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Breakdown of the central
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ALS/FTD
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Amyotrophic lateral sclerosis (ALS) is a progressive, fatal neurodegenerative
disease that leads to the death of motor and cortical neurons. The
clinical manifestations of ALS are heterogenous, and efficacious treatments
to significantly slow the progression of the disease are lacking. Cortical
hyper-excitability is observed pre-symptomatically across disease-causative
genetic variants, as well as in the early stages of sporadic ALS, and typically
precedes motor neuron involvement and overt neurodegeneration. The
causes of cortical hyper-excitability are not yet fully understood but is
mainly agreed to be an early event. The identification of the nucleotide
repeat expansion (GGGGCC), in the C9ORF72 gene has provided evidence
that ALS and another neurodegenerative disease, frontotemporal dementia
(FTD), are part of a disease spectrum with common genetic origins. ALS
and FTD are diseases in which synaptic dysfunction is reported throughout
disease onset and stages of progression. It has become apparent that
ALS/FTD-causative genes, such as C9ORF72, may have roles in maintaining the
normal physiology of the synapse, as mutations in these genes often manifest
in synaptic dysfunction. Here we review the dysfunctions of the central nervous
system synapses associated with the nucleotide repeat expansion in C9ORF/72
observed in patients, organismal, and cellular models of ALS and FTD.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal neurodegenerative disease
that leads to the death of motor neurons. The clinical manifestations of ALS are
heterogenous (Taylor et al., 2016; Abramzon et al., 2020; Bendotti et al., 2020; Masrori
and Van Damme, 2020), and efficacious treatments to significantly slow the progression
of the disease are lacking. Identification of genetic risk factors has provided evidence
that ALS and another neurodegenerative disease, frontotemporal dementia (FID), are
part of a disease spectrum with common genetic origins. One such causative genetic
risk factor is the aberrant intronic (GGGGCC);, nucleotide repeat expansion (NRE) in
the C9ORF72 gene (C9). The C9-NRE has been identified as the most common genetic
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cause of ALS and FTD, and individuals with the C9-NRE
can have ALS, FTD, or both (Dejesus-Hernandez et al., 2011;
Renton et al, 2011). The NRE is suspected of leading to
neurodegeneration in three ways that may not be mutually
exclusive. The C9-NRE DNA can be transcribed into repeat-
containing RNA, which can form secondary structures such
as hair-pins and G-quadruplexes and thus sequester RNA-
binding proteins critical for cell survival (Donnelly et al,
2013; Haeusler et al, 2014; Burguete et al., 2015; Conlon
et al, 2016). Five distinct dipeptide repeat protein species
(DPRs); poly(GA), poly(GR), poly(GP), poly(PA), and poly(PR)
are unconventionally produced through repeat-associated non-
AUG (RAN) translation of the pathogenic C9-NRE RNA in both
sense and antisense directions (Mori et al., 2013; Zu et al., 2013)
and confer neurotoxicity (Wen et al., 2014, 2017; Freibaum
and Taylor, 2017). Thirdly, there is loss of COORF72 RNA and
protein levels due to the transcription-repressive effect of the
C9-NRE (Dejesus-Hernandez et al., 2011; Donnelly et al., 2013).
Other genetic risk factors on the ALS-FTD disease spectrum
include mutations in DNA/RNA-binding proteins TAR DNA-
binding protein 43 (TARDBPE, TDP-43) and fused in sarcoma
(FUS), both of which are predominantly nuclear proteins but
have recently been found to have a function at the synapse (Ling,
2018). When mutated, FUS and TDP-43 are frequently found
in cytoplasmic inclusions and/or are lost from the nucleus in
patient postmortem tissue (Dormann and Haass, 2011). TDP-
43 is further implicated in the pathogenesis of ALS and FID, as
loss of nuclear TDP-43 and cytoplasmic aggregates are the most
common pathological hallmarks of both sporadic and familial
ALS and FTD in postmortem tissues (Suk and Rousseaux, 2020).
Genetic variations in the superoxide dismutase 1 gene (SODI),
involved in the cellular antioxidant defense and homeostasis of
reactive oxygen species (Bowling et al., 1993; Rosen et al., 1993),
are other risk factors for ALS. Apart from SOD1 localization in
mitochondria, which are found at synapses, SOD1 has not been
reported to have a specific function at the synapse. Still, the loss
of function and misfolding of the encoded mutant SOD1 protein
leads to synaptic dysfunction (Guo et al., 2000; Magrane et al.,
2012; Fogarty, 2019).

The synapse is the meeting place of communication
between neurons. Synaptic communication breakdown is a
shared phenotype of neurological diseases (Sudhof and Malenka,
2008; Lepeta et al, 2016). Neuron-to-neuron synapses are
composed of a pre-synaptic and post-synaptic compartment,
each with unique proteins and structures to facilitate excitatory
and inhibitory neurotransmission. The neuromuscular junction
(NM]J) is the synapse between a motor neuron and muscle
fibers. It resembles a neuron-neuron synapse, with the pre-
synaptic compartment being the motor neuron terminal and
the post-synaptic compartment being a muscle cell. The NMJs
are ultimately degenerating in all the forms of ALS, including
ALS/FTD, however, here we review the dysfunctions of the
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central nervous system synapses associated with the C9-
NRE observed in patients, organismal, and cellular models
of ALS and FTD. Furthermore, neuronal activity controls
proper neuronal development, synaptic function, and ultimately
health and survival of the individuals and organisms (Flavell
and Greenberg, 2008; Turrigiano, 2012; Yap and Greenberg,
2018). Activity-dependent pathways are essential for adaptivity
to external stimuli, whereas defects in components of these
pathways are associated with neurological disorders (Yap and
Greenberg, 2018).

ALS and FTD are diseases in which synaptic dysfunction
is reported throughout disease onset and stages of progression.
Synaptic dysfunction is an umbrella term that encompasses
alterations in the morphology of neurons at dendritic spines
or dendritic arborization, changes in electrophysiological
properties, such as amplitude or frequency of action potential
firing, membrane capacitance or resting membrane potential,
mishandling of intracellular calcium signaling, and modulation
of levels of synaptic proteins. Deficits in synaptic structure,
function, and synaptic protein levels are well-documented in
neurological diseases (Lepeta et al., 2016; Bae and Kim, 2017).
It has become more apparent that ALS/FTD-causative genes,
such as C9ORF72, may have roles in maintaining the normal
physiology of the synapse, as mutations in these genes often
manifest in synaptic dysfunction. For example, it is thought
that the C9-NRE can alter the neuronal excitability (Sareen
et al., 2013; Devlin et al., 2015; Starr and Sattler, 2018) and
thus could trigger a feed-forward loop of activity-dependent
dysfunctions. While there are few studies related to overt
changes in excitability in FTD patients, it has been shown
that deficits in functional neuronal networks occur (Lee et al.,
2014; Huber et al, 2021). Related to ALS, cortical hyper-
excitability is observed pre-symptomatically across disease-
causative genetic variants, as well as in the early stages of
sporadic ALS, and typically precedes motor neuron involvement
and overt neurodegeneration (Vucic et al.,, 2008; Bae et al,
2013; Geevasinga et al., 2015, 2016; Wainger and Cudkowicz,
2015; Walhout et al., 2015; Schanz et al., 2016; Brunet et al,,
2020). The causes of cortical hyper-excitability are not yet fully
understood but is mainly agreed to be an early event in disease
progression. Still, there is evidence that suggests an excitatory-
inhibitory imbalance. Notably, modulation of neuronal activity
in ALS is a primary topic of interest, and the first FDA-
approved drug for ALS, Riluzole, was shown to dampen
neuronal activity (Bellingham, 2011). Moreover, alterations
in glutamatergic neurotransmission have been identified as a
source of neuronal stress in ALS (Rosenblum and Trotti, 2017;
Armada-Moreira et al., 2020). Excess glutamate in the CSF of
ALS and FTD patients has been reported (Rothstein et al., 1990;
Palese et al., 2020), in addition to changes in glutamate receptor
subunits’ composition and function, which are described in
this review.
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FIGURE 1
Clinical manifestations and postmortem evidence of synaptic dysfunction in ALS and FTD include loss of dendritic spines and branching
complexity in cortical regions, cortical hyperexcitability prior to the loss of motor neurons, reduction in essential synaptic proteins such as SV2a,
imbalances in excitatory and inhibitory systems, and excess glutamate in patient cerebrospinal fluid (CSF).

Clinical features of central synaptic
dysfunction in patients and patient
samples

Clinical evaluation of muscle and neuronal excitability levels
as well as measurement of neurotransmitter systems in the
central nervous system (CNS) of ALS and FTD patients has
yielded critical information regarding the timeline of excitability
events throughout disease progression and has recently been
reviewed elsewhere (Gunes et al., 2020). Changes in excitability
have sparked interest in ALS and FTD for several years.
Published studies in postmortem tissues have provided valuable
clues on the role of neurotransmitter systems, ion channel
dysfunctions, synaptic protein alterations, network connectivity,
and morphological assessments in the pathogenesis of these
diseases. The knowledge has shaped the direction of basic
and translational ALS/FTD research. Figure 1 and Table 1
summarizes evidence of the broad central synaptic dysfunction
observed in ALS and FTD.

Excitability and synaptic activity
Altered synaptic activity and neuronal network excitability

have been reported in ALS/FTD patient-derived neurons

and in C9-NRE-expressing in vivo models, DPR-expressing
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models, and C9orf72 ablation models. Reported synaptic
dysfunction phenotypes vary and seem to be dependent upon
cell type, and model age (in vitro or in vivo). The advent
of induced pluripotent stem cells (iPSC) has allowed the
ALS and FTD fields to investigate disease-relevant molecular
pathways on the genetic background of patients, including
the presence of the NRE. These models have paved the way
for mechanistic analyses of temporal synaptic dysfunction in
vitro, and most reported synaptic dysfunctions are within
these models. Moreover, emerging technologies such as multi-
electrode array (MEA) have since become the gold standard
for studying excitability in vitro and have made probing
the underpinnings of excitability more accessible. There is
variation in the disease phenotypes among the different iPSC
models, possibly due to numerous factors that may include:
differentiation protocols, duration of culture, reagents, purity
of cultures, and origin of iPSC lines. The phenotypic variation
observed in iPSC models has also yielded conflicting results.
Therefore, transparency of reporting culture conditions and
experimental paradigms may help the field reconcile results.
In vivo analyses of synaptic dysfunction in C9-ALS/FTD
has yet to be fully realized but will become necessary for
confirming or denying hypotheses which have been built upon
clinical manifestations and in vitro models. With all this in
mind, the prevailing school of thought is that excitability
and synaptic function are aberrant in a temporal fashion
in C9-ALS/FTD. The underlying mechanisms of synaptic
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TABLE 1 Evidence of synaptic dysfunctions observed in ALS and FTD patients and postmortem tissue.

ALS FTD
Excitatory system o Excess glutamate in CSF (Rothstein et al., 1990; Pioro et al., 1999) e Autoantibodies to GluA3 in the CSF of FTLD-tau patients and
e Deficient glutamate uptake in the motor cortex, somatosensory reduction of the GluA3 protein in the temporal cortex (Palese et al.,,
cortex, and spinal cord (Rothstein et al., 1992; Bristol and 2020)
Rothstein, 1996) e Increase in GluA2 subunit protein (Palese et al., 2020)
e Loss of the excitatory amino acid transporter 2 (EAAT2) in e Reduction in intracortical facilitation in patients with GluA3
postmortem motor cortex (Bristol and Rothstein, 1996) autoantibodies (Palese et al., 2020)
e Downregulation of GluN1, GluN2a, GluN2D, GluA2, and GluA3 e Increase in serine and glutamate in CSF of FTD-patients (Palese
transcripts (Aronica et al.,, 2015) etal., 2020)
e Upregulation of GluA1, GluN2A, and GluN2B in the frontal
cortex, and gene clusters related to neuroinflammation in the spinal
cord (Andres-Benito et al., 2017)
Inhibitory system o Loss of parvalbumin interneurons (Nihei et al., 1993) o TMS studies indicate deficits in the inhibitory system in FTD

Synaptic proteins

Morphological defects

Functional studies

e Reduction in GABAergic inhibition in the motor cortex (Turner

et al., 2005; Foerster et al., 2012)

Reduction of GABA«1 transcripts in postmortem motor, frontal,
and temporal cortices (Petri et al., 2006)

Elevated GABAB1 subunit mRNA in the motor cortex, and mRNA

for the enzyme glutamic acid decarboxylase (GAD) is elevated in
frontal and temporal cortices (Petri et al., 2003, 2006)
Upregulation of GABBRA1, GABBR2 in frontal cortex

(Andres-Benito et al., 2017)

Decreased levels of the trans-synaptic organizer neuronal pentraxin
receptor (NPTXR) in C9-FTD vs. C9-NRE carriers, which is a
trans-synaptic organizer of excitatory and inhibitory synapses

(Barschke et al., 2020)

Pre-symptomatic C9-NRE mutation carriers, PET imaging with
[''C] UCB-J, which binds to the synaptic vesicle protein, SV2A,
revealed a synaptic loss in the thalamus before symptom onset

(Malpetti et al., 2021)

Apical dendrites, in addition to the cell bodies of Betz cells in layer

V degenerate in the cortex of ALS patients (Udaka et al., 1986)

Apical dendrite degeneration of Betz cells in fALS, sALS, and
FTD-ALS (Genc et al., 2017)

Significant reduction in the number of synapses in motor cortex

(Genc et al., 2017)

Loss of synapses in pre-frontal cortex correlating with severity of

cognitive impairment (Henstridge et al., 2018)

Selective loss of tripartite synapses in the spinal cord of C9-NRE
patients (Broadhead et al., 2022)

Cortical hyperexcitability is observed in ALS patients (Eisen et al.,,
1993; Kanai et al., 2006; Vucic and Kiernan, 2006; Vucic et al., 2008;
Bae et al., 2013; Geevasinga et al., 2015, 2016; Wainger and
Cudkowicz, 2015; Walhout et al., 2015; Schanz et al., 2016; Brunet
et al., 2020; Menon et al., 2020).

(Benussi et al., 2017)

Neuronally derived exosomes isolated from FTD patient plasma
have reduced levels of synaptotagmin, synaptophysin, and
neurogranin, and increase of pre-synaptic synapsin-1 protein

(Goetzl et al., 2016)

Decreased density of dendritic spines on layer III pyramidal cells in
the postmortem cortex (Catala et al., 1988; Ferrer, 1999),
e Degeneration of dendrites of the dentate gyrus (Terreros-Roncal

etal., 2019)

Severe reduction in dendritic arborization and spine density in

upper cortical layers (Ferrer et al., 1991)

Hyperexcitability is yet not observed in the C9-FTD patient
populations (Schanz et al., 2016)

These dysfunctions include defects in excitatory and inhibitory neurotransmitter systems, and changes in synaptic protein levels.
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Synaptic dysfunctions observed in patient-derived in vitro models of C9-ALS/FTD include Ca®*-buffering deficits and increased vulnerability to
glutamatergic insult, deficits in the activity-dependent transcriptome, decreased complexity of dendritic arborization and loss of dendritic
spines, temporal phases of excitability alterations, and increased DPR levels as a result of hyperexcitation.
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dysfunction and neuronal excitability continue to be a significant
focus of research.

Patient-derived neuronal models

Multiple studies have reported changes in neuronal
excitability in C9-ALS/FTD patient-derived induced pluripotent
stem cell (iPSC) neurons throughout the duration of cell culture
in vitro. Some of these cultures exhibit hyperexcitability in early
stages, which transitions to hypoexcitability in later days of
culture (Figure 2) (Wainger et al., 2014; Devlin et al., 2015;
Burley et al., 2022). Relatively young C9-ALS/FTD iPSC motor
neurons (MNs) display hyperexcitability, namely a higher mean
firing rate (Hz) and higher spikes per minute, measured by
multi-electrode array (MEA) recordings, an effect that could be
reversed by application of retigabine, a voltage-gated potassium
(K1) channel (Kv7) agonist (Wainger et al., 2014). In this study,
the authors ensured MEA recordings were taken only from
motor neurons by utilizing a motor neuron-specific fluorescent
reporter and purifying using fluorescence-activated cell sorting
(FACS). In-line with this, the shift from hyper- to normal or
hypo- excitability in C9-NRE iPSC MNs has recently been
observed to occur transiently and at early days in culture;
hyperexcitability of C9-NRE MNs at earlier stages in vitro, with
firing rates of control and C9-NRE MNs becoming equal once
cultured further (Burley et al., 2022). It is important to note that
the iPSC MNs used in this study are not pure MNs; the authors
quantify the presence of astrocytes to be ~20% (Burley et al.,
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2022). Additionally, at the time point at which hyperexcitability
was observed in the C9-NRE MNs, this group observed a higher
number of neurons double-labeled with Beta-tubulin III and
SMI-32, pan-neuronal and motor neuron markers, respectively,
which may impact connectivity and excitability in these cultures
(Burley et al., 2022). One group reported an increase in the
frequency-current (F-I) relationship in C9-NRE iPSC MNs early
in culture, but then eventual loss of action potential (AP) firing,
without alterations in overall viability of these cultures (Devlin
et al,, 2015). The cultures used in the Devlin et al. study had
similar ratios of motor neurons and astrocytes as in the Burley
etal. study, allowing for more direct comparison of these studies.
A progressive loss of voltage-gated sodium (Nat) and KT
currents is also associated with the loss of excitability of these
cultures (Devlin et al., 2015). Similarly, under current-clamping
conditions, another group showed that C9-NRE iPSC MNs
produce fewer spikes with progressive current injection (Sareen
etal, 2013). However, these cultures were not assessed over time
to pinpoint the timeline of changes in excitability (Sareen et al.,
2013). These cultures exhibited similar purity of motor neurons
and glial populations (20-30%) as other studies previously
described. Sareen et al. (2013) correlated hypoexcitability to
RNA sequencing (RNA-seq) results which showed an increase
in expression of KCNQ3 (Potassium Voltage-Gated Channel
Subfamily Q Member 3) in C9-NRE iPSC MNs. Another study
showed that at earlier time points in culture, C9-NRE iPSC
MNs do produce more APs with increasing injected current
when compared to healthy control MNs (Burley et al., 2022).
Conversely, in other studies, no changes in firing properties,
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F-I relationship, or Nat or K channel currents were detected
in C9-ALS iPSC MNs, which the authors attribute to a lack of
glia in their cultures (Selvaraj et al., 2018). Indeed, this group
performed a follow-up study investigating non-cell autonomous
effects of glia on MN excitability. When healthy MNs were
cultured with C9-NRE astrocytes, a progressive loss of action
potential firing resulted (Zhao et al., 2020). Once further
cultured, healthy motor neurons grown with C9-NRE astrocytes
progressively lost Na™ or KT channel currents (Zhao et al.,
2020). Many groups have shown the potential causal role of
ion channel expression or function in mediating temporal
excitability in iPSC MNs, and this topic has been recently
reviewed (Lorusso et al., 2019). Hyperexcitability has also
been observed in C9-NRE iPSC cortical neurons (CNs); an
increase in the rate of burst firing (reduction of inter-burst
length), measured with the whole-cell patch-clamp technique
and MEA recordings (Perkins et al., 2021). Also, an increase in
miniature excitatory postsynaptic currents (mEPSCs) without
changes in excitatory glutamate receptor response in addition
to a reduced ready-releasable pool (RRP) of synaptic vesicles
(Perkins et al., 2021). The CNs used in the Perkins et al. study
were estimated to be 90-98.5% pure cortical neurons and thus
the synaptic dysfunction measured can be attributed to neuronal
intrinsic mechanisms (Perkins et al., 2021). Based on present
reports, CO-NRE MNs show changes in excitability and ionic
currents, in addition to temporal changes in synaptic activity.
Currently, only alterations in firing rate, but not changes in ionic
currents (Nat and KT) have been reported in C9-NRE CNs. To
conclude, alterations in excitability of C9-NRE neurons may be
intrinsic or non-cell autonomous, as there are studies supporting
both postulates.

Deficits in calcium (Ca®t) buffering and signaling are
known to be associated with neurodegeneration (Marambaud
et al, 2009), in addition to glutamate vulnerability (Foran
and Trotti, 2009). Although not specific to C9-NRE ALS/FTD,
early work has linked cortical hyperexcitability in ALS with
disruptions in the excitatory system (Figure 1). Indeed, excess
glutamate has been measured in CSF of ALS patients (Rothstein
et al., 1990) and low glutamate uptake in the motor cortex,
somatosensory cortex, and spinal cord (Rothstein et al., 1992;
Bristol and Rothstein, 1996) have been attributed to the
loss of the excitatory amino acid transporter 2 (EAAT2) in
motor cortex of ALS patients (Bristol and Rothstein, 1996).
Alterations in glutamate receptor subunit composition and
changes in the properties of these subunits have also been
identified in ALS. The RNA-editing enzyme ADAR?2, a double-
strand RNA-specific deaminase, typically edits the Q/R site
of AMPA receptor (AMPAR) subunit GluA2, which dictates
the calcium permeability of the AMPAR complex (Kwak and
Kawahara, 2005). However, in ALS patient tissue, a loss of
RNA-editing at this site makes the AMPARs permeable to
calcium and the neurons susceptible to excitotoxicity (Kwak and
Kawahara, 2005). Based on evidence from C9-NRE iPSC models,
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it is not clear that excess synaptic glutamate is responsible
for the hyperexcitability observed in vitro, and alterations to
glutamate receptor composition, function, and expression are
not ubiquitously reported. Deficits in this regard are observed in
C9-ALS/FTD patient-derived iPSC neurons (Figure 2). Dafinca
etal. reported alterations in calcium dynamics via Ca>t imaging
in C9-NRE MNs. In this study, C9-NRE MNs have higher
Ca%™ levels at rest, and potassium chloride (KCl) evokes an
increased amplitude of response compared with control iPSC
MNs. In contrast, stimulation with glutamate evoked a lesser
amplitude of response but induced a prolonged period of Ca**
waves in the diseased motor neurons (Dafinca et al., 2020).
The recovery time post-stimulation with KCl and glutamate
is delayed in the C9-NRE MNs (Dafinca et al., 2020). These
phenotypes were observed in tandem with increased Ca’*-
permeable GluA3, GluA2, and GIuN2A subunits in the C9-
NRE MNs (Dafinca et al., 2020). Higher sensitivity to glutamate
and thus glutamate-induced excitotoxicity is corroborated by
previous studies in C9-NRE MNs (Donnelly et al., 2013; Selvaraj
et al, 2018; Shi et al, 2018). Studies employing RNA-seq
of C9-NRE MNs found a significant upregulation of GluAl
transcripts and protein levels compared to healthy controls,
which the authors found led to a lower threshold for glutamate-
induced excitotoxicity (Selvaraj et al, 2018). Additionally,
upregulation of GluA1 mRNA in ALS-patient spinal cord tissue,
but not frontal cortex, was also observed, corroborating in
vitro results (Selvaraj et al, 2018). Another study did find
increases in GluN1 and GluAl in postmortem motor cortex
(Shi et al,, 2018). In C9-NRE MNs at a time point when
hyperexcitability is observed, ionomycin provokes a greater delta
peak amplitude via Ca>t imaging, which is not observed 7
days later when these cultures are hypoexcitable (Burley et al.,
2022), suggesting intracellular calcium release has a role in
propagating hyperexcitability. Another study showed that C9-
NRE MNs have increased spikes (Ca2t events) per second at
baseline (Bursch et al., 2019). Both of these studies also showed
deficits in mitochondrial Ca2™ buffering; an increase in CaZt
release from mitochondria in C9-NRE MNs upon application of
FCCP (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone,
a mitochondrial oxidative phosphorylation uncoupler) (Bursch
et al, 2019), and a reduction of CaZt uptake into mitochondria
after glutamate stimulation (Dafinca et al., 2020). As calcium
is a second messenger, disruptions in intracellular Ca>* levels
have clear implications on Ca?>*-dependent pathways and thus
impact many cellular and molecular processes (Marambaud
et al., 2009).

Other models

In addition to patient-derived iPSC neuron models in which
potentially all of the pathogenic mechanisms (expression of
NRE-RNA, DPRs, and loss of C9orf72) could contribute to
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phenotypes, there are other models in which only one or two
of these pathological phenomena are present. By transducing
the NRE-RNA, using artificial constructs to express DPRs, or
utilizing C9orf72 knock-out models in vitro and in vivo, the
contribution of each of these pathological mechanisms can be
determined separately and in conjunction.

Overall, there are few reports of synaptic dysfunction in
rodent models of the C9-NRE. Intriguingly, in a rodent model
of C9-ALS/FTD, mice with a bacterial artificial chromosome
(BAC), in which there is C9-NRE RNA in addition to DPRs,
show loss of interneurons in the spinal cord (Liu et al,
2016) at end-stage points. Corroborating the occurance of
synaptic dysfunction in this C9-BAC mouse model, another
group reported that before disease onset, there is a decrease
in inhibitory signaling in layer V of the motor cortex and
increased output of pyramidal neurons in layer V (Amalyan
et al,, 2022). Conversely, in other C9-NRE BAC mice, there
were no differences in excitability, Ca2t transients, or sensitivity
to glutamate (O’rourke et al., 2015). In hippocampal neuron
cultures, with an expression of 66 x NRE repeats and levels
of detectable poly(GP), there was an increased amplitude of
response to glutamate and KCl via Ca?T imaging, in addition
to increased sensitivity to glutamate-mediated cell death (Huber
et al., 2022). Through pharmacological inhibition, the authors
determined the glutamate vulnerability was due to extra-
synaptic NMDARs (Huber et al., 2022). These deficits correlated
with a reduction in dendritic arborization complexity, total
dendrite length, the number of branches, and fewer mature
dendritic spines (Huber et al, 2022). Dendritic spines are
thought to compartmentalize CaZt (Yuste et al., 2000), and thus,
the loss of these compartments may result in an inability to
buffer intracellular Ca®*. Results in hippocampal cultures could
point to aberrations that may tilt the scale more toward FTD
clinical phenotypes vs. pure ALS phenotypes.

Electrophysiological properties of neurons are also altered
with the expression of DPRs; however, these alterations are
not consistently in agreement. In some cases, the expression
of DPRs leads to reductions in synaptic transmission and
synaptic unloading. In poly(GA)sp-expressing rat primary
cortical neuron cultures, a reduction of synaptic unloading
and simultaneous increase in Ca®T influx was reported by
Jensen et al., which led to the identification of decreased levels
of the synaptic vesicle protein SV2a (Jensen et al, 2020).
In vivo models of DPR expression also show evidence of
electrophysiological alterations. Layer V pyramidal neurons of
the prefrontal cortex of 4.5-month-old mice which express
poly(GR)gp have significantly fewer frequency of mEPSCs
without modifications in AMPAR activity (Choi et al., 2019).
Conversely, some studies show increased excitability in the
presence of DPRs. Poly(PR) exhibits hyperexcitable effects in
layer V pyramidal neurons. Motor cortex slices incubated with
100 nM of synthetic poly(PR),q exhibit increased frequency of
firing, a reduction in threshold to fire AP (rheobase), and an
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upward shift in the F-I relationship, which was unique to the
motor cortex and not observed in somatosensory or visual
cortices (Jo et al., 2022). In this study, Jo et al. determined the
cause of hyperexcitability in these experiments to be due to
persistent Na™ currents, which could be reversed by applying a
therapeutic dose of Riluzole or antibodies targeting specific Na™
channel subunits (Jo et al., 2022). Expression of poly(PR)3¢ in
Drosophila melanogaster larvae increases extracellular glutamate
and intracellular Ca?* (Xu and Xu, 2018). The discordance of
these overall results may be due to DPR species, length, or timing
of expression or exposure to the DPRs.

Recently, our laboratory has provided evidence that aberrant
neuronal activity and synaptic dysfunction in C9-ALS/FTD is
a component of a feedforward loop. In C9-NRE iPSC MN
and rat primary cortical and motor neurons, high-frequency
stimulation via optogenetics or glutamate bath increases levels
of all DPR species (Figure 2) (Westergard et al., 2019). This
effect can be diminished by glutamate receptor antagonists
(Westergard et al., 2019). Another group recently corroborated
our findings, showing that excitatory optogenetic stimulation
increases poly(GA) levels in rat primary cortical neurons
(Catanese et al., 2021). Furthermore, Catanese et al. showed that
the application of Apamin, a Kv7 inhibitor and a compound
that inhibits Ca?*-activated potassium (SK) channels, can
reduce this burden of poly(GA) (Catanese et al., 2021). These
potassium channel inhibitors also reduced levels of apoptotic
markers in C9-NRE MNs (Catanese et al.,, 2021), similar to
other findings (Wainger et al., 2014). The neurons in this
study are likely hyperexcitable due to the use of potassium
channel inhibitors, and counterintuitively, this state of neuronal
activity was shown to be beneficial. Intriguingly, 1 Hz neuronal
inhibition via activation of archaerhodopsin, an outwardly
directed proton pump that silences neurons, leads to apoptotic
cell death of poly(GA) expressing neurons (Catanese et al,
2021), which suggests a goldilocks dilemma for types of neuronal
activity in disease. There is also the possibility that modes of
neuronal activity are beneficial or detrimental in a cell-type-
specific manner. These latter studies were performed in rat
primary cortical neurons, and hyperexcitability in vitro has been
primarily reported in patient-derived iPSC MNs.

Alterations in synaptic activity and electrophysiological
properties due to a loss of CY9orf72 protein have also been
reported. In zebrafish, reduction of C9orf72 protein leads to
reduction of quantal release and frequency of mEPCs (miniature
endplate currents) at the neuromuscular junction and delays in
synaptic vesicle recycling (Butti et al., 2021). Complete ablation
of C9orf72leads to deficits in long-term potentiation (LTP) at the
dentate gyrus and long-term depression (LTD) at the Schaffer
collateral (Ho et al., 2020). LTP and LTD are the most-studied
forms of synaptic plasticity that are important in learning
and memory (Malenka and Bear, 2004), which are aspects of
cognition affected in ALS/FTD. Loss of C9orf72 protein also
leads to a reduction in mEPSC frequency in mouse hippocampal
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cultures (Bauer et al., 2022). In the cortex of C9 knockout mice,
there are increased levels of the AMPAR subunit GluA1, which
the authors link to enhanced excitotoxicity (Xiao et al., 2019).
C9-NRE iPSC MNs and C9 knockout iPSC MNs, which both
have reduced levels of C9orf72 protein, are more sensitive to
glutamate excitotoxicity and have increased surface expression
of GluN1 (Shi et al., 2018). This phenotype can be rescued by
the replacement of C9orf72 protein or the use of retigabine, an
activator of the voltage-gated potassium channel, Kv7, (Shi et al.,
2018), which has been previously shown to promote C9-NRE
iPSC MNs survival and reduce hyperexcitable cultures (Wainger
etal., 2014).

Isolating each pathological mechanism of C9-ALS/FTD still
results in synaptic dysfunction; however, it is important to note
that the expression of NRE-RNA may allow RAN translation
to occur. Therefore, DPRs may also be present in this type
of model.

Regulation and alteration of synaptic
proteins

Due to the alterations in overall synaptic function
associated with the C9 mutation, it is conceivable that
C9orf72 has a direct or indirect synaptic function. Indeed,
the CYorf72 protein is found to have a synaptic localization
(Frick et al., 2018; Xiao et al, 2019), but its precise role at
the synapse is not yet clear. C9-ALS/FTD in vitro models
show aberrations in synaptic transcripts and protein
levels in addition to morphological defects. This section
highlights the implication of the C9-NRE, DPRs, and loss
of CYorf72 protein on gross morphological phenotypes and
synaptic proteins.

Patient-derived neuronal models

Models of C9-ALS/FTD have shown alterations in several
cellular pathways, such as nucleocytoplasmic transport,
proteostatic imbalance, RNA metabolism, and inflammation
(Haeusler et al., 2016; Balendra and Isaacs, 2018; Cicardi et al.,
2021), but synaptic pathways and gene networks have been
consistently identified as aberrant. From RNA-seq experiments
on C9-NRE MNs, there was upregulation of synaptic proteins
Dipeptidyl Peptidase Like 6 (DPP6) and its interactor, Potassium
Voltage-Gated Channel Subfamily Q Member 3 (KCNQ3), as
well as cerebellin family proteins CBLN1, CBLN2, and CBLN4
(Sareen et al.,, 2013). One such synaptic transcript, CBLN1 was
also recently identified to be downregulated in C9-NRE CNs,
indicating potential divergence in synaptic components (Perkins
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et al,, 2021). Alternatively, another study that performed RNA-
seq on C9-NRE MNs revealed via gene ontology analysis that
mRNAs encoding synaptic proteins are downregulated in
C9-NRE MNs (Selvaraj et al., 2018). These synaptic mRNAs
include KCNJ2, an inwardly rectifying potassium channel,
synaptotagmin-5 (SYT5), and NMDAR subunit GRIN3B
(Selvaraj et al., 2018). In a recent transcriptomics study of
C9-NRE iPSC MNs, an analysis of potential transcriptional
regulators of the differentially expressed transcripts showed
that the transcripts that are upregulated in C9-NRE MNs are
likely driven by the AP-1 transcription factor complex, which
is comprised of FOS and JUN heterodimers (Neuro et al,
2021) and is known to be regulated by neuronal activity or
other stimuli (Kaminska et al., 2000). Given that increased
usage of the AP-1 transcription factor complex could be
reflective of a hyperexcitable state, regulation and maintenance
of synapses could be directly affected by overactivation of
the activity-dependent transcription pathway. Based on the
detailed case for hyperexcitability presented for C9-ALS/FTD
earlier in this review, investigations into alterations in the
activity-dependent transcriptome within patient-derived cells
are of interest and an active avenue of research in our laboratory
and others. A recent study showed age-dependent dysregulation
of the activity-dependent transcription factor, cAMP/Ca®™
response element-binding protein (CREB) in C9-NRE iPSC
MNs (Catanese et al., 2021). In the early stages, there were
elevated levels of phosphorylated (active) CREB in the C9-NRE
iPSC MNs, which matched the hyperexcitable state of the
culture (Catanese et al., 2021). This transitioned to a loss
of CREB activity when the cultures became hypoexcitable
(Catanese et al., 2021). These phenomena were also observed
in rat primary cortical neurons expressing poly(GA);7s. at
early stages of culture there was increased p-CREB, with
progressive loss of p-CREB when cultured further. The loss of
CREB activity correlated with the downregulation of synaptic
genes, including synaptotagmin-1 and neuroligin-3, and also
a loss of synapses (Catanese et al., 2021). Inhibition of Kv7
and SK potassium channels were found to be neuroprotective,
and restored CREB transcriptional activity and levels of
synaptic RNAs regulated by CREB (Catanese et al., 2021).
This study provides further evidence of dysregulation of
the activity-dependent transcriptome in ALS/FTD neurons.
Patient-derived cortical neurons also show defects in synaptic
transcripts, as RNA-seq revealed a reduction of Protocadherin
Gamma Subfamily C 4 (PCDHGC4), which is a synaptic
protein that negatively regulates neuroligin-1, and thus
controls synapse number, and indeed these neurons had an
increased excitatory synaptic density; increase in colocalized
pre-synaptic marker synapsin-1 and post-synaptic marker
PSD-95 (Perkins et al., 2021).
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Other models

In addition to alterations in synaptic transcripts and protein
levels, the gain-of-function (NRE-RNA, DPRs) and loss-of-
function (loss of C9orf72 protein) mechanisms of the C9-
NRE lead to defects in synaptic morphology, namely a loss of
synapses and loss of dendritic arborization complexity. In rat
primary cortical and motor neuron cultures, in conjunction
with poly(GA) overexpression, a loss of the synaptic vesicle
protein, SV2a, was observed (Jensen et al., 2020). This loss
of SV2a was also seen when animals expressing poly(GA)i49
were examined in the spinal cord and at the NM]J (Jensen
et al., 2020). Mice that express poly(GR)gop under a CamKII
promoter postnatally undergo DPR accumulation in an age-
dependent manner (Choi et al., 2019). In these mice at 6 months
of age, an age where poly(GR) starts to accumulate, there is
a significant reduction in PSD-95 protein in cortical regions
(Choi et al,, 2019). Drosophila melanogaster expressing either
C9-NRE repeats or DPRs show decreased dendritic arborization
complexity and reduced synaptic boutons (Burguete et al., 2015;
Perry et al., 2017; Park et al., 2020). This phenomenon has been
corroborated in mice (May et al., 2014). More severe deficits in
dendritic branching are seen with arginine-containing DPRs and
neuritic localization of the NRE-RNA, suggesting a more drastic
effect at synaptic sites (Burguete et al., 2015; Park et al., 2020).
At the NMJ, the expression of NRE-RNA reduces the number of
NMJ active zones and synaptic boutons in fly larvae (Freibaum
etal, 2015; Zhang et al., 2015).

Furthermore, as C9orf72 is known to be localized to
synaptic regions (Xiao et al, 2019), there is the possibility
that C9orf72 has a function at the synapse. Strengthening
this argument, partial or complete ablation of C9orf72 has
consequences on synaptic proteins and structure, in addition
to electrophysiological properties discussed above. Loss of C9
protein leads to a reduction in localization of pre-and post-
synaptic markers at the NMJ of zebrafish and a reduction
of synapse size (Butti et al, 2021). In C9-knockout (C9-
KO) mouse cortex, there is a loss of complexity of dendrite
arborization, a reduction in the total length of the dendrites,
and a reduction of spine density (Ho et al., 2019; Lall et al,
2021). A drop in synaptic Rab proteins, such as Rab39b, is
also observed in the C9-KO mouse cortex (Xiao et al., 2019).
Most recently, knockdown of C90rf72 protein led to a reduction
in excitatory synapses in primary rat hippocampal cultures
(Bauer et al, 2022). In this study, loss of C9orf72 protein
levels was concordant with loss of synapsin-1, synapsin-3 and
SV2 (Bauer et al, 2022). In a proteomics screen, the C9orf72
protein interacted with cofilin, a protein that regulates the
actin cytoskeleton (Sivadasan et al, 2016). Dendritic spines
are composed primarily of actin (Hering and Sheng, 2001),
therefore, C9orf72 may play a role in regulating dendritic
spine dynamics through these interactions. Disruptions in the
C9orf72-cofilin interaction may lead to deficits in dendritic
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branching and dendritic spine composition. Indeed, alterations
in dendritic spines in relation to the C9-NRE have been observed
as described (May et al., 2014; Burguete et al., 2015), and in
neurites, the C9-NRE repeats can be bound by the activity-
regulated RNA-binding protein, Fragile-X mental retardation
protein (FMRP) and are neuritically localized (Burguete et al.,
2015). Thus, the intronic region of the C9orf72 gene may serve
as a synaptic localization signal. Along these lines, C9orf72 has
been shown to interact with synaptic proteins SV2a (Butti et al.,
2021), PSD-95 (Xiao et al., 2019), and the synapsin family of
proteins (Bauer et al., 2022), in addition to endosomes (Shi et al.,
2018), and regulates lysosomal biogenesis in motor neurons
further highlighting the potential role of C9orf72 protein at
the synapse. NRE-RNAs or DPRs at synaptic sites may also
impair local neuritic or synaptic translation, thus inhibiting
cytoskeletal remodeling and maintenance. A reduction in axon
length was also observed due to the knockdown of C9 protein
(Sivadasan et al.,, 2016). The authors of this study link the role
of C9orf72 in the endosome-lysosome pathway to increased
expression of glutamate receptors. In the motor cortex of C9-
KO mice, loss of C9 protein in microglia leads to enhanced
synaptic pruning, an increase in complement cascade factor
Clq, detectable synaptophysin signal engulfed by microglia, and
a loss of vGlutl and synaptophysin (Lall et al., 2021). It is
important to note that while C9orf72 protein is localized at
the synapse, it also plays are role in membrane trafficking and
autophagic regulation, and this role has recently been reviewed
elsewhere (Tang, 2016). Thus, whether or not the synaptic
deficits observed with the loss of C9orf72 is direct or indirect
has yet to be seen. Considering all of these studies, the C9-NRE,
DPRs, and loss of C9orf72 lead to aberrant excitability detailed
in the section above, broadly changing the synaptic landscape.

Discussion and conclusion

Communication breakdown at the synaptic level has been
observed in many genetic and sporadic forms of ALS and FTD.
These breakdowns include electrophysiological alterations,
excitatory and inhibitory neurotransmitter system defects,
such as glutamate or GABA receptor subunit expression,
pre- and post-synaptic protein expression, and ion channel
dysregulation. In addition to the reported C9orf72-linked
cortical hyperexcitability observed early in the disease timeline
(Geevasinga et al., 2015; Wainger and Cudkowicz, 2015; Schanz
et al., 2016), a few case studies have revealed that epilepsy can
co-occur with C9-FTD (Melis et al., 2022), and C9-ALS (van den
Ameele et al., 2018). Epilepsy is a manifestation of synchronous
or excessive neuronal activity (Devinsky et al., 2018) and thus
intersects with what is known regarding excitability in ALS/FTD.
While this review has focused on the synaptic dysfunctions
associated with the C9-NRE, synaptic deficits are also observed
in other genetic forms of ALS/FTD. Synaptic dysfunction as a
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result of SOD1 mutations is widely reported (Kuo et al., 2005;
Bories et al., 2007; Pieri et al, 2009; Magrane et al., 2012).
Mutations in TDP-43, in addition to nuclear loss of TDP-
43, can lead to a myriad of synaptic dysfunctions which vary
based on region of mutation (Fogarty et al., 2016; Chand et al.,
2018; Dafinca et al.,, 2020; Dyer et al.,, 2021; Ni et al., 2021).
Similarly, mutations in FUS and/or nuclear loss of FUS leads
to changes in excitability and synaptic function (Armstrong and
Drapeau, 2013; Sephton et al., 2014; Sahadevan et al., 2021;
Scekic-Zahirovic et al., 2021). Overall, it has become clear that
genes causative of ALS and FTD, including C9orf72, either have
a function at the synapse or are associated with altered synaptic
function when mutated. Changes in synaptic morphology,
function, and expression of synaptic proteins are often an early
observed phenomenon; it would be advantageous to determine
mechanistic events that perpetuate synaptic dysfunction to
develop treatments that can be used in a therapeutic window.

An upstream event that may perpetuate disease progression
is alterations in the activity-dependent transcriptome (Figure 2).
It could be that mutations in ALS/FTD genes of interest cause
changes in transcription factor complex binding, levels of
transcription factor proteins, or activity-dependent epigenetic
modifications, therefore activating or suppressing genes
required for synaptic maintenance or remodeling. There is
also the potential that the pathway is hyper- or hypo-activated
due to aberrant activity or protein aggregates observed in
patients. Indeed, it is known that in Alzheimer’s disease
(AD), the activity-dependent transcription factor cAMP/Ca?*
response element-binding protein (CREB) is downregulated
in patient brain tissue and is inversely related to amyloid-
beta plaques, one of the significant hallmarks of the disease
(Pugazhenthi et al, 2011). Furthermore, targets of CREB,
which are linked to cognition and memory, are reduced and
are proposed to be mediated by the amyloid-beta aggregates
(Espana et al., 2010). Indeed, a recent study identified age-
dependent CREB dysfunction in C9-NRE iPSC MNs (Catanese
et al, 2021). Other activity-dependent pathways, such as
regulation of local synaptic translation (Holt et al., 2019),
could also be impacted by protein aggregation and aberrant
neuronal activity.

Synaptic dysfunction in ALS and FTD presents a causality
dilemma. It is currently unknown if synaptic dysfunction is
causal to neuron death in ALS and FTD or if neurodegeneration
causes synaptic dysfunction. There is also the possibility
that a triggering event can induce a feed-forward loop
of neurodegeneration and synaptic dysfunction in sequence.
Clinical evidence shows us that aberrations in neuronal activity
(cortical hyperexcitability) may be an early event or at least
occurs before significant degeneration of the corticospinal tract
(Vucic et al., 2008). Still, it is unclear what triggers this initial
event, if it is an early event. Identifying the chicken and the egg
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in the scenario of synaptic dysfunction in ALS and FTD will

become essential.
In summary, morphological defects, functional defects,

neurotransmitter receptor changes, as well as changes
in synaptic mRNAs and proteins are associated with the
neurodegenerative diseases ALS and FTD. Neurons are the
ultimate cell type affected in these diseases. Thus, the features
which define neurons: synaptic connections, and chemical
and electrical activities, are valuable modalities worth focusing

current and future research on.

Author contributions

LG was the lead individual on review conceptualization
and execution and was the primary author of the manuscript.
AH and DT were consulted for review scope and writing
contributions. BJ led review conceptualization, provided
supervision, and was the secondary contributor to writing and
editing the manuscript. All authors read and approved the
final manuscript.

Funding

This work was supported by the following sources:
RFINS114128 to LG and AH, RF1-AG057882 and R21-
NS0103118 and the Muscular Dystrophy Association to DT
and BJ.

Acknowledgments

We would like to thank the members of the Jefferson
Weinberg ALS Center for providing valuable feedback on this
review article. Figures were created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1005112
https://BioRender.com
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Ghaffari et al.

References

Abramzon, Y. A,, Fratta, P., Traynor, B. J., and Chia, R. (2020). The overlapping
genetics of amyotrophic lateral sclerosis and frontotemporal dementia. Front
Neurosci. 14, 42. doi: 10.3389/fnins.2020.00042

Amalyan, S., Tamboli, S., Lazarevich, I, Topolnik, D., Bouman, L. H,
and Topolnik, L. (2022). Enhanced motor cortex output and disinhibition in
asymptomatic female mice with C9orf72 genetic expansion. Cell Rep. 40, 111043.
doi: 10.1016/j.celrep.2022.111043

Andres-Benito, P., Moreno, J., Aso, E., Povedano, M., and Ferrer, I. (2017).
Amyotrophic lateral sclerosis, gene deregulation in the anterior horn of the spinal
cord and frontal cortex area 8: implications in frontotemporal lobar degeneration.
Aging 9, 823-851. doi: 10.18632/aging.101195

Armada-Moreira, A., Gomes, J. I, Pina, C. C., Savchak, O. K., Goncalves-
Ribeiro, J., Rei, N. et al. (2020). Going the extra (Synaptic) mile: excitotoxicity
as the road toward neurodegenerative diseases. Front Cell Neurosci. 14, 90.
doi: 10.3389/fncel.2020.00090

Armstrong, G. A., and Drapeau, P. (2013). Loss and gain of FUS function impair
neuromuscular synaptic transmission in a genetic model of ALS. Hum. Mol. Genet.
22, 4282-92. doi: 10.1093/hmg/ddt278

Aronica, E., Baas, F., Iyer, A., Ten Asbroek, A. L., Morello, G., and Cavallaro, S.
(2015). Molecular classification of amyotrophic lateral sclerosis by unsupervised
clustering of gene expression in motor cortex. Neurobiol. Dis. 74, 359-76.
doi: 10.1016/j.nbd.2014.12.002

Bae, J. R, and Kim, S. H. (2017). Synapses in neurodegenerative diseases. BMB
Rep. 50, 237-46. doi: 10.5483/BMBRep.2017.50.5.038

Bae, J. S., Simon, N. G., Menon, P., Vucic, S., and Kiernan, M. C. (2013). The
puzzling case of hyperexcitability in amyotrophic lateral sclerosis. J. Clin. Neurol.
9, 65-74. doi: 10.3988/jcn.2013.9.2.65

Balendra, R., and Isaacs, A. M.
FID: multiple pathways to disease.
doi: 10.1038/s41582-018-0047-2

Barschke, P., Oeckl, P. Steinacker, P., Al Shweiki, M. R., Weishaupt,
J. H., Landwehrmeyer, G. B., et al. (2020). Different CSF protein profiles
in amyotrophic lateral sclerosis and frontotemporal dementia with C9orf72
hexanucleotide repeat expansion. J. Neurol. Neurosurg. Psychiatry 91, 503-511.
doi: 10.1136/jnnp-2019-322476

Bauer, C. S., Cohen, R. N, Sironi, F.,, Livesey, M. R., Gillingwater, T. H.,
Highley, J. R., et al. (2022). An interaction between synapsin and C9orf72 regulates
excitatory synapses and is impaired in ALS/FTD. Acta Neuropathol. 144, 437-464.
doi: 10.1007/500401-022-02470-z

C9orf72-mediated ALS and
Rev. Neurol. 14, 544-558.

(2018).
Nat.

Bellingham, M. C. (2011). A review of the neural mechanisms of action
and clinical efficiency of riluzole in treating amyotrophic lateral sclerosis:
what have we learned in the last decade? CNS Neurosci. Ther. 17, 4-31.
doi: 10.1111/§.1755-5949.2009.00116.x

Bendotti, C., Bonetto, V., Pupillo, E., Logroscino, G., Al-Chalabi, A,
Lunetta, C., et al. (2020). Focus on the heterogeneity of amyotrophic
lateral sclerosis. Amyotroph Lateral Scler Frontotemporal Degener. 21, 485-495.
doi: 10.1080/21678421.2020.1779298

Benussi, A., Di Lorenzo, F., Dell’era, V. Cosseddu, M., Alberici, A.,
Caratozzolo, S., et al. (2017). Transcranial magnetic stimulation distinguishes
Alzheimer disease from frontotemporal dementia. Neurology 89, 665-672.
doi: 10.1212/WNL.0000000000004232

Bories, C., Amendola, J., Lamotte D’incamps, B., and Durand, J. (2007).
Early electrophysiological abnormalities in lumbar motoneurons in a transgenic
mouse model of amyotrophic lateral sclerosis. Eur. J. Neurosci. 25, 451-9.
doi: 10.1111/§.1460-9568.2007.05306.x

Bowling, A. C., Schulz, J. B, Brown, R. H., and Beal, M. F. (1993). Superoxide
dismutase activity, oxidative damage, and mitochondrial energy metabolism in
familial and sporadic amyotrophic lateral sclerosis. J. Neurochem. 61, 2322-5.
doi: 10.1111/j.1471-4159.1993.tb07478.x

Bristol, L. A., and Rothstein, J. D. (1996). Glutamate transporter gene
expression in amyotrophic lateral sclerosis motor cortex. Ann Neurol. 39, 676-9.
doi: 10.1002/ana.410390519

Broadhead, M. J., Bonthron, C., Waddington, J., Smith, W. V., Lopez, M. F,,
and Burley, S. (2022). Selective vulnerability of tripartite synapses in amyotrophic
lateral sclerosis. Acta Neuropathol. 143, 471-486. doi: 10.1007/s00401-022-02412-9

Brunet, A., Stuart-Lopez, G., Burg, T., Scekic-Zahirovic, J., and Rouaux, C.
(2020). Cortical circuit dysfunction as a potential driver of amyotrophic lateral
sclerosis. Front Neurosci. 14, 363. doi: 10.3389/fnins.2020.00363

Frontiersin Molecular Neuroscience

11

10.3389/fnmol.2022.1005112

Burguete, A. S., Almeida, S., Gao, F. B., Kalb, R,, Akins, M. R., and Bonini,
N. M. (2015). GGGGCC microsatellite RNA is neuritically localized, induces
branching defects, and perturbs transport granule function. Elife 4, e08881.
doi: 10.7554/eLife.08881.022

Burley, S., Beccano-Kelly, D. A., Talbot, K., Llana, O. C., and Wade-Martins,
R. (2022). Hyperexcitability in young iPSC-derived C9ORF72 mutant motor
neurons is associated with increased intracellular calcium release. Sci. Rep. 12, 1-8.
doi: 10.1038/s41598-022-09751-3

Bursch, F., Kalmbach, N., Naujock, M., Staege, S., Eggenschwiler, R., Abo-Rady,
M, et al. (2019). Altered calcium dynamics and glutamate receptor properties
in iPSC-derived motor neurons from ALS patients with C9orf72, FUS, SOD1 or
TDP43 mutations. Hum. Mol. Genet. 28, 2835-50. doi: 10.1093/hmg/ddz107

Butti, Z., Pan, Y. E., Giacomotto, ., and Patten, S. A. (2021). Reduced C9orf72
function leads to defective synaptic vesicle release and neuromuscular dysfunction
in zebrafish. Commun. Biol. 4, 792. doi: 10.1038/s42003-021-02302-y

Catala, I, Ferrer, L, Galofre, E., and Fabregues, 1. (1988). Decreased numbers of
dendritic spines on cortical pyramidal neurons in dementia. A quantitative Golgi
study on biopsy samples. Hum. Neurobiol. 6, 255-9.

Catanese, A., Rajkumar, S., Sommer, D., Freisem, D., Wirth, A, Aly,
A., et al. (2021). Synaptic disruption and CREB-regulated transcription are
restored by K(+) channel blockers in ALS. EMBO Mol. Med. 13, el13131.
doi: 10.15252/emmm.202013131

Chand, K. K., Lee, K. M,, Lee, J. D., Qiu, H., Willis, E. F., Lavidis, N. A, et al.
(2018). Defects in synaptic transmission at the neuromuscular junction precede
motor deficits in a TDP-43(Q331K) transgenic mouse model of amyotrophic lateral
sclerosis. FASEB J. 32, 2676-2689. doi: 10.1096/j.201700835R

Choi, S. Y., Lopez-Gonzalez, R., Krishnan, G., Phillips, H. L., Li, A. N,, Seeley,
W. W, et al. (2019). C9ORF72-ALS/FTD-associated poly(GR) binds Atp5al
and compromises mitochondrial function in vivo. Nat Neurosci. 22, 851-862.
doi: 10.1038/s41593-019-0397-0

Cicardi, M. E., Marrone, L., Azzouz, M., and Trotti, D. (2021). Proteostatic
imbalance and protein spreading in amyotrophic lateral sclerosis. EMBO J. 40,
€106389. doi: 10.15252/embj.2020106389

Conlon, E. G, Lu, L., Sharma, A., Yamazaki, T., Tang, T., Shneider, N. A, et al.
(2016). The COORF72 GGGGCC expansion forms RNA G-quadruplex inclusions
and sequesters hnRNP H to disrupt splicing in ALS brains. Elife 5, €17820.
doi: 10.7554/eLife.17820.030

Dafinca, R., Barbagallo, P., Farrimond, L., Candalija, A., Scaber, J., Ababneh, N.
A, et al. (2020). Impairment of mitochondrial calcium buffering links mutations
in C9ORF72 and TARDBP in iPS-derived motor neurons from patients with
ALS/FTD. Stem Cell Rep. 14, 892-908. doi: 10.1016/j.stemcr.2020.03.023

Dejesus-Hernandez, M., Mackenzie, I. R., Boeve, B. F., Boxer, A. L., Baker,
M., Rutherford, N. J,, et al. (2011). Expanded GGGGCC hexanucleotide repeat
in noncoding region of COORF72 causes chromosome 9p-linked FTD and ALS.
Neuron 72, 245-56. doi: 10.1016/j.neuron.2011.09.011

Devinsky, O., Vezzani, A., O’brien, T. ], Jette, N., Scheffer, I. E., De Curtis, M.
etal. (2018). Epilepsy. Nat. Rev. Dis. Primers 4, 18024. doi: 10.1038/nrdp.2018.24

Devlin, A. C,, Burr, K., Borooah, S., Foster, J. D., Cleary, E. M., Geti, I, et al.
(2015). Human iPSC-derived motoneurons harbouring TARDBP or C9ORF72
ALS mutations are dysfunctional despite maintaining viability. Nat. Commun. 6,
5999. doi: 10.1038/ncomms6999

Donnelly, C. J., Zhang, P. W., Pham, J. T, Haeusler, A. R., Mistry, N.
A., Vidensky, S., et al. (2013). RNA toxicity from the ALS/FTD C9ORF72
expansion is mitigated by antisense intervention. Neuron 80, 415-28.
doi: 10.1016/j.neuron.2013.10.015

Dormann, D., and Haass, C. (2011). TDP-43 and FUS: a nuclear affair. Trends
Neurosci. 34, 339-48. doi: 10.1016/j.tins.2011.05.002

Dyer, M. S, Reale, L. A., Lewis, K. E., Walker, A. K., Dickson, T. C., Woodhouse,
A. et al. (2021). Mislocalisation of TDP-43 to the cytoplasm causes cortical
hyperexcitability and reduced excitatory neurotransmission in the motor cortex.
J. Neurochem. 157, 1300-15. doi: 10.1111/jnc.15214

Eisen, A., Pant, B., and Stewart, H. (1993). Cortical excitability in amyotrophic
lateral sclerosis: a clue to pathogenesis. Can J. Neurol. Sci. 20, 11-6.
doi: 10.1017/S031716710004734X

Espana, J., Valero, J., Minano-Molina, A. J., Masgrau, R., Martin, E., Guardia-
Laguarta, C., et al. (2010). Beta-Amyloid disrupts activity-dependent gene
transcription required for memory through the CREB coactivator CRTCI. J.
Neurosci. 30, 9402-10. doi: 10.1523/JNEUROSCI.2154-10.2010

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1005112
https://doi.org/10.3389/fnins.2020.00042
https://doi.org/10.1016/j.celrep.2022.111043
https://doi.org/10.18632/aging.101195
https://doi.org/10.3389/fncel.2020.00090
https://doi.org/10.1093/hmg/ddt278
https://doi.org/10.1016/j.nbd.2014.12.002
https://doi.org/10.5483/BMBRep.2017.50.5.038
https://doi.org/10.3988/jcn.2013.9.2.65
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1136/jnnp-2019-322476
https://doi.org/10.1007/s00401-022-02470-z
https://doi.org/10.1111/j.1755-5949.2009.00116.x
https://doi.org/10.1080/21678421.2020.1779298
https://doi.org/10.1212/WNL.0000000000004232
https://doi.org/10.1111/j.1460-9568.2007.05306.x
https://doi.org/10.1111/j.1471-4159.1993.tb07478.x
https://doi.org/10.1002/ana.410390519
https://doi.org/10.1007/s00401-022-02412-9
https://doi.org/10.3389/fnins.2020.00363
https://doi.org/10.7554/eLife.08881.022
https://doi.org/10.1038/s41598-022-09751-3
https://doi.org/10.1093/hmg/ddz107
https://doi.org/10.1038/s42003-021-02302-y
https://doi.org/10.15252/emmm.202013131
https://doi.org/10.1096/fj.201700835R
https://doi.org/10.1038/s41593-019-0397-0
https://doi.org/10.15252/embj.2020106389
https://doi.org/10.7554/eLife.17820.030
https://doi.org/10.1016/j.stemcr.2020.03.023
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1038/nrdp.2018.24
https://doi.org/10.1038/ncomms6999
https://doi.org/10.1016/j.neuron.2013.10.015
https://doi.org/10.1016/j.tins.2011.05.002
https://doi.org/10.1111/jnc.15214
https://doi.org/10.1017/S031716710004734X
https://doi.org/10.1523/JNEUROSCI.2154-10.2010
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Ghaffari et al.

Ferrer, 1. (1999). Neurons and their dendrites in frontotemporal dementia.
Dement Geriatr. Cogn. Disord. 10, 55-60. doi: 10.1159/000051214

Ferrer, 1., Roig, C., Espino, A., Peiro, G,, and Matias Guiu, X. (1991). Dementia
of frontal lobe type and motor neuron disease. A Golgi study of the frontal cortex.
J. Neurol. Neurosurg. Psychiatry 54, 932-4. doi: 10.1136/jnnp.54.10.932

Flavell, S. W., and Greenberg, M. E. (2008). Signaling mechanisms linking
neuronal activity to gene expression and plasticity of the nervous system. Annu.
Rev. Neurosci. 31, 563-90. doi: 10.1146/annurev.neuro.31.060407.125631

Foerster, B. R., Callaghan, B. C., Petrou, M., Edden, R. A., Chenevert,
T. L, and Feldman, E. L. (2012). Decreased motor cortex gamma-
aminobutyric acid in amyotrophic lateral sclerosis. Neurology 78, 1596-600.
doi: 10.1212/WNL.0b013e3182563b57

Fogarty, M. J. (2019). Amyotrophic lateral sclerosis as a synaptopathy. Neural
Regen. Res. 14, 189-192. doi: 10.4103/1673-5374.244782

Fogarty, M. J., Klenowski, P. M., Lee, J. D., Drieberg-Thompson, J. R., Bartlett, S.
E., Ngo, S. T, et al. (2016). Cortical synaptic and dendritic spine abnormalities in a
presymptomatic TDP-43 model of amyotrophic lateral sclerosis. Sci. Rep. 6, 37968.
doi: 10.1038/srep37968

Foran, E., and Trotti, D. (2009). Glutamate transporters and the excitotoxic path
to motor neuron degeneration in amyotrophic lateral sclerosis. Antioxid Redox
Signal 11, 1587-602. doi: 10.1089/ars.2009.2444

Freibaum, B. D., Lu, Y., Lopez-Gonzalez, R., Kim, N. C., Almeida, S., Lee,
K. H,, et al. (2015). GGGGCC repeat expansion in C9orf72 compromises
nucleocytoplasmic transport. Nature 525, 129-33. doi: 10.1038/nature14974

Freibaum, B. D., and Taylor, J. P. (2017). The role of dipeptide
repeats in C9ORF72-related ALS-FTD. Front Mol. Neurosci. 10, 35.
doi: 10.3389/fnmol.2017.00035

Frick, P., Sellier, C., Mackenzie, I. R. A., Cheng, C. Y., Tahraoui-Bories, J.,
Martinat, C., et al. (2018). Novel antibodies reveal presynaptic localization of
C9orf72 protein and reduced protein levels in C9orf72 mutation carriers. Acta
Neuropathol. Commun. 6, 72. doi: 10.1186/s40478-018-0579-0

Geevasinga, N., Menon, P., Nicholson, G. A, Ng, K., Howells, J., Kril,
J. J., et al. (2015). Cortical function in asymptomatic carriers and patients
with C9orf72 amyotrophic lateral sclerosis. JAMA Neurol. 72, 1268-74.
doi: 10.1001/jamaneurol.2015.1872

Geevasinga, N., Menon, P., Ozdinler, P. H., Kiernan, M. C., and Vucig, S. (2016).
Pathophysiological and diagnostic implications of cortical dysfunction in ALS. Nat.
Rev. Neurol. 12, 651-661. doi: 10.1038/nrneurol.2016.140

Geng, B., Jara, J. H., Lagrimas, A. K., Pytel, P, Roos, R. P., Mesulam, M. M., et al.
(2017). Apical dendrite degeneration, a novel cellular pathology for Betz cells in
ALS. Sci. Rep. 7,41765. doi: 10.1038/srep41765

Goetzl, E. ], Kapogiannis, D., Schwartz, J. B., Lobach, I. V., Goetzl, L.,
Abner, E. L, et al. (2016). Decreased synaptic proteins in neuronal exosomes
of frontotemporal dementia and Alzheimer’s disease. FASEB J. 30, 4141-4148.
doi: 10.1096/£j.201600816R

Gunes, Z. 1, Kan, V. W. Y,, Ye, X,, and Liebscher, S. (2020). Exciting complexity:
the role of motor circuit elements in ALS pathophysiology. Front Neurosci. 14, 573.
doi: 10.3389/fnins.2020.00573

Guo, Z., Kindy, M. S., Kruman, L, and Mattson, M. P. (2000). ALS-linked
Cu/Zn-SOD mutation impairs cerebral synaptic glucose and glutamate transport
and exacerbates ischemic brain injury. J. Cereb. Blood Flow Metab. 20, 463-8.
doi: 10.1097/00004647-200003000-00004

Haeusler, A. R, Donnelly, C. J., Periz, G., Simko, E. A., Shaw, P. G,, Kim, M. S,,
et al. (2014). C9orf72 nucleotide repeat structures initiate molecular cascades of
disease. Nature 507, 195-200. doi: 10.1038/nature13124

Haeusler, A. R., Donnelly, C. J., and Rothstein, J. D. (2016). The expanding
biology of the C9orf72 nucleotide repeat expansion in neurodegenerative disease.
Nat. Rev. Neurosci. 17, 383-95. doi: 10.1038/nrn.2016.38

Henstridge, C. M., Sideris, D. I, Carroll, E., Rotariu, S., Salomonsson, S.,
Tzioras, M., et al. (2018). Synapse loss in the prefrontal cortex is associated with
cognitive decline in amyotrophic lateral sclerosis. Acta Neuropathol. 135, 213-226.
doi: 10.1007/500401-017-1797-4

Hering, H., and Sheng, M. (2001). Dendritic spines: structure, dynamics and
regulation. Nat. Rev. Neurosci. 2, 880-8. doi: 10.1038/35104061

Ho, W. Y., Navakkode, S., Liu, F., Soong, T. W,, and Ling, S. C. (2020).
Deregulated expression of a longevity gene, Klotho, in the C9orf72 deletion
mice with impaired synaptic plasticity and adult hippocampal neurogenesis. Acta
Neuropathol. Commun. 8, 155. doi: 10.1186/s40478-020-01030-4

Ho, W. Y., Tai, Y. K,, Chang, J. C, Liang, J., Tyan, S. H., Chen, S., et al. (2019).
The ALS-FTD-linked gene product, C9orf72, regulates neuronal morphogenesis
via autophagy. Autophagy 15, 827-842. doi: 10.1080/15548627.2019.1569441

Frontiersin Molecular Neuroscience

12

10.3389/fnmol.2022.1005112

Holt, C. E., Martin, K. C., and Schuman, E. M. (2019). Local translation
in neurons: visualization and function. Nat. Struct. Mol. Biol. 26, 557-566.
doi: 10.1038/s41594-019-0263-5

Huber, N., Hoffmann, D., Giniatullina, R., Rostalski, H., Leskela, S., Takalo, M.,
et al. (2022). C9orf72 hexanucleotide repeat expansion leads to altered neuronal
and dendritic spine morphology and synaptic dysfunction. Neurobiol. Dis. 162,
105584. doi: 10.1016/j.nbd.2021.105584

Huber, N., Korhonen, S., Hoffmann, D., Leskela, S., Rostalski, H., Remes, A.
M., et al. (2021). Deficient neurotransmitter systems and synaptic function
in frontotemporal lobar degeneration-Insights into disease mechanisms
and current therapeutic approaches. Mol Psychiatry. 27, 1300-1309.
doi: 10.1038/s41380-021-01384-8

Jensen, B. K., Schuldi, M. H., Mcavoy, K., Russell, K. A., Boehringer, A., Curran,
B. M, et al. (2020). Synaptic dysfunction induced by glycine-alanine dipeptides in
C90rf72-ALS/FTD is rescued by SV2 replenishment. EMBO Mol. Med. 12, €10722.
doi: 10.15252/emmm.201910722

Jo, Y., Lee, J., Lee, S. Y., Kwon, L, and Cho, H. (2022). Poly-dipeptides
produced from C9orf72 hexanucleotide repeats cause selective motor neuron
hyperexcitability in ALS. Proc. Natl. Acad. Sci. USA. 119, 2113813119.
doi: 10.1073/pnas.2113813119

Kaminska, B., Pyrzynska, B., Ciechomska, I., and Wisniewska, M. (2000).
Modulation of the composition of AP-1 complex and its impact on transcriptional
activity. Acta Neurobiol Exp. 60, 395-402.

Kanai, K., Kuwabara, S., Misawa, S., Tamura, N., Ogawara, K., Nakata, M.,
etal. (2006). Altered axonal excitability properties in amyotrophic lateral sclerosis:
impaired potassium channel function related to disease stage. Brain 129, 953-62.
doi: 10.1093/brain/awl024

Kuo, J. J., Siddique, T., Fu, R., and Heckman, C. J. (2005). Increased persistent
Na(+) current and its effect on excitability in motoneurones cultured from mutant
SOD1 mice. ] Physiol. 563, 843-54. doi: 10.1113/jphysiol.2004.074138

Kwak, S., and Kawahara, Y. (2005). Deficient RNA editing of GluR2 and
neuronal death in amyotropic lateral sclerosis. J Mol Med. 83, 110-20.
doi: 10.1007/500109-004-0599-z

Lall, D., Lorenzini, 1., Mota, T. A., Bell, S., Mahan, T. E., Ulrich, J. D.,
et al. (2021). CYorf72 deficiency promotes microglial-mediated synaptic
loss in aging and amyloid accumulation. Neuron 109, 2275-2291.e8.
doi: 10.1016/j.neuron.2021.05.020

Lee, S. E., Khazenzon, A. M., Trujillo, A. J., Guo, C. C., Yokoyama, J.
S., Sha, S. J., et al. (2014). Altered network connectivity in frontotemporal
dementia with C9orf72 hexanucleotide repeat expansion. Brain 137, 3047-60.
doi: 10.1093/brain/awu248

Lepeta, K., Lourenco, M. V., Schweitzer, B. C., Martino Adami, P. V., Banerjee,
P., Catuara-Solarz, S. (2016). Synaptopathies: synaptic dysfunction in neurological
disorders—A review from students to students. J. Neurochem. 138, 785-805.
doi: 10.1111/jnc.13713

Ling, S. C. (2018). Synaptic paths to neurodegeneration: the emerging role
of TDP-43 and FUS in synaptic functions. Neural Plast. 2018, 8413496.
doi: 10.1155/2018/8413496

Liu, Y., Pattamatta, A., Zu, T., Reid, T., Bardhi, O., Borchelt, D. R., et al. (2016).
C9orf72 BAC mouse model with motor deficits and neurodegenerative features of
ALS/FTD. Neuron 90, 521-34. doi: 10.1016/j.neuron.2016.04.005

Lorusso, E., Hickman, J. J., and Guo, X. (2019). Ion channel dysfunction and
altered motoneuron excitability in ALS. Neurol. Disord Epilepsy J. 3, 124.

Magrane, J., Sahawneh, M. A., Przedborski, S., Estevez, A. G., and Manfredi,
G. (2012). Mitochondrial dynamics and bioenergetic dysfunction is associated
with synaptic alterations in mutant SOD1 motor neurons. J. Neurosci. 32, 229-42.
doi: 10.1523/J]NEUROSCI.1233-11.2012

Malenka, R. C., and Bear, M. F. (2004). LTP and LTD: an embarrassment of
riches. Neuron 44, 5-21. doi: 10.1016/j.neuron.2004.09.012

Malpetti, M., Holland, N., Jones, P. S., Ye, R,, Cope, T. E., Fryer, T. D,
et al. (2021). Synaptic density in carriers of C9orf72 mutations: a [(11) CJUCB-
J PET study. Ann. Clin. Transl. Neurol. 8, 1515-1523. doi: 10.1002/acn3.5
1407

Marambaud, P., Dreses-Werringloer, U.,
Calcium  signaling in neurodegeneration.
doi: 10.1186/1750-1326-4-20

and Vingtdeux, V.
Mol

(2009).
Neurodegener, 4, 20.

Masrori, P., and Van Damme, P. (2020). Amyotrophic lateral sclerosis:
a clinical review. Eur ] Neurol. 27, 1918-1929. doi: 10.1111/ene.l
4393

May, S., Hornburg, D., Schludi, M. H., Arzberger, T., Rentzsch, K., Schwenk,
B. M, et al. (2014). C9orf72 FTLD/ALS-associated Gly-Ala dipeptide repeat

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1005112
https://doi.org/10.1159/000051214
https://doi.org/10.1136/jnnp.54.10.932
https://doi.org/10.1146/annurev.neuro.31.060407.125631
https://doi.org/10.1212/WNL.0b013e3182563b57
https://doi.org/10.4103/1673-5374.244782
https://doi.org/10.1038/srep37968
https://doi.org/10.1089/ars.2009.2444
https://doi.org/10.1038/nature14974
https://doi.org/10.3389/fnmol.2017.00035
https://doi.org/10.1186/s40478-018-0579-0
https://doi.org/10.1001/jamaneurol.2015.1872
https://doi.org/10.1038/nrneurol.2016.140
https://doi.org/10.1038/srep41765
https://doi.org/10.1096/fj.201600816R
https://doi.org/10.3389/fnins.2020.00573
https://doi.org/10.1097/00004647-200003000-00004
https://doi.org/10.1038/nature13124
https://doi.org/10.1038/nrn.2016.38
https://doi.org/10.1007/s00401-017-1797-4
https://doi.org/10.1038/35104061
https://doi.org/10.1186/s40478-020-01030-4
https://doi.org/10.1080/15548627.2019.1569441
https://doi.org/10.1038/s41594-019-0263-5
https://doi.org/10.1016/j.nbd.2021.105584
https://doi.org/10.1038/s41380-021-01384-8
https://doi.org/10.15252/emmm.201910722
https://doi.org/10.1073/pnas.2113813119
https://doi.org/10.1093/brain/awl024
https://doi.org/10.1113/jphysiol.2004.074138
https://doi.org/10.1007/s00109-004-0599-z
https://doi.org/10.1016/j.neuron.2021.05.020
https://doi.org/10.1093/brain/awu248
https://doi.org/10.1111/jnc.13713
https://doi.org/10.1155/2018/8413496
https://doi.org/10.1016/j.neuron.2016.04.005
https://doi.org/10.1523/JNEUROSCI.1233-11.2012
https://doi.org/10.1016/j.neuron.2004.09.012
https://doi.org/10.1002/acn3.51407
https://doi.org/10.1186/1750-1326-4-20
https://doi.org/10.1111/ene.14393
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Ghaffari et al.

proteins cause neuronal toxicity and Unc119 sequestration. Acta Neuropathol. 128,
485-503. doi: 10.1007/s00401-014-1329-4

Melis, M., Defazio, G., Casaglia, E., Melas, V., and Floris, G. (2022). Early
juvenile reading epilepsy and later frontotemporal dementia (FTD): expanding the
clinical phenotype of COORF72 mutation? Amyotroph Lateral Scler Frontotemporal
Degener. 23, 139-42. doi: 10.1080/21678421.2021.1903505

Menon, P., Higashihara, M., Van Den Bos, M., Geevasinga, N., Kiernan, M. C,,
and Vucic, S. (2020). Cortical hyperexcitability evolves with disease progression in
ALS. Ann. Clin. Transl. Neurol. 7, 733-741. doi: 10.1002/acn3.51039

Mori, K., Arzberger, T., Grasser, F. A., Gijselinck, I., May, S., Rentzsch, K, et al.
(2013). Bidirectional transcripts of the expanded C9orf72 hexanucleotide repeat
are translated into aggregating dipeptide repeat proteins. Acta Neuropathol. 126,
881-93. doi: 10.1007/s00401-013-1189-3

Neuro, L. C,, L, J., Lim, R. G, Kaye, J. A,, Dardov, V., Coyne, A. N,, et al. (2021).
An integrated multi-omic analysis of iPSC-derived motor neurons from COORF72
ALS patients. iScience 24, 103221. doi: 10.1016j.isci.2021.103221

Ni,J.,Ren, Y., Su, T., Zhou, J., Fu, C., Lu, Y., et al. (2021). Loss of TDP-43 function
underlies hippocampal and cortical synaptic deficits in TDP-43 proteinopathies.
Mol Psychiatry. doi: 10.1038/s41380-021-01346-0

Nihei, K., Mckee, A. C., and Kowall, N. W. (1993). Patterns of neuronal
degeneration in the motor cortex of amyotrophic lateral sclerosis patients. Acta
Neuropathol. 86, 55-64. doi: 10.1007/BF00454899

O’rourke, J. G., Bogdanik, L., Muhammad, A., Gendron, T. F., Kim, K. J., Austin,
A, et al. (2015). C9orf72 BAC transgenic mice display typical pathologic features
of ALS/FTD. Neuron 88, 892-901. doi: 10.1016/j.neuron.2015.10.027

Palese, F., Bonomi, E., Nuzzo, T., Benussi, A., Mellone, M., Zianni, E.,
et al. (2020). Anti-GluA3 antibodies in frontotemporal dementia: effects on
glutamatergic neurotransmission and synaptic failure. Neurobiol Aging, 86,
143-155. doi: 10.1016/j.neurobiolaging.2019.10.015

Park, J. H., Chung, C. G, Seo, ., Lee, B. H,, Lee, Y. S., Kweon, J. H,, et al.
(2020). C9orf72-associated arginine-rich dipeptide repeat proteins reduce the
number of golgi outposts and dendritic branches in drosophila neurons. Mol Cells
43, 821-830. doi: 10.14348/molcells.2020.0130

Perkins, E. M., Burr, K., Banerjee, P., Mehta, A. R., Dando, O., Selvaraj,
B. T., et al. (2021). Altered network properties in CO9ORF72 repeat expansion
cortical neurons are due to synaptic dysfunction. Mol. Neurodegener. 16, 13.
doi: 10.1186/s13024-021-00433-8

Perry, S., Han, Y., Das, A., and Dickman, D. (2017). Homeostatic plasticity
can be induced and expressed to restore synaptic strength at neuromuscular
junctions undergoing ALS-related degeneration. Hum. Mol. Genet. 26, 4153-67.
doi: 10.1093/hmg/ddx304

Petri, S., Kollewe, K., Grothe, C., Hori, A., Dengler, R., Bufler, J., et al. (2006).
GABA(A)-receptor mRNA expression in the prefrontal and temporal cortex of ALS
patients. ] Neurol Sci. 250, 124-32. doi: 10.1016/j.jns.2006.08.005

Petri, S., Krampfl, K., Hashemi, F., Grothe, C., Hori, A., Dengler, R., et al. (2003).
Distribution of GABAA receptor mRNA in the motor cortex of ALS patients. J.
Neuropathol. Exp. Neurol. 62, 1041-51. doi: 10.1093/jnen/62.10.1041

Pieri, M., Carunchio, I., Curcio, L., Mercuri, N. B., and Zona, C. (2009).
Increased persistent sodium current determines cortical hyperexcitability in
a genetic model of amyotrophic lateral sclerosis. Exp. Neurol. 215, 368-79.
doi: 10.1016/j.expneurol.2008.11.002

Pioro, E. P., Majors, A. W., Mitsumoto, H., Nelson, D. R., and Ng, T. C. (1999).
1H-MRS evidence of neurodegeneration and excess glutamate 4 glutamine in ALS
medulla. Neurology 53, 71-9. doi: 10.1212/WNL.53.1.71

Pugazhenthi, S., Wang, M., Pham, S., Sze, C. I, and Eckman, C. B. (2011).
Downregulation of CREB expression in Alzheimer’s brain and in Abeta-treated rat
hippocampal neurons. Mol. Neurodegener. 6, 60. doi: 10.1186/1750-1326-6-60

Renton, A. E., Majounie, E., Waite, A., Simon-Sanchez, J., Rollinson, S.,
Gibbs, J. R, et al. (2011). A hexanucleotide repeat expansion in C9ORF72
is the cause of chromosome 9p2l-linked ALS-FTD. Neuron 72, 257-68.
doi: 10.1016/j.neuron.2011.09.010

Rosen, D. R,, Siddique, T., Patterson, D., Figlewicz, D. A., Sapp, P., Hentati, A.,
et al. (1993). Mutations in Cu/Zn superoxide dismutase gene are associated with
familial amyotrophic lateral sclerosis. Nature 362, 59-62. doi: 10.1038/362059a0

Rosenblum, L. T. and Trotti, D. (2017). EAAT2 and the molecular
signature of amyotrophic lateral sclerosis. Adv. Neurobiol. 16, 117-136.
doi: 10.1007/978-3-319-55769-4_6

Rothstein, J. D., Martin, L. J., and Kuncl, R. W. (1992). Decreased glutamate
transport by the brain and spinal cord in amyotrophic lateral sclerosis. N Engl. J.
Med. 326, 1464-8. doi: 10.1056/NEJM199205283262204

Frontiersin Molecular Neuroscience

10.3389/fnmol.2022.1005112

Rothstein, J. D., Tsai, G., Kuncl, R. W., Clawson, L., Cornblath, D. R., Drachman,
D. B, et al. (1990). Abnormal excitatory amino acid metabolism in amyotrophic
lateral sclerosis. Ann. Neurol. 28, 18-25. doi: 10.1002/ana.410280106

Sahadevan, S., Hembach, K. M., Tantardini, E., Perez-Berlanga, M., Hruska-
Plochan, M., Megat, S., et al. (2021). Synaptic FUS accumulation triggers early
misregulation of synaptic RNAs in a mouse model of ALS. Nat. Commun. 12, 3027.
doi: 10.1038/s41467-021-23188-8

Sareen, D., O’rourke, J. G., Meera, P., Muhammad, A. K., Grant, S., Simpkinson,
M., et al. (2013). Targeting RNA foci in iPSC-derived motor neurons from
ALS patients with a COORF72 repeat expansion. Sci. Transl. Med. 5, 208ral49.
doi: 10.1126/scitranslmed.3007529

Scekic-Zahirovic, J., Sanjuan-Ruiz, ., Kan, V., Megat, S., De Rossi, P., Dieterle, S.,
etal. (2021). Cytoplasmic FUS triggers early behavioral alterations linked to cortical
neuronal hyperactivity and inhibitory synaptic defects. Nat. Commun. 12, 3028.
doi: 10.1038/s41467-021-23187-9

Schanz, O., Bageac, D., Braun, L., Traynor, B. J., Lehky, T. J., and Floeter,
M. K. (2016). Cortical hyperexcitability in patients with C9ORF72 mutations:
Relationship to phenotype. Muscle Nerve 54, 264-9. doi: 10.1002/mus.25047

Selvaraj, B. T., Livesey, M. R, Zhao, C., Gregory, ]. M., James, O. T., Cleary, E. M.,
et al. (2018). C9ORF72 repeat expansion causes vulnerability of motor neurons to
Ca(2+)-permeable AMPA receptor-mediated excitotoxicity. Nat. Commun. 9, 347.
doi: 10.1038/s41467-017-02729-0

Sephton, C. F,, Tang, A. A., Kulkarni, A., West, J., Brooks, M., Stubblefield, J. J.,
etal. (2014). Activity-dependent FUS dysregulation disrupts synaptic homeostasis.
Proc. Natl. Acad. Sci. U.S.A. 111, E4769-78. doi: 10.1073/pnas.1406162111

Shi, Y., Lin, S., Staats, K. A,, Li, Y., Chang, W. H., Hung, S. T., et al. (2018).
Haploinsufficiency leads to neurodegeneration in C9ORF72 ALS/FTD human
induced motor neurons. Nat. Med. 24, 313-325. doi: 10.1038/nm.4490

Sivadasan, R., Hornburg, D., Drepper, C., Frank, N., Jablonka, S., Hansel, A.,
etal. (2016). COORF72 interaction with cofilin modulates actin dynamics in motor
neurons. Nat. Neurosci. 19, 1610-1618. doi: 10.1038/nn.4407

Starr, A., and Sattler, R. (2018). Synaptic dysfunction and altered excitability in
C90RF72 ALS/FTD. Brain Res. 1693, 98-108. doi: 1041016/j.brainres.2018.02.011

Sudhof, T. C., and Malenka, R. C. (2008). Understanding synapses: past, present,
and future. Neuron 60, 469-76. doi: 10.1016/j.neuron.2008.10.011

Suk, T. R., and Rousseaux, M. W. C. (2020). The role of TDP-43
mislocalization in amyotrophic lateral sclerosis. Mol. Neurodegener. 15, 45.
doi: 10.1186/s13024-020-00397-1

Tang, B. L. (2016). CYorf72’s interaction with Rab GTpases-modulation
of membrane traffic and autophagy. Front Cell Neurosci. 10, 228.
doi: 10.3389/fncel.2016.00228

Taylor, J. P., Brown, R. H., and Cleveland, D. W. (2016). Decoding ALS: from
genes to mechanism. Nature 539, 197-206. doi: 10.1038/nature20413

Terreros-Roncal, J., Flor-Garcia, M., Moreno-Jimenez, E. P., Pallas-Bazarra, N.,
Rabano, A., et al. (2019). Activity-dependent reconnection of adult-born dentate
granule cells in a mouse model of frontotemporal dementia. J. Neurosci. 39,
5794-5815. doi: 10.1523/JNEUROSCI.2724-18.2019

Turner, M. R., Osei-Lah, A. D., Hammers, A., Al-Chalabi, A., Shaw, C. E.,
Andersen, P. M., et al. (2005). Abnormal cortical excitability in sporadic but
not homozygous D90A SOD1 ALS. J. Neurol. Neurosurg. Psychiatry 76, 1279-85.
doi: 10.1136/jnnp.2004.054429

Turrigiano, G. (2012). Homeostatic synaptic plasticity: local and global
mechanisms for stabilizing neuronal function. Cold Spring Harb Perspect. Biol. 4,
a005736. doi: 10.1101/cshperspect.a005736

Udaka, F., Kameyama, M., and Tomonaga, M. (1986). Degeneration of Betz
cells in motor neuron disease. A Golgi study. Acta Neuropathol. 70, 289-95.
doi: 10.1007/BF00686086

van den Ameele, J., Jedlickova, I., Pristoupilova, A., Sieben, A., Van Mossevelde,
S., Ceuterick-De Groote, C., et al. (2018). Teenage-onset progressive myoclonic
epilepsy due to a familial C9orf72 repeat expansion. Neurology 90, e658-e663.
doi: 10.1212/WNL.0000000000004999

Vucic, S., and Kiernan, M. C. (2006). Novel threshold tracking techniques
suggest that cortical hyperexcitability is an early feature of motor neuron disease.
Brain 129, 2436-46. doi: 10.1093/brain/awl172

Vucig, S., Nicholson, G. A., and Kiernan, M. C. (2008). Cortical hyperexcitability
may precede the onset of familial amyotrophic lateral sclerosis. Brain 131, 1540-50.
doi: 10.1093/brain/awn071

Wainger, B. J., and Cudkowicz, M. E. (2015). Cortical hyperexcitability
in amyotrophic lateral sclerosis: C9orf72 repeats. JAMA Neurol. 72, 1235-6.
doi: 10.1001/jamaneurol.2015.2197

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1005112
https://doi.org/10.1007/s00401-014-1329-4
https://doi.org/10.1080/21678421.2021.1903505
https://doi.org/10.1002/acn3.51039
https://doi.org/10.1007/s00401-013-1189-3
https://doi.org/10.1016j.isci.2021.103221
https://doi.org/10.1038/s41380-021-01346-0
https://doi.org/10.1007/BF00454899
https://doi.org/10.1016/j.neuron.2015.10.027
https://doi.org/10.1016/j.neurobiolaging.2019.10.015
https://doi.org/10.14348/molcells.2020.0130
https://doi.org/10.1186/s13024-021-00433-8
https://doi.org/10.1093/hmg/ddx304
https://doi.org/10.1016/j.jns.2006.08.005
https://doi.org/10.1093/jnen/62.10.1041
https://doi.org/10.1016/j.expneurol.2008.11.002
https://doi.org/10.1212/WNL.53.1.71
https://doi.org/10.1186/1750-1326-6-60
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1038/362059a0
https://doi.org/10.1007/978-3-319-55769-4_6
https://doi.org/10.1056/NEJM199205283262204
https://doi.org/10.1002/ana.410280106
https://doi.org/10.1038/s41467-021-23188-8
https://doi.org/10.1126/scitranslmed.3007529
https://doi.org/10.1038/s41467-021-23187-9
https://doi.org/10.1002/mus.25047
https://doi.org/10.1038/s41467-017-02729-0
https://doi.org/10.1073/pnas.1406162111
https://doi.org/10.1038/nm.4490
https://doi.org/10.1038/nn.4407
https://doi.org/10.1016/j.brainres.2018.02.011
https://doi.org/10.1016/j.neuron.2008.10.011
https://doi.org/10.1186/s13024-020-00397-1
https://doi.org/10.3389/fncel.2016.00228
https://doi.org/10.1038/nature20413
https://doi.org/10.1523/JNEUROSCI.2724-18.2019
https://doi.org/10.1136/jnnp.2004.054429
https://doi.org/10.1101/cshperspect.a005736
https://doi.org/10.1007/BF00686086
https://doi.org/10.1212/WNL.0000000000004999
https://doi.org/10.1093/brain/awl172
https://doi.org/10.1093/brain/awn071
https://doi.org/10.1001/jamaneurol.2015.2197
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Ghaffari et al.

Wainger, B. J., Kiskinis, E., Mellin, C., Wiskow, O., Han, S. S., Sandoe, J.,
et al. (2014). Intrinsic membrane hyperexcitability of amyotrophic lateral sclerosis
patient-derived motor neurons. Cell Rep. 7, 1-11. doi: 10.1016/j.celrep.2014.0
3.019

Walhout, R., Schmidt, R., Westeneng, H. J., Verstraete, E., Seelen,
M., Van Rheenen, W., et al. (2015). Brain morphologic changes in
asymptomatic C9orf72 repeat expansion carriers. Neurology 85, 1780-8.
doi: 10.1212/WNL.0000000000002135

Wen, X., Tan, W., Westergard, T., Krishnamurthy, K., Markandaiah, S. S,,
Shi, Y., et al. (2014). Antisense proline-arginine RAN dipeptides linked to
C9ORF72-ALS/FTD form toxic nuclear aggregates that initiate in vitro and
in vivo neuronal death. Neuron 84, 1213-25. doi: 10.1016/j.neuron.2014.1
2.010

Wen, X., Westergard, T., Pasinelli, P., and Trotti, D. (2017). Pathogenic

determinants and mechanisms of ALS/FTD linked to hexanucleotide
repeat expansions in the C9orf72 gene. Neurosci. Lett. 636, 16-26.
doi: 10.1016/j.neulet.2016.09.007

Westergard, T., Mcavoy, K., Russell, K., Wen, X., Pang, Y., Morris, B,
et al. (2019). Repeat-associated non-AUG translation in C9orf72-ALS/FTD
is driven by neuronal excitation and stress. EMBO Mol. Med. 11, e9423.
doi: 10.15252/emmm.201809423

Xiao, S., Mckeever, P. M., Lau, A, and Robertson, J. (2019). Synaptic
localization of C9orf72 regulates post-synaptic glutamate receptor 1

Frontiersin Molecular Neuroscience

14

10.3389/fnmol.2022.1005112

levels. Acta Neuropathol. Commun. 7, 161. doi: 10.1186/s40478-019-08
12-5

Xu, W, and Xu, J. (2018). C9orf72 Dipeptide repeats cause
selective neurodegeneration and cell-autonomous excitotoxicity
in drosophila glutamatergic neurons. J. Neurosci. 38, 7741-7752.

doi: 10.1523/J]NEUROSCI.0908-18.2018

Yap, E. L., and Greenberg, M. E. (2018). Activity-regulated transcription:
bridging the gap between neural activity and behavior. Neuron 100, 330-348.
doi: 10.1016/j.neuron.2018.10.013

Yuste, R., Majewska, A., and Holthoff, K. (2000). From form to function:
calcium compartmentalization in dendritic spines. Nat. Neurosci. 3, 653-9.
doi: 10.1038/76609

Zhang, K., Donnelly, C. J, Haeusler, A. R, Grima, J. C., Machamer,
J. B., Steinwald, P., et al. (2015). The C9orf72 repeat expansion disrupts
nucleocytoplasmic transport. Nature 525, 56-61. doi: 10.1038/nature14973

Zhao, C., Devlin, A. C., Chouhan, A. K, Selvaraj, B. T., Stavrou, M.,
Burr, K., et al. (2020). Mutant C9orf72 human iPSC-derived astrocytes cause
non-cell autonomous motor neuron pathophysiology. Glia 68, 1046-1064.
doi: 10.1002/glia.23761

Zu, T., Liu, Y., Banez-Coronel, M., Reid, T., Pletnikova, O., Lewis, J., et al.
(2013). RAN proteins and RNA foci from antisense transcripts in COORF72
ALS and frontotemporal dementia. Proc. Natl. Acad. Sci. U.S.A. 110, E4968-77.
doi: 10.1073/pnas.1315438110

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1005112
https://doi.org/10.1016/j.celrep.2014.03.019
https://doi.org/10.1212/WNL.0000000000002135
https://doi.org/10.1016/j.neuron.2014.12.010
https://doi.org/10.1016/j.neulet.2016.09.007
https://doi.org/10.15252/emmm.201809423
https://doi.org/10.1186/s40478-019-0812-5
https://doi.org/10.1523/JNEUROSCI.0908-18.2018
https://doi.org/10.1016/j.neuron.2018.10.013
https://doi.org/10.1038/76609
https://doi.org/10.1038/nature14973
https://doi.org/10.1002/glia.23761
https://doi.org/10.1073/pnas.1315438110
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

	Breakdown of the central synapses in C9orf72-linked ALS/FTD
	Introduction
	Clinical features of central synaptic dysfunction in patients and patient samples
	Excitability and synaptic activity
	Patient-derived neuronal models
	Other models

	Regulation and alteration of synaptic proteins
	Patient-derived neuronal models
	Other models

	Discussion and conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


