is an oversimplification, and that human astrocytes are notably pleomorphic (91).
Molecularly, glial fibrillary acidic protein (GFAP) is the marker typically used to identify
astrocytes. While it is a useful marker, GFAP is not expressed in all astrocytes, nor are all
GFAP-expressing cells astrocytes; it is estimated that only 15% of total astrocytic volume in
rodents is GFAP-positive (93). Physiologically, astrocytes are not electrically excitable and do
not conduct action potentials. Astrocytes express a high number of potassium channels, and most
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are highly coupled by gap junctions – with a single injection of a gap junction-permeable dye
into protoplasmic cortex astrocytes revealing a large network of on average 94 cells (92, 94). In
lieu of electrical excitability, astrocytes are chemically excitable through calcium signaling
which propagates throughout the gap-junction network, activating numerous metabotropic
receptors (92). A significant portion of current research on astrocytes has focused on their
involvement in forming the neurovascular unit (NVU) – a relatively recent concept that describes
the structure formed of neurons, astrocytes, blood-brain-barrier epithelial cells, myocytes, and
pericytes that controls the blood brain barrier (BBB) and the brains hemodynamic functions (95).
Within the NVU, protoplasmic astrocytes regulate blood flow in the brain by acting as a
connector between neuronal synapses and cerebral vasculature.
Astrocyte interaction with neuronal synapses plays a major role in synaptic formation and
maturation. One relevant function of astrocytes in regard to dementia research is the link
between neurodegeneration and the tripartite synapse (96). The tripartite synapse refers to the
close-proximity functional interaction between astrocytes and the presynaptic and postsynaptic
synapses of neurons (97). Neurotransmitters released from the synapses bind to astrocyte
receptors, which triggers calcium influx-mediated activity within the astrocyte. The result of
signaling to the astrocyte includes the release of gliotransmitters – neuroactive molecules such as
glutamate and GABA – which function on neurons as well as the other cell types in close
proximity, such as the cells that make up the NVU (98). Astrocytes are additionally known to
secrete neurotrophic factors, such as brain-derived neurotrophic factor, thrombospondin 1, TNFα, and glypican 4 (99-102), which contribute to synaptic development, maturation, and survival.
The overall result of astrocyte involvement in the tripartite synapse is the genesis, maturation,
modulation, and maintenance of neurons and the neural network (99). In CNS injury and disease,
13

populations of astrocytes proliferate and activate to respond to pathology in a process termed
astrogliosis, with these astrocytes being termed reactive astrocytes (103). In FTD and other
dementia, astrocytes both degenerate, and undergo astrogliosis (104). A likely result of this is
decreased number of astrocytes within the NVU and tripartite synapses, leading to dysfunction;
however, the magnitude of dysfunction that can be attributed to astrocytes remains unclear (103).
The role of astrocytes in FTLD-GRN, and FTD in general, is not well understood. As
mentioned, older evidence has suggested that astrocytes do not secrete PGRN (36), and therefore
are likely not a driving factor in disease progression outside of possible inflammatory
astrogliosis roles. This drove study away from astrocytes as a glial cell focus, and more research
has been concentrated on microglia, which are well known to secrete PGRN (29). Counter to
this, more recent evidence from a number of human and mouse studies has measured significant
astrocyte secretion of PGRN (40-43). Notably, a 2017 study by Hallmann et al. reported that
hiPSC-derived astrocytes carrying the N279K FTD-causing mutation in MAPT showed non-cell
autonomous effects on co-cultured neurons (105). Specifically, it was found that astrocytes
themselves displayed altered global gene expression in genes related to synapse organization,
stress-response, and multicellular organism development. Neurons co-cultured with MAPT
mutant astrocytes displayed dysfunction in their oxidative stress response, and altered gene
expression in genes related to regulation of cellular and system processes, stress, and apoptosis
(105). These results imply a possible functional role for astrocytes in FTD, specifically one that
can be elucidated by the use of hiPSC-derived astrocytes harboring FTD-causing mutations.
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1.5

Hypothesis, Objectives, and Methodology

FTLD-GRN is an extremely multifactored neurodegenerative disorder that requires broad
understanding in order to develop effective treatments. Due to expression patterns favoring
microglia, a significant portion of research up to this date has focused on the effect of low PGRN
levels in this cell type. However, multiple recent studies support the notion that astrocytes
significantly express PGRN, and yet few have investigated the consequence of this loss of
expression in GRN mutants. Previous study on the role of astrocytes in dementia suggests they
play a significant role, and unpublished work from our lab has found evidence that this may also
be the case in FTLD-GRN. From this background we hypothesized that astrocytes harboring a
LOF mutation in GRN would show detrimental effects on neurons when compared to healthy
astrocytes.
The major objective of this study was to investigate the effect of GRN mutant astrocytes
on in vitro development of electrical networks in a hiPSC model of FTD. For this study we
utilized two hiPSC lines: one isolated from a health control subject and an isogenic clone that
was CRISPR-edited to double knock-in the common FTD mutation GRN R493X. From these
cells we differentiated neurons and astrocytes, and – using a variety of co-cultures – investigated
the effect of FTD mutant astrocytes on electrical signaling.
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Chapter 2: Methods and Materials

2.1

2.1.1

Cell Culture

hiPSC Culture

Human tissue cell line use was approved by the UBC Research Ethics Board. The two lines of
iPSC cells used in this study were i) iPSC line reprogrammed from peripheral blood obtained
from a healthy control subject (WT) and ii) an isogenic iPSC line homozygous for GRN R493X
knock-in (R493X−/−) produced from the WT line (42). Cells were maintained on 6-well Matrigel
(BD Biosciences) coated plates in mTeSR1 medium (STEMCELL Technologies). Media was
changed daily or after 48 hours if given double media. After cells reached 80% confluence, cells
were passaged as aggregates using ReLeSR (STEMCELL Technologies) at a 1:3 ratio. Cells
were plated onto a new, 6-well, Matrigel coated plate in mTeSR1 supplemented with 10 µM of
the rho-associated protein kinase inhibitor Y-27632 (EMD Millipore). Media was changed after
24 hours to mTeSR1 without Y-27632 supplementation, and culture continued as previously
described. Cells were frozen into liquid nitrogen (LN) as needed in mTESR1 + 10 µM Y-26732
+ 10% DMSO (Millipore Sigma).

2.1.2

Neural Lineage Differentiation

WT and R493X-/- hiPSCs were differentiated into NPCs using a 23-day dual SMAD inhibition
protocol previously described (106). A portion of these NPCs were frozen into LN for future use
in NSC media (106). NPCs were then differentiated into astrocytes utilizing the STEMdiff™
Astrocyte Differentiation Kit and STEMdiff™ Astrocyte Maturation Kit™ (STEMCELL
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Technologies) according to the manufacturer’s 35-day protocol with Matrigel-coated plates.
Expansion of astrocytes was performed by continuing to change media every 2-3 days with the
Astrocyte Maturation Kit™ and passaging the cells at 90% confluence using Accutase (EDM
Millipore) at a 1:3 ratio onto Matrigel-coated plates. Cells were frozen into LN as needed in
Astrocyte Maturation Media + 10% DMSO.

2.2

Microelectrode Array (MEA) Analysis

2.2.1

Mixed MEA Culture

Previously frozen NPCs were thawed onto Matrigel-coated plates in NSC medium and expanded
over 7 days. NPCs and astrocytes were accutase passaged and mixed 1:1 in the following
conditions: i) WT NPCs with WT astrocytes, ii) WT NPCs with R493X−/− astrocytes, iii)
R493X−/− NPCs with WT neurons, and iv) R493X−/− NPCs with R493X−/− astrocytes. 6.0x104
cells/well were suspended in complete BrainPhys™ (STEMCELL Technologies) media system
(107) supplemented with 1X CultureOne™ (Gibco, Thermo Fisher Scientific) and 10% Matrigel,
then plated onto a poly-L-ornithine (Millipore Sigma) and laminin (Millipore Sigma) (PLO/Lam)
coated 48-well CytoView MEA plate (Axion Biosystems) with only enough media to cover the
electrode. The NPC/astrocyte mixes were then incubated for 45 minutes at tissue culture
conditions to allow for adhesion to the electrode before further media was added. NPCs were
then differentiated into neurons according to our previously described BrainPhys™ protocol
(42), and MEA recordings were taken daily with an Axion Biosystems MaestroPro MEA plate
reader.
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2.2.2

Insert MEA Culture

Previously frozen NPCs were thawed onto Matrigel-coated plates in NSC medium and expanded
over 7 days. 3.0x104/well WT and 3.0x104/well R493X-/- NPCs were suspended in complete
BrainPhys™ media system supplemented with 1X CultureOne™ and 10% Matrigel, then plated
onto a PLO/Lam coated 24-well CytoView MEA plate as described in section 2.2.1. Separately,
WT and R493X-/- astrocytes were plated onto Matrigel-coated, 12 mm, polycarbonate, 0.4 µm
cell culture insert (Millipore Sigma) at 6.0x104 cells per insert and allowed to attach overnight.
The following day (Day 1 of MEA culture) the astrocyte insert was added to the MEA plate and
NPCs were differentiated into neurons in the same methods as section 2.2.1. MEA recordings
were taken every 3-4 days with an Axion Biosystems MaestroPro MEA plate reader.

2.3

2.3.1

Imaging

Brightfield Microscopy

Live cultures were photographed using a Zeiss primovert HDCam inverted microscope
connected to an Apple iPad running the Zeiss Labscope imaging software.

2.3.2

Immunocytochemistry Imaging

Previously frozen NPCs were thawed onto Matrigel-coated plates in NSC medium and expanded
over 7 days. 24-well plates containing glass coverslips were coated with PLO/Lam and then
plated with WT and R493X-/- NPCs and astrocytes in the same four conditions and differentiated
as listed in section 2.2.1. To prepare coverslip cultures for imaging, cells were fixed with 4%
paraformaldehyde (ThermoFisher Scientific) for 15 min and washed three times with PBS
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(ThermoFisher Scientific). Cells were blocked and permeabilized with 10% donkey, 10% goat
serum (Millipore Sigma) in PBS containing 0.1% Triton X-100 (Abcam) for 1 h at room
temperature (RT). Anti-beta-tubulin III (TUJ1) monoclonal chicken (STEMCELL Technologies:
Catalog#60052), anti-vesicular glutamate transporter 1 (vGLUT1) monoclonal mouse (Synaptic
Systems: Catalog#135311), and anti-glutamic acid decarboxylase 65/67 (GAD) polyclonal rabbit
(Millipore Sigma: Catalog#G5163) primary antibodies were diluted 1:500, 1:200, and 1:500,
respectively, in 10% donkey, 10% goat serum in PBS and applied to cells overnight at 4 °C.
Alexa Fluor®-tagged secondary antibodies goat anti-chicken 488 (ThermoFisher Scientific),
donkey anti-mouse 568 (ThermoFisher Scientific), donkey anti-rabbit 647 (ThermoFisher
Scientific) were applied at a dilution of 1:500 at RT for 2 h. Coverslips were then mounted in
DAPI mounting medium (Vector Laboratories) onto a glass slide and imaged using a Zeiss 880
scanning laser confocal microscope running ZEN 2 software. Image analysis was performed
using FIJI and uniform threshold options for all images of the same primary antibody. Number of
synapses was quantified by taking the counted number of synapses and standardizing it to
neuronal area estimated as TUJ1 area.

2.4

Patch-Clamp Electrophysiology
Coverslips were carefully transferred to a temperature-controlled recording chamber

(32oC) containing BrainPhys™ Imaging Optimized Medium (STEMCELL Technologies) for
whole-cell patch electrophysiology recordings. Neurons were visualized using a LSM MP710 2photon imaging system from Zeiss. Whole-cell patch clamp recordings were obtained using thinwalled borosilicate glass microelectrodes (Warner) pulled to a tip resistance of 4-6 MΩ with a P97 Flaming/Brown Micropipette Puller (Sutter Instrument). Electrodes were filled with an
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intracellular recording solution containing (in mM): 108 K-Gluconate, 3 KCl, 2 MgCl2, 8 NaGluconate, 1 K2-EGTA, 0.23 CaCl2, 0.05 Alexa Fluor 488 Hydrazide (ThermoFisher Scientific),
4 K2-ATP, 0.3 Na3-GTP at pH 7.25 with 10 HEPES. Recordings were made using a MultiClamp
700B amplifier and Digidata 1440A digitizer (Axon Instruments, Molecular Devices) controlled
via Clampex 10.7 acquisition software. Coverslips were incubated in SR-101 (1 µM) to identify
astrocytes, and only SR-101-negative cells were patch clamped. Cells with non-neuronal (i.e.
glial) membrane properties, such as linear IV curves, and/or non-neuronal morphological
features were excluded from analysis. Cells were held at -60 mV for voltage clamp experiments,
ranging from -80 mV to +60 mV (10mV steps, 500 ms each) to generate current-voltage (IV)
relationship curves. Current measurements for IV plots were taken at the steady-state between
400-500 ms. For current clamp recordings, passive current injections were applied to maintain a
resting membrane potential of 60 mV. 5 pA current steps were used to generate action potentials
and to determine AP threshold, rheobase, and AP amplitude.

2.5

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISAs were run on collected cell culture media. On day 0, WT and R493X-/- astrocytes were
plated onto Matrigel-coated 6-well plates at 1.5x105 cells/well in STEMdiff™ Astrocyte
Maturation Medium. Media was changed 100% on day 2. On day 7, media was collected in
triplicate and centrifuged at 12,000 RPM for 15 minutes to remove any debris. ELISA was
performed for human Glypican 4 (Novus Biologicals), Thrombospondin 1 (Abcam) (20x
dilution), and TNF-α (Abcam) according to manufacturer’s protocol in duplicate for each
sample. Standard curve production and analysis was performed using GraphPad PRISM 9
software.
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2.6

Statistical Analysis

Results are reported as mean ± standard error of the mean (SEM). Analysis was performed using
the GraphPad PRISM 9 software. Comparisons between two groups were done using a standard
unpaired two-tailed Student’s t-test. Comparisons of two or more groups with multiple time
points was done using a two-way analysis of variance (ANOVA). Patch-clamp electrophysiology
results were analyzed using one-way ANOVA. Statistical significance was considered when p <
0.05, unless otherwise stated.
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Chapter 3: Results

3.1

Mixed MEA Culture

An hiPSC line acquired from a healthy control (WT) and its GRN R493X knock-in CRISPRedited isogenic clone (R493X−/−) were differentiated into NPCs, and a portion of the NPCs were
further differentiated into cortical astrocytes (Fig. 1A). NPCs were plated together on a MEA
plate (Fig. 1B) with astrocytes in four separate mixes i) WT NPCs with WT astrocytes, ii) WT
NPCs with R493X−/− astrocytes, iii) R493X−/− NPCs with WT neurons, and iv) R493X−/− NPCs
with R493X−/− astrocytes. NPCs were differentiated into neurons and electrical recordings were
taken daily over 65 days on an Axion Biosystems MEA plate and reader, which evaluates
excitatory electrical signaling. For both WT and R493X−/− neuron cultures, development of
significant electrical signaling was drastically accelerated when neurons were differentiated in
the presence of WT astrocytes compared to R493X−/− astrocytes, with the effect being more
pronounced in the R493X−/− neuron cultures (Fig. 1C and 1D). Looking at the WT neuron
conditions, WT NPC + WT astrocytes began showing significant electrical signaling (>0.013 Hz
for two consecutive recordings) as early as day 12, while the WT NPC + R493X−/− did not show
the same signaling until day 29. Throughout days 12 to 45, the WT NPC + R493X−/− astrocytes
continued to lag by a period of approximately 15 days, with the largest difference appearing
around day 30: from day 26 – 33 the WT NPC + WT astrocytes mix showed an average of 0.268
Hz greater signaling which equated to a 20-fold increase. By day 46 WT NPC + R493X−/−
signaling appeared to recover, and difference between the two cultures remained minimal
throughout the rest of the measurements. Looking at the R493X−/− neuron conditions, the trend
was similar temporally to the WT neuron condition, but both groups displayed a higher average
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Hz. The R493X−/− NPC + R493X−/− astrocytes again lagged by approximately 15 days, and from
day 26 – 33 the R493X−/− + WT astrocyte mix showed an average of 0.827 Hz greater signaling
which equated to a 12-fold increase. Recovery for the R493X−/− NPC + R493X−/− astrocyte
condition took slightly longer than its WT NPC counterpart, with signaling between the two
R493X−/− neuron conditions reaching similarity at approximately day 49.
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*

*

Figure 1. GRN R493X−/− FTD astrocytes delay development of excitatory electrical
signaling in neurons in neuron/astrocyte co-cultures.
hiPSC neurons and astrocytes from a healthy control (WT) and its GRN R493X knock-in
CRISPR-edited isogenic clone (R493X−/−) were differentiated into astrocytes and NPCs (A) and
then plated together on an MEA plate (B). Cells were mixed in four conditions i) WT NPCs with
WT astrocytes, ii) WT NPCs with R493X−/− astrocytes, iii) R493X−/− NPCs with WT neurons,
and iv) R493X−/− NPCs with R493X−/− astrocytes. Compared to WT astrocytes, R493X−/−
astrocytes delayed development of excitatory electrical signaling by approximately 15 days in
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both WT neurons (C) and R493X−/− neurons (D), with the latter being more pronounced. Values
represented as mean ± SEM. *P < 0.05 by two-way ANOVA.
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3.2

Histology

In order to quantify synaptic changes underlying electrophysiological changes, we performed
Immunocytochemistry (ICC) and confocal microscopy to quantify presence of excitatory and
inhibitory synapses in our neuron/astrocyte co-cultures. All values in this section are presented as
the number of synapses per 100 µm2 of neuron. We utilized antibodies directed against vGLUT1
as a marker for glutamatergic synapses and antibodies directed against GAD as a marker for
GABAergic synapses. We performed imaging on cultures aged 30 and 70 days for the mixes of
i) WT NPCs with WT astrocytes (Fig. 2A-E, Fig. 3A-E), ii) WT NPCs with R493X−/− astrocytes
(Fig. 2F-J, Fig. 3F-J), iii) R493X−/− NPCs with WT neurons (Fig. 2L-P, Fig. 3L-P), and iv)
R493X−/− NPCs with R493X−/− astrocytes (Fig. 2Q-U, Fig. 3Q-U).
For the WT neuron conditions, we observed a significant increase in the number of
vGLUT1 synapses when WT neurons were cultured with WT astrocytes (13.3 ± 3.1) when
compared to R493X-/- astrocytes (8.0 ± 1.9) at the first measurement point of day 30 (Fig. 2K).
The number of GABAergic synapses was significantly greater than glutaminergic synapses,
being 59.3 ± 14.0 for the WT astrocyte condition and 88.5 ± 20.9 for the R493X-/- condition;
however, the difference between the two astrocyte conditions was not significant. For the second
timepoint of day 70 (Fig. 3K), the number of glutaminergic synapses was considerably higher
compared to day 30 for both the WT astrocyte (58.4 ± 13.8) and the R493X-/- astrocyte (27.6 ±
6.5) conditions, but the difference between the two had lost statistical significance. Conversely,
the number of GABAergic synapses on day 70 was considerably lower than day 30 for both
astrocyte conditions, and the WT astrocyte condition (4.0 ± 0.9) was significantly lower than its
R493X-/- counterpart (11.9 ± 2.8).

26

For the R493X-/- neuron conditions, we again observed a day 30 increase in
glutaminergic synapses in the WT astrocyte condition (24.0 ± 4.0) compared to the R493X-/astrocyte condition (8.4 ± 1.2) (Fig. 2V). Similar to the WT neuron mixes, the number of
GABAergic synapses was significantly greater than glutaminergic synapses; however, the
number of GABAergic synapses was greater in the R493X-/- astrocyte condition (126.0 ± 8.2)
when compared to the WT astrocyte condition (78.2 ± 14.5). Similar again to the WT neuron
mixes, we observed a day 70 increase in glutaminergic synapses and a decrease in GABAergic
synapses for both conditions (Fig. 3V). However, there was no significant difference observed
between the WT and R493X-/- astrocyte conditions for either the glutaminergic synapses (54.5 ±
5.7 for the WT astrocytes and 41.8 ± 3.6.1 for the R493X-/- astrocytes) or the GABAergic
synapses (29.8 ± 3.7 for the WT astrocytes and 25.7 ± 4.1 for the R493X-/- astrocytes).
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Figure 2. GRN R493X−/− FTD astrocytes impairs vGLUT1 glutaminergic synapse
formation and facilitates GAD GABAergic synapse formation in Day 30 neurons
Day 30 and WT and R493X-/- neuron/astrocyte co-cultures were stained for DAPI, TUJ1, GAD,
and vGLUT1, and imaged using ICC and confocal microscopy (A-J, L-U). Glutaminergic and
GABAergic synapses were measured by counting the number of individual synapses in FIJI and
then standardizing the number with neuron area estimated with the TUJ1 stain (K, V). Scale bar
represents 30 µm. Values represented as mean ± SEM, N =18 random fields from triplicate
samples, *P < 0.05 by two-tailed Student’s t test.
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Figure 3. GRN R493X−/− astrocyte condition neurons show partial recovery of normal
vGLUT1 glutaminergic and GAD GABAergic synapse levels
Day 70 and WT and R493X-/- neuron/astrocyte co-cultures were stained for DAPI, TUJ1, GAD,
and vGLUT1, and imaged using ICC and confocal microscopy (A-J, L-U). Glutaminergic and
GABAergic synapses were measured by counting the number of individual synapses in FIJI and
then standardizing the number with neuron area estimated with the TUJ1 stain (K, V). Scale bar
represents 30 µm. Values represented as mean ± SEM, N =18 random fields from triplicate
samples, *P < 0.05 by two-tailed Student’s t test.
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3.3

Electrophysiology

Whole-cell patch-clamping was performed in order to confirm neuronal functional membrane
properties in differentiated neurons – which has not yet been investigated in these cell lines – and
investigate differences that may underlie MEA-measured delayed excitatory electrical
development (Fig. 4A). Neurons analyzed from all conditions generated action potentials (AP)
upon depolarization of the membrane in current clamp mode (Fig. 4C). We did not observe
differences between conditions through any of our measurements of cell size, membrane
resistance, resting membrane potential (RMP), action potential threshold, action potential
difference from resting membrane potential or rheobase (Fig.4D-L). Interestingly, while below
statistical significance, results for R493X-/- neuron, R493X-/- astrocyte mixes trended towards
higher AP threshold and amplitude, however understanding the functional significance of this
finding will require further study. Recordings in voltage clamp revealed miniature excitatory
post synaptic currents (EPSCs) in neurons held at -60 mV across all treatments, indicating the
formation of functional synapses in these cocultures (Fig. 4B). Lastly, we did not observe a
significant difference in the current-voltage relationship between R493X-/- and healthy controls,
suggesting that potassium channel expression is comparable between these groups (Fig. 4I).
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Figure 4. Patch-clamp characterization of neuron/astrocyte co-culture electrophysiology
displays maturation of all conditions.
Patch clamping was performed on day 30 WT and R493X-/- neuron/astrocyte co-cultures: WT
NPC + WT astrocytes (hN/hA), WT NPC + R493X−/− astrocytes (hN/FA), R493X−/− NPC + WT
astrocytes (FN/hA), and R493X−/− NPC + R493X−/− astrocytes (FN/FA). A) Representative
transmitted light and ICC imaging of whole-cell patched cells loaded with Alexa-Fluor 488. B)
Representative tracing of spontaneous EPSCs. C) Representative traces of membrane potential
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responding to step depolarization by current injection (5 pA steps from -20 pA). D)
Representative tracing of whole-cell currents in voltage-clamp mode, cell was held at −60 mV,
step depolarization from −80 mV to 60 mV at 10 mV interval were delivered. E) Cell body size
as determined by membrane capacitance. F) Membrane resistance. G) Resting membrane
potential. H) Action potential threshold. I) Action potential difference from resting membrane
potential. K) Rheobase. I) Outward potassium current assessed by IV relationship. Values
represented as mean ± SEM. **tt refers to siginificance inferred from secondary t-test.
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3.4

Analysis of Solubility

To determine whether a soluble factor was contributing to the observed MEA plate phenotype
from section 3.1, we performed a mixed MEA culture with the same mixes as in section 3.1, but
with neurons plated onto the electrodes and astrocytes plated onto a removable cell culture insert
(Fig. 5A and 5B) and measured cells over 46 days. For the WT neuron conditions, electrical
signaling did not appear to come online before approximately day 39, and we did not observe a
noticeable difference between the WT astrocyte condition and the R493X-/- condition (Fig. 5C).
For the R493X-/- neuron conditions, the WT astrocyte condition showed significant signaling by
day 29, while the R493X-/- astrocyte condition did not until day 42 (Fig. 5D); however, a
difference in signaling between the two groups was only significant at day 32, being 0.053 ±
0.019 for the WT astrocyte condition and 0.005 ± 0.002 for the R493X-/- astrocyte condition. To
get a better idea of variation between individual wells, we examined how many wells showed
significant signaling (>0.013 Hz) at each time point. Comparison between the WT neuron
conditions did not reveal any noticeable trend in the differences between percentage of wells that
showed signaling (Fig. 5E). However, examination of the R493X-/- neuron conditions showed a
consistent approximately 10-day lag between days 20 and 38 for the R493X-/- astrocytes
compared to the WT astrocytes which resolved by day 42 (Fig. 5F).
We next aimed to determine whether WT and R493X-/- astrocytes showed a difference in
secretion of neurotrophic factors through ELISA measurement of TNF-α, glypican 4, and
thrombospondin 1. We recorded varying results. TNF-α showed similar secretion by both
astrocytes (13.8 ± 5.8 pg/mL for WT and 19.6 ± 5.6 for R493X-/-), while thrombospondin-1
secretion was surprisingly higher for R493X-/- astrocytes (18.3 ± 1.7 µg/mL for WT and 46.1 ±
10.3 µg/mL for R493X-/-) (Fig. 6A-B). Glypican 4 secretion was not secreted in R493X-/35

astrocytes; secretion was observed in WT astrocytes, but the value was below the lower-limit of
detection for the assay (data not shown).
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Figure 5. GRN R493X−/− FTD astrocytes delay electrical development due in-part to a
soluble factor
Astrocytes plated on cell culture inserts were used to separate astrocytes from neurons and
evaluate contribution from soluble factors: (A) Diagram of the inserts used and (B) image of the
insert within a well. Separated neurons were measured every 3-4 days for 46 days on an MEA
plate for (C) WT neuron mixes and (D) R493X-/- neuron mixes. The number of wells active
(>0.013 Hz) were measured and represented as a percent of total wells for (E) WT neuron mixes
and (F) R493X−/− neuron mixes. Values represented as mean ± SEM.
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Figure 6. Neurotrophic factor secretion for WT and R493X-/- astrocytes
ELISA were performed on WT and R493X-/- astrocytes for (A) TNF-α and (B) thrombospondin1. Represented data is from N = 3 biological replicates with averaged-mean technical replicates.
*P < 0.05 by two-tailed Student’s t test
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Chapter 4: Discussion

4.1

FTLD-GRN Astrocytes Delay Excitatory Electrical Maturation in hiPSC-derived

Neuron/Astrocyte Cocultures
With the average age of the population rising, FTD and other dementias are projected to create
an increasing burden on the health care system (108). Despite this looming threat, there exists no
disease modifying treatment available for FTD, and a clear picture of how perturbed cellular
mechanisms lead to the disease is not well known. With the recent development of FTLD-GRN
hiPSC lines by our group and recent research suggesting that astrocytes play a critical supporting
role in the development of FTD in hiPSC models (42, 105), we chose to investigate whether
astrocytes contributed to FTLD cellular pathophysiology in a non-cell autonomous manner.
CRISPR-edited isogenic R493X-/- hiPSCs were used rather than another available
patient-derived R418X+/- line due to the latter not possessing an isogenic control clone. As such,
using R493X-/- hiPSCs eliminated cross-patient variability that could arise from comparison
between R418X+/- and the WT line; furthermore, total elimination of GRN expression was
hypothesized to have a greater – albeit perhaps not physiologically relevant – observable effect.
R418X+/- cells could then be used to confirm the relevancy of findings when an isogenic control
line becomes available.
No difficulty had previously been encountered differentiating WT or R493X-/- NPCs into
a mature neuronal fate (42), and prior work with these lines did not reveal a clear brightfieldassessed morphological impact in astrocyte co-cultures. It is well documented that astrocytes
accelerate differentiation of iPSC-derived neurons when cultured together (109, 110), and prior
unpublished work from our lab has found that development of network signaling in iPSC-derived
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neurons is profoundly amplified when neurons are cultured in the presence of astrocytes rather
than cultured alone. From that, we hypothesized that if astrocytes are contributing that much to
network formation, differences may be observed when utilizing astrocytes harboring FTLD-GRN
mutations. We chose to measure neuronal maturation by investigating electrical development,
and a MEA was used to record cells in a live manner over a long period of time. Interestingly,
we observed a dramatic delay in excitatory electrical development when neurons were
differentiated in the presence of R493X-/- astrocytes when compared to WT astrocytes;
furthermore, this delay was independent of whether the neuron possessed a functional GRN gene
or not, indicating that this phenotype was driven solely by astrocytes. Interestingly, while electric
development of neurons cultured with R493X-/- astrocytes was delayed by approximately 15
days, electrical signaling rapidly caught-up to neurons cultured with WT astrocytes between days
40-50, and beyond that point no condition showed profoundly better excitatory electrical
maturity; neurons seemingly did not suffer long-term consequences of delayed development in
their excitatory signaling potential. When comparing sole-neuron cultures to neuron-astrocyte
co-cultures performed by other groups, maturation of the sole-neuron culture never reached the
same level as co-cultures (109), and we have made similar observations in our own lab. This
implies that R493X-/- astrocytes are not wholly inept in promoting excitatory maturation but lack
some factor – PGRN or otherwise – that is not essential but acts as a supporter during the early
maturation stages. Given the rapid recovery of the R493X-/- astrocyte conditions, it is likely that
neurons were still able to mature in ways independent of PGRN, and once excitatory electrical
activity began, they possessed infrastructure that allowed for rapid development. It is important
to determine whether lasting changes from R493X-/- astrocyte-mediated delayed excitatory
development exists within neurons. It is also interesting to note that the observed phenotype was
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more pronounced in the R493X-/- neurons: WT neurons with WT astrocytes reached 1 hz firing
at approximately day 30, while R493X-/- neurons with WT astrocytes reached 1 hz firing at
approximately day 40. A simple explanation is that this reflects interclonal heterogeneity
between neuron differentiation potential of lines as a result of the CRISPR-edited R493X-/- cells
expanding from a single-cell, and the same could be said of comparisons between astrocytes
(111, 112). Subsequent experiments with further clones would solidify results and clear this
difference.
Histology was performed in the form of ICC in order to examine synaptic changes that
may underlie the MEA results. Day 30 appeared to be right in the center of the delay, so we fixed
cells initially at this time point. As expected, day 30 cells displayed a large difference between
conditions, as neurons cultured in the presence of diseased astrocytes had increased expression of
the inhibitory GABAergic synapse marker GAD, and decreased expression of the excitatory
glutaminergic synapse marker vGLUT1. Similar to MEA results, the R493X-/- neuron condition
had a more profound difference. It has previously been suggested that altered
excitatory/inhibitory (E/I) balance may drive progression of dementia, and glial cells are known
to play a role in this progression (113, 114). Finding increased GABAergic markers falls in line
with previous results from dementia hiPSC lines. hiPSCs generated from patients suffering from
sporadic Alzheimer’s disease (SAD) and from a healthy donor-derived, genetically altered triple
MAPT-mutant hiPSC line both showed increased GABAergic markers (115, 116). Interestingly,
Tang et al. – who developed the SAD hiPSC lines – reported that their differentiation of SAD
iPSCs to neurons produced cultures containing over a third astrocytes, which was approximately
30% more than non-disease controls (116). Given this, it is possible that increased GABAergic
synapse marker expression was facilitated by the presence of SAD astrocytes, which would
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indicate an underlying similarity in the role of astrocytes between dementias with distinct genetic
causes and clinical presentation. It is vital to note that the role of GABAergic neurons in
dementia is highly complex, and it has been found that some GABAergic neurons are reduced in
the brains of FTD patients (117); however, this may represent a later stage of the disease,
whereas increased GABAergic synapses represent development and pre-symptomatic pathology.
Glutamate is a major neurotransmitter for learning and memory, and impaired glutaminergic
signaling is also known to be a major factor in dementia (118, 119). For FTD in particular, it has
been shown that primary neurons experienced decreased levels of GluN2B-containing NMDA
receptors when GRN expression was decreased via small interfering RNA (120), and FTD
patients display decreased glutaminergic receptor subunit expression (121). Our result of
decreased vGLUT1 expression as a result of R493X-/-- astrocytes reveals a possible novel
pathway for glutaminergic signaling inhibition. Importantly, further work should investigate
whether FTD astrocyte-mediated decreased in vGLUT1 expression is tied to a decrease in
specific receptor subunit expression. GluN2B is not essential in neuronal maturation, but its
presence increases spine density, and it is thought to be involved closely with improved memory
performance (122, 123).
As with MEA results, neurons showed significant recovery in GABAergic and
Glutaminergic expression at day 70, with only the WT neuron condition showing R493X/--

astrocyte-mediated increased GAD expression. Overall, these findings appear to indicate that

some recovery from early synapse pathology does occur, but lasting changes may be present.
Indeed, although not statistically significant, vGLUT1 expression in both WT and R493X-/conditions trended towards being decreased as a result of R493X-/- astrocytes. Importantly, the
above interpretation has come from investigating a single marker for GABAergic and
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glutaminergic signaling. It is possible that lasting changes may be observed in other aspects of
neurotransmitter signaling, such as receptor expression.
While the MEA plate is useful for a generalized picture of excitatory electrical
development, it is not clear what membrane events are occurring to cause network signaling, nor
is it certain that differentiated neurons are producing APs at all. In order to get a more detailed
view of electrophysiology, patch-clamping was performed on neurons within the day 30 cell
mixes. Results confirmed healthy, AP-capable neurons, which had not been shown prior with
these lines (42). While the main purpose of these experiments was to confirm neuronal electrical
development, we also surprisingly observed no noticeable differences between cell mixes in any
of our parameters. However, R493X-/- neuron, R493X-/- astrocyte mixes displayed a belowsignificance trend towards higher AP threshold and amplitude, and both R493X-/- astrocyte
conditions trended towards higher outward potassium currents. While these findings could
indicate altered synaptic development, further electrophysiology should be performed to better
interpret results. While extremely speculatory, these findings could be explained by taking a
whole-culture perspective of each MEA plate. A wide range of morphologies was noted during
the clamping process, and an effort was made to choose the most morphologically mature cells
within each condition. Given the observed histological increase in GABAergic marker
expression, it is possible that the R493X-/- astrocyte conditions produced a larger proportion of
interneurons, which would show membrane activity within our patch-clamping methods, but
perhaps inhibit network signaling measured through the MEA. Alternatively, it is possible that
each condition possessed the capability to produce equally mature excitatory pyramidal neurons,
but the R493X-/- astrocyte mixes simply produced fewer of these cells.
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4.2

FTLD-GRN Astrocyte-mediated Delay functions in-part by soluble factors
After observing a noticeable delay in onset of excitatory electrical activity due to R493X-

/-

astrocytes, we next aimed to determine to what extent perturbed development could be

attributed to soluble factors. While many facets of astrocyte contribution to neuronal
differentiation rely on physical interactions such as its role in the tripartite synapse (124),
astrocyte conditioned media or astrocytes existing in a feeder layer has been shown to
profoundly increase synaptogenesis (124) – a process mediated through the secretion of a
number of neurotrophic factors. Additionally, PGRN itself is known to act as a signaling protein
(34). It is possible that R493X-/- is perturbed in its ability to secrete either neurotrophic factors
and/or PGRN. To investigate this, we utilized astrocytes plated on cell culture inserts with a
porous 0.4 µm filter that allowed for free flow of media, and repeated MEA experiments up to
day 46, the critical time period where delay is present. Indeed, the R493X-/- neuron condition
again displayed a delay in excitatory electrical development when cultured with R493X-/astrocytes, indicating these astrocytes actively secrete relevant soluble factors.
While we did observe evidence for soluble factors, we also encountered two major
detractions from this finding: firstly, perturbed development observed in the R493X-/- neuron
mixes was much more subtle in the insert cultures than when astrocytes were physically
interacting with neurons; and secondly, the effect of delayed signaling was only observed in
R493X-/- neuron mixes and not WT neuron mixes. The more subtle effect of development could
be explained by neurons simply maturing more efficiently when physically interacting with
astrocytes. Multiple key astrocytic processes that are likely independent of GRN such as synapseastrocyte communication and ensheathing of synapses are lost in feeder cultures, which would
impair synaptic development (125). Physical interaction is likely a major cause of the observed
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10-fold decrease in mean firing rate when comparing insert cultures to mixed cultures. Having an
impaired development such as this may result in the effects of PGRN, although present, being
dampened. This effect could also explain the lack of WT phenotype, as we observed in our mix
cultures a smaller difference between WT neuron conditions when compared to R493X-/conditions. This could be investigated in future experiments by culturing neurons solely with
R493X astrocytes, and then supplementing cells with astrocyte conditioned media.
Given that slight evidence for a soluble factor was observed, we next sought to determine
what this was. Explanation for what the soluble factor could be falls into two major categories: i)
Lack of GRN expression within astrocytes causes intracellular deficiencies in neurotrophic factor
secretion, and ii) PGRN itself acts as a neurotrophic factor, and lack of PGRN secretion
negatively impacts signaling development.
Astrocyte secretion of neurotrophic factors to neurons represents a tightly controlled
system that is vital for the controlled development of brain networks and the continued plasticity
seen throughout adulthood (126, 127). Furthermore, an important role of astrocyte-secreted
neurotrophic factors is developing and maintaining the E/I balance (128, 129). In
neurodegenerative disorders, dysregulated astrocyte function has been suggested to be
accompanied by dysregulated neurotrophic factor secretion (130). To determine what factors
may be altered in R493X-/- astrocytes, we performed ELISAs on collected astrocyte culture
media for growth factors known to promote vGLUT1 expression: thrombospondin 1, TNF-α, and
glypican 4 (100-102). Our mixed results display an unclear link between FTLD-GRN and
secreted growth factors in astrocytes. While glypican 4 did show decreased secretion, these
results were not quantifiable through our ELISA methodology, and further efforts need to be
made before conclusions can be drawn. TNF-α – the receptor of which is known to be a target
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for PGRN inhibition – did not show altered expression. Surprisingly, thrombospondin-1
expression was found to be upregulated in R493X-/- astrocytes. Given that the majority of
research seems to indicate glutaminergic upregulation resulting from thrombospondin-1
expression (131), it is unclear why histology results for R493X-/- astrocytes displayed a day 30
decrease in glutaminergic synapse-marker expression. It is possible that alteration of
neurotrophic factor secretion is multifactored and cannot be explained solely through
measurement of 3 relatively independent factors; however, further ELISAs for thrombospondin1 and other neurotrophic factors should be performed at different timepoints of astrocyte-neuron
co-cultures before conclusions are drawn. In this work we did not perform rescue of function
experiments to confirm whether loss of PGRN secretion by R493X-/- astrocytes contributed to
delayed excitatory electrical development, and this is an area for further research. Overall,
experiments performed to identify soluble factors in this study represent a fraction of potential
work that can be done. Analysis of a wider range of GABAergic and glutaminergic trophic
factors and return of function PGRN experiments are an appealing area of continued research.

4.3

Future Work

As previously suggested, the first goal of future work should be to attempt to replicate the above
findings in more FTLD-GRN lines. As this study utilized a single R493X-/- clone, results would
be greatly strengthened by developing more isogenic clones and repeating MEA experiments.
Importantly, the line used in this study did not originate from a patient suffering from FTLDGRN, which is normally one of the largest benefits of using hiPSCs. Further, homozygous GRN
mutations do not represent causative mutations for the majority of FTLD-GRN cases –
heterozygous mutations cause nearly all cases. It is possible that the observed phenotype of this
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study is only found when GRN is rendered completely nonfunctional. While this would still have
relevance for CLN11, the rare form of NCL caused by homozygous GRN mutations, it may not
have the same relevance for the majority of FTLD-GRN where GRN remains up to 50%
functional. Given this, the experiments of this study should be repeated on hiPSC lines
developed from heterozygous FTLD-GRN patients and their isogenic clones.
Assuming clones reveal consistent results, further investigation should be performed on
the molecular changes that are occurring within neuron synapses as a result of R493X-/astrocytes. Analysis of GABAergic and glutaminergic markers beyond GAD and vGLUT1
would elucidate more specific differences that may underlie MEA results. Similarly, further
electrophysiology should be performed in order to better understand synaptic changes that may
be induced by R493X-/- astrocytes. Quantification of spontaneous network activity, as well as
analysis of miniature EPSCs may reveal differences between conditions that are causing MEA
results. GABAergic-mediated responses should also be an area of focus given the differences
observed in histology and can be isolated by using ionotropic glutamate receptor antagonists.
Presence and control of inhibitory synaptic transmission can also be assessed through paired
recordings of synaptically coupled neurons (132).
More study into the mechanisms by which astrocytes induce their cell non-autonomous
action should be performed. As mentioned, further work into what soluble factors could be
driving delayed excitatory electrical development should be investigated. A broad screen of
neurotrophic factors such as thrombospondin-2, hevin, SPARC, chordin-like-1, and TNF-β could
elucidate a clearer picture of the effects of GRN mutation on neurotrophic factor signaling.
Similarly, PGRN rescue of function experiments would be useful to quantify PGRN contribution
to the developmental delay. While much of this work focused on soluble contributions, it is clear
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that physical interaction is a major pathway through which GRN delay in excitatory electrical
development occurs. Considering the broad range of pathways that pathology could occur
through, RNA-seq on both R493X-/- astrocytes and neurons could be employed to quickly
identify candidate areas of further study. As with Hallmann et al.’s study of MAPT mutant
astrocytes, neurons and astrocytes could be cultured together before undergoing fluorescenceactivated cell sorting to separate each for further genetic analysis (105).
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