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Abstract

Abstract

Amyotrophic Lateral Sclerosis (ALS) is a rare yet devasting neurodegenerative disease that
involves the degeneration of upper and lower motor neurons. It is diagnosed in around every 2
out of 100,000 people. Upon diagnosis, patients typically die within 3 to 5 years from
respiratory failure. As the current pathomechanistic insight yielded little success in developing
effective treatment options or a cure, the aim of this thesis is to better understand one of the
early features detected in ALS patients — cortical hyperexcitability, specifically its source. To
this end, I performed in vivo calcium imaging in motor cortex (M1) of two mouse models of
ALS, namely Fus*"5* and SOD16%A mice. By imaging Fus*"'" mice under anesthesia, 1
showed cortical hyperactivity at both 4 and 10 months. Together with collaborators,
ultrastructural analysis and RNAseq of frontal cortex revealed deficits in inhibitory synapses,

ANLS/+ mice.

proposing compromised inhibition as the source of cortical hyperexcitability in Fus
In SOD19%A mice, 1 first demonstrated partial coherence of activity under anesthesia and
during wakefulness by imaging the same neurons in both conditions. The finding raised further
questions of what neurons respond to (i.e. response properties) during wakefulness and whether
excitability and activity changes are compensatory. To answer these questions, I performed in

19934 mice in a visual-flow

vivo two-photon calcium imaging in head-fixed, performing SOD
feedback paradigm. I identified five unique clusters of neurons characterized by their average
activity to locomotion during different conditions, namely neurons responsive to (i) running in
general, (i1) running with feedback, (iii) running in darkness, (iv) all conditions and (v) quiet
wakefulness. Of which, I detected an increased fraction of neurons that are more active during
(ii1) running in darkness in layer 2/3 and fewer neurons that are (v) spontaneously active. I
identified further changes in locomotion-associated activity, specifically an increase in fraction

of running-responsive cells (i.e. neurons with activity increases with locomotion) and a

hyperresponsiveness to locomotion. These changes were only restricted to layer 2/3 at the

v



Abstract

presymptomatic stage and was later detected in both layer 2/3 and 5. When neuronal activity is
chemogenetically dampened in M1 layer 2/3, treated SOD15%34 mice demonstrated a delay in
symptom onset accompanied with improved motor behavior. Together, the findings presented
in this thesis show compromised inhibition as the source of cortical hyperexcitability in

Fus® 5" mice and increased input from layer 2/3 in SOD 1634 mice.



Zusammenfassung

Zusammenfassung

Amyotrophe Lateralsklerose (ALS) ist eine seltene, aber verheerende neurodegenerative
Erkrankung, bei der die oberen und unteren Motoneuronen degenerieren. Diese wird bei etwa
2 von 100.000 Menschen diagnostiziert. Nach der Diagnose sterben die Patienten in der Regel
innerhalb von 3 bis 5 Jahren an respiratorischer Insuffizienz. Da die aktuellen
pathomechanischen Erkenntnisse wenig Erfolg bei der Entwicklung wirksamer
Behandlungsoptionen oder einer Heilung erbrachten, ist das Ziel dieser Arbeit eines der frithen
Merkmale von ALS-Patienten besser zu verstehen — kortikale Ubererregbarkeit, insbesondere
dessen Ursprung. Zu diesem Zweck fiihrte ich eine In-vivo-Bildgebung von Calcium im
motorischen Kortex (M1) von zwei Mausmodellen von ALS durch, néimlich von Fus®™N$*- und
SOD16%A-Miusen. Durch die Bildgebung von Fus®N-*-Méiusen unter Anisthesie zeigte sich
sowohl nach 4 als auch nach 10 Monaten eine kortikale Hyperaktivitit. Zusammen mit
Kollaboratoren zeigten eine Ultrastrukturanalyse und RNAseq des frontalen Kortex Defizite in
hemmenden Synapsen, was auf eine beeintrichtigte Hemmung als Quelle der kortikalen
Ubererregbarkeit bei Fus®N'S"-Miusen hindeutet. In SOD16%A-Miusen demonstrierte ich
zuerst eine teilweise Kohdrenz der Aktivitdt unter Anésthesie und im Wachzustand, indem ich
dieselben Neuronen in beiden Zustinden abbildete. Der Befund warf weitere Fragen auf,
worauf Neuronen im Wachzustand reagieren (d. h. auf Reaktionseigenschaften) und ob
Erregbarkeits- und Aktivititsinderungen kompensatorisch sind. Um diese Fragen zu
beantworten, habe ich in vivo eine Zwei-Photonen-Kalzium-Bildgebung in kopffixierten
SOD1%9*A-Miusen in einem Visual-Flow-Feedback-Paradigma durchgefiihrt. Ich identifizierte
fiinf einzigartige Cluster von Neuronen, die durch ihre durchschnittliche Aktivitit zur
Fortbewegung unter verschiedenen Bedingungen gekennzeichnet sind, ndmlich Neuronen, die
auf (i) Laufen im Allgemeinen, (ii) Laufen mit Feedback, (iii) Laufen in Dunkelheit, (iv) alle

Bedingungen und (v) ruhiger Wachzustand reagieren. Davon habe ich in Schicht 2/3 einen

vi
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erhohten Anteil an Neuronen festgestellt, die wéhrend (iii) im Dunkeln aktiver sind, und
weniger Neuronen, die (v) spontan aktiv sind. Ich identifizierte weitere Verdnderungen in der
Fortbewegungs-assoziierten Aktivitét, insbesondere eine Zunahme des Anteils an auf das
Laufen ansprechenden Zellen (d. h. Neuronen, deren Aktivitit mit der Fortbewegung zunimmt)
und eine Hyperreaktivitit auf Fortbewegung. Diese Verdnderungen waren im
prasymptomatischen Stadium nur auf Schicht 2/3 beschriankt und wurden spéter sowohl in
Schicht 2/3 als auch in Schicht 5 nachgewiesen. Wenn die neuronale Aktivitdt in M1-Schicht
2/3 chemogenetisch geddmpft wird, zeigten behandelte SOD1%%A-Miuse einen verzogerten
Symptombeginn, begleitet von verbessertem motorischen Verhalten. Die in dieser Dissertation
vorgestellten Ergebnisse zeigen zusammen eine beeintrichtigte Hemmung als Quelle der
kortikalen Ubererregbarkeit bei Fus®N"S*-Miusen und einen erhéhten Input von Schicht 2/3 bei

SOD16%A_M3usen.



1. Introduction

1. Introduction

The “Father of Neurology” Jean-Martin Charcot described the first cases of Amyotrophic
Lateral Sclerosis (ALS) in the 1860s. Trained as a pathologist, Charcot recognized the
important link between clinical symptoms and anatomical changes revealed in autopsies.
Charcot and his colleagues identified lesions, associated with the degeneration of neurons and
glial cells, in both the anterior and lateral horn of the spinal cord that would also extend to the
medulla oblongata (Kumar et al., 2011). The site of lesion resulted in different clinical
outcomes. Notably, lesions in the anterior horn led to paralysis and muscle atrophy, while that
in the lateral horn resulted in progressive paralysis without muscle atrophy (Corcia &
Meininger, 2019; Kumar et al., 2011). Thus, the disease was termed ALS, in which
“amyotrophic” refers to the degeneration of nerves innervating the muscles, which results in
muscle wasting; and “lateral sclerosis” refers to hardening of the anterior and lateral spinal cord

column.

Distinctive from other motor neuron diseases, such as primary lateral sclerosis, in which only
upper motor neurons (UMNS5s) are affected and progressive muscular atrophy, characterized by
exclusive lower motor neuron (LMNSs) degeneration, both upper and lower motor neurons are
affected in ALS. ALS became more widely known in the 1930s when Lou Gehrig, an American
professional baseball player, was diagnosed with the disease at the age of 36 and died two years
later. Since then, the scientific community made huge progress in understanding the genetic
and molecular mechanisms of motor neuron degeneration in ALS. However, the current
pathomechanistic insight yielded little success in developing effective treatment options or a

cure.

Cortical hyperexcitability is one of the early features detected in ALS patients. It was first

described in the 1990s, and over the years, transcranial magnetic stimulation (TMS) and



1. Introduction

functional magnetic resonance imaging (fMRI) studies in ALS patients provided insights into
overall excitability and connectivity changes in the motor cortex. While cortical
hyperexcitability can cause neurodegeneration, the source of the hyperexcitability remains
unclear. Apart from UMNSs in layer 5B, motor cortex comprises other neuronal cell types,
excitatory or inhibitory and receives long-range inputs from other areas. In my thesis, I strove
to gain insight into how and when various elements of the motor cortex circuitry are affected in

the disease by in vivo two-photon calcium imaging in two transgenic mouse models of ALS.

1.1. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal disease, characterized by the
degeneration of upper motor neurons (UMNS) in cortex and lower motor neurons (LMNs) in
spinal cord and brainstem, respectively. It is the most common form of motor neuron disease
(MND) and the third most common neurodegenerative disease after Alzheimer’s disease and

Parkinson’s disease (Shang et al., 2015).

Initial symptoms differ depending on the location of initial degeneration. Patients with limb
onset are first affected by muscle weakness, cramps and twitching in their limbs (Hu et al.,
1998; Turner et al., 2010), while patients with bulbar onset, in which degeneration is detected
in the medulla oblongata, first present with symptoms in the face and neck region, such as
problems with speech and swallowing (Shellikeri et al., 2017; Stegmann et al., 2020).
Symptoms commonly manifest between the age of 51- 66 (Longinetti & Fang, 2019), and
without a cure, diagnosed patients typically pass away within 3 to 5 years due to respiratory

complications (Taylor et al., 2016).

Epidemiological studies report an incidence of 0.6 to 3.8 new cases per 100,000 people per year

(Benjaminsen et al., 2018; Jun et al., 2019; Leighton et al., 2019; Longinetti & Fang, 2019;
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Longinetti et al., 2018; Palese et al., 2019; Rose et al., 2019; Turgut et al., 2019; Zhou et al.,
2018), and a prevalence between 4.1 to 8.4 per 100,000 people (Benjaminsen et al., 2018; Jun
et al., 2019; Leighton et al., 2019; Longinetti & Fang, 2019; Longinetti et al., 2018; Nakken et
al., 2018; Nelson et al., 2018; Palese et al., 2019; Rose et al., 2019; Turgut et al., 2019). Overall,
there is a higher incidence and prevalence in (younger) males than in females, with differences
in clinical features presented in sporadic ALS (sALS) and familial ALS (fALS) (McCombe &
Henderson, 2010). The male-to-female ratio is as high as 2.9 (Longinetti & Fang, 2019; Luna
et al., 2019). In addition to sex-specific differences, there is also evidence of geographic and
ethnical differences (Logroscino & Piccininni, 2019), suggesting possible lifestyle and
environmental risk factors. To be more specific, patients who previously worked as manual
workers in labor-intensive industries reported higher exposure to sustained strenuous physical
activity (Farrugia Wismayer et al., 2021; Lian et al., 2019), corroborating a study identifying

exercise as a risk factor for ALS (Julian et al., 2021).

1.1.1. Currently known ALS-linked genetic mutations and proposed

cell-autonomous disease mechanisms in ALS

The heterogeneity of symptoms, such as more pronounced social deficits versus motor deficits,
in ALS is partly due to the underlying genetic mutations and the corresponding molecular
pathology. Approximately 5 to 10% of ALS cases are familial ALS (fALS), based on a genetic
mutation and the remaining are spell out, which occur sporadically. Over 30 mutations have
been identified in fALS cases (Figure 1a). Depending on the racial and geographic background
of fALS patients, mutations in the chromosome 9 open reading frame 72 (C9ORF72) gene
accounts for 3 to 35 percent of fALS cases, with the majority of them in European populations
(Mejzini et al., 2019; Zou et al., 2017) (Figure 1b). The second-most common mutation is in

the superoxide dismutase 1 (SOD1) gene, which accounts for 15 to 30 percent of fALS cases
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(Mejzini et al., 2019; Zou et al., 2017) (Figure 1). Mutations in fused in sarcoma (FUS) and
TAR DNA-binding protein 43 (TARDBP) genes each account for around 2 to 7 percent of fALS
cases (Mejzini et al.,, 2019; Zou et al., 2017) (Figure 1b). Other less commonly-known
mutations are found in ALS2, vesicle-associated membrane protein/synaptobrevin-associated
membrane protein B (VAPB) and optineurin (OPTN) (Copped¢, 2011; Teuling et al., 2007)
(Figure 1A). Some ALS-causing genetic mutations can also cause frontotemporal dementia
(FTD), characterized by symptoms, such as behavioral and personality changes as well as

aphasia (Abrahams et al., 2004; Ferrari et al., 2011; Mackenzie & H. Feldman, 2005).

a b
Europe % fALS cases Asia
SOD1 TARDBP ALS2 TAU
VAPB C9orf72 SOD1
OPTN
SOD1
S FUS
TARDBP C90rf72
FUS FUS TARDBP

C90rf72

Figure 1. ALS-associated genetic mutations.

(a) Genetic mutations along the ALS-FTD spectrum. (b) Percentage of genetic mutations identified in
European and Asian fALS patients. Modified after (Ling et al, 2013), and adapted from data in (Zou et al,
2017) with permission.

SOD1 was the first gene identified in fALS patients in 1993 (Rosen et al., 1993). SOD1 encodes
the protein superoxide dismutase, an enzyme responsible for breaking down free superoxide
radicals. Over 185 mutations such as D90A and G93A have been identified in SODI, which
contribute to different clinical outcomes, disease progression and severity (Berdynski et al.,
2022; Yamashita & Ando, 2015). Most of the variants are consequences of missense mutations,
resulting in aggregation of the misfolded protein (misfolded-SOD1), as well as reduced and
impaired protein function (Deng et al., 1993). Studies conducted in the SOD 19”34 mouse model
revealed that the G93 A variant causes an overexpression of SOD1 in the cytoplasm and absence

in the nucleus, resulting in higher oxidative DNA damage (Sau et al.,, 2007). Though no
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developmental nor motor deficits were detected in SOD1 knockout mice, SOD1-deficient
motor neurons were more susceptible to cell death after injury, indicating that SOD1 is essential
for coping with physiologically stressful conditions (Reaume et al., 1996). In addition to fALS-
SODI patients who present misfolded SOD1 (Da Cruz et al., 2017), non-native forms of the
wild-type SODI1 protein have also been detected in other fALS forms (Forsberg et al., 2019;
Mejzini et al., 2019) and sALS patients (Berdynski et al., 2022; Forsberg et al., 2010; Guareschi

et al., 2012), indicating that misfolded SOD1 could be a common event in ALS.

Mutations in TARDBP (Sreedharan et al., 2008) and FUS (Blair et al., 2010; Vance et al., 2009)
were identified in ALS patients in 2008 to 2009. TARDBP encodes a DNA/RNA — binding
protein (TDP-43) that shuttles between the nucleus and cytoplasm to regulate gene expression
and RNA processing (Buratti & Baralle, 2008; Kuo et al., 2009; Tollervey et al., 2011).
Mutations cause a nuclear import deficit, resulting in cytoplasmic mislocalization of TDP-43
and subsequent nuclear depletion of TDP-43. However, even in the absence of TARDBP
mutations, cytoplasmic inclusions of TDP-43 are also detected in over 95% of ALS patients
(Majumder et al., 2018), though absent in those with SOD/ and FUS mutations (Arai et al.,

2006; Chen et al., 2018; Neumann et al., 2006).

Similar to TDP-43, FUS is an RNA binding protein involved in nucleocytoplasmic transport
and is thus transported to the nucleus (Zinszner et al., 1997). Missense mutations in FUS cause
cytoplasmic mislocalization of FUS, which has been shown to be toxic to the cells in FUS-
associated ALS rodent models, resulting in phenotypes recapitulating a mild motor phenotype
associated with more pronounced cognitive and social deficits also seen in humans (Arai et al.,
2006; Scekic-Zahirovic et al., 2017; Scekic-Zahirovic et al., 2021; Sharma et al., 2016). Though
both the complete knockout as well as the knock-in of mutant FUS resulted in cytoplasmic FUS

mislocalization and led to perinatal death, only knock-in mice survived and displayed motor
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neuron loss that could be rescued by the conditional expression of wild-type FUS, suggesting

its role in neuronal death (Scekic-Zahirovic et al., 2016).

In 2011, the non-coding hexanucleotide repeat expansion (GGGGCC) in the C9ORF72 gene
was discovered. It is currently the most frequent gene mutation in ALS patients, who might
have hundreds to thousands of copies of this repeat expansions (Smeyers et al., 2021). Under
physiological conditions, C9ORF72 comprises two non-coding and ten coding exons,
producing three coding variants, which translate into a guanine nucleotide exchange factor, a
protein that regulate Rab GTPases and downstream intracellular and vesicle-mediated transport
(Iyer et al., 2018; Stenmark, 2009). The mutation results in both gain- and loss-of-function,
namely the formation of toxic RNA foci that affect post-transcriptional RNA processing, and
non-AUG initiated translation of five toxic dipeptide repeat proteins (DPRs) that induce double-
strand DNA break, reduces C9ORF72 gene expression (haploinsufficiency) (Barker et al.,
2017; Donnelly et al., 2013; Niblock et al., 2016; Wang et al., 2021) (Mori et al., 2013; Nonaka
et al., 2018). However, there is contradicting evidence of the role of C9ORF72 mutations alone
in causing motor neuron degeneration and motor deficits in C9ORF72-associated mouse
models, and the effect could be dose-dependent (Koppers et al., 2015; Mordes et al., 2020; Shao

et al., 2019; Verdone et al., 2022).

Like in most neurodegenerative diseases, intracellular protein aggregation is a key pathological
hallmark of ALS, as a result of protein misfolding and/or cytosolic mislocalization (Blokhuis
et al., 2013; Gunes et al., 2020; Tyzack et al., 2019). Protein aggregation is believed to trigger
various cell-autonomous mechanisms (that is changes occurring within the affected neuron).
Proposed molecular and cellular mechanisms underlying the degeneration in UMNs include (1)
impaired DNA repair and genome instability (Higelin et al., 2018; Naumann et al., 2018;

Polymenidou et al., 2012; Sun et al., 2020), (2) changes in RNA metabolism, which affects
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RNA splicing and translation and mRNA transport (Butti & Patten, 2019; Polymenidou et al.,
2012), (3) compromised protein homeostasis and protein aggregation (Blokhuis et al., 2013;
Webster et al., 2017), (4) increased oxidative stress (Ikawa et al., 2015; Zimmerman et al.,
2007), (5) mitochondrial dysfunctions (Cozzolino & Carri, 2012; Zimmerman et al., 2007), (6)
nucleocytoplasmic (Bitetto & Di Fonzo, 2020), (7) vesicular transport deficits (Burk &
Pasterkamp, 2019; Sundaramoorthy et al., 2015), (8) changes in structure and dynamics of
cytoskeleton and impaired axonal transport (Bilsland et al., 2010; Liu et al., 2022a; Marinkovi¢

et al., 2012; Xiao et al., 2006) (Figure 2).

molecular

» mutations in C9orf72, SOD1,
TDP-43 and FUS genes
@® SOD1 aggregates

@ TDP-43/FUS aggregates

Il 3% ROS
(D BDNA repair 3 % protein homeostasis
@) rc’r?eatg %Sllsrrln RNA & aggregation
I a
® gnucleocytoplasmic J,,éf/a (@ 4 oxidative stress
5T (UMN) @ & vesicular transport 2 @«5& @ imitochondrial function
Vv
§ axonal transport X
Vi

Figure 2. Cell-autonomous mechanisms of degeneration in ALS.

(a) Hlustration of a pyramidal tract (PT, a.k.a. upper motor neuron (UMN)). (b) Mutations in C9orf72, SOD1,
TDP-43 and FUS genes are found in the genome and aggregates consisting of either mutant SOD1, TDP-43
or FUS are detected in the cytoplasm. These changes include (1) deficits in DNA impair, (2) changes in RNA
metabolism, (3) altered protein homeostasis and aggregation, (4) increased oxidative stress, (5)
mitochondrial dysfunction, (6-7) impaired nucleocytoplasmic and vesicular transport and (8) impaired
axonal transport. Modified after (Bonafede & Mariotti, 2017) under the Creative Commons Attribution
License.
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1.1.2. Current available treatment options for ALS

There are currently three FDA-approved drugs available to treat ALS, namely riluzole and
edaravone and recently relyvrio. Riluzole is a glutamate antagonist that blocks glutamate
release in pre-synaptic terminals as well as glutamate binding to N-methyl-D-aspartate
receptors (NMDAR) on the post-synaptic neuron (Doble, 1996). Existing real-world data
suggests that riluzole treated ALS patients have an extended lifespan of 6 to 21 months (Chen,
2020; Hinchcliffe & Smith, 2017; Miller et al., 2009; Turner et al., 2002), which exceeds the
range of 2 to 3 months shown in clinical trials (Andrews et al., 2020; Bensimon et al., 1994).
Edaravone is an antioxidant that scavenges excess reactive oxygen species (ROS), which cause
neuronal degeneration and death (Cho & Shukla, 2020; Jami et al., 2015; Roh et al., 2011).
Some treated patients, especially during the early phases of ALS, have demonstrated delayed
motor function deterioration (Abe et al., 2017; Sawada, 2017). To maximize the benefits of the
approved drugs, a combination of riluzole and edaravone is recommended at an early stage of

ALS (Dash et al., 2018; Sawada, 2017).

With an increasing though still insufficient understanding of the pathophysiological
mechanisms of ALS, most clinical trials halt at phase three. One of the recent FDA-approved
treatments for ALS is AMXO0035, a combination of two compounds, namely sodium
phenylbutyrate and tauroursodeoxycholic acid ("Amylyx Pharmaceuticals Announces FDA
Approval of RELYVRIO™ for the Treatment of ALS," 2022). AMX0035 prevents neuronal
death by targeting ER stress and abnormal mitochondrial metabolism (Heo, 2022). Thus far,
AMXO0035 extended life expectancy by 6.5 months (Kiernan et al., 2021). For fALS patients,
there are antisense oligonucleotides targeting specific mutated proteins which are either still at
an early stage of development or were halted at later phases of the clinical trials, such as toferson

for SOD1 (Miller et al., 2022; Mullard, 2021; Shaw et al., 2022), ION363 for FUS
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(Korobeynikov et al., 2022) and FOCUS-C9 for C9ORF72 (Corcia et al., 2022; Liu et al.,
2022b). Taken together, current treatment options extend the lifespan of ALS patients by a mere
few months, but a cure is still far from reach; thus, this warrants a more thorough understanding

of the disease at a deeper level.

1.1.3. Debated origin of ALS: the dying forward vs. dying backward

hypotheses

Diverging symptoms presented in ALS patients as well as the pathology seen in upper (UMNSs)
and lower motor neurons (LMNs) led to the two main hypotheses explaining neuronal

degeneration in ALS: the dying forward- and dying backward hypotheses

The dying forward hypothesis, also known as the corticofugal model, suggests that the
pathology begins in upper motor neurons (UMNs) and propagates to lower motor neurons
(LMNSs) in the spinal cord via glutamate-mediated excitotoxicity. Evidence that supports this
hypothesis includes cortical hyperexcitability, detected by means of transcranial magnetic
stimulation (TMS) (Vucic et al., 2008) as well as the expression of TDP-43, in both UMNs and
other corticofugal-projection neurons prior to the emergence of spinal (LMNs) and motor
symptoms (Eisen, 2021; Eisen et al., 2017). Moreover, in pre-symptomatic rodent models of
ALS, both structural and electrophysiological changes are detected in UMNs (Fogarty et al.,
2016a; Fogarty et al., 2016c; Fogarty et al., 2015b; Jara et al., 2020). To test whether the
observed cortical hyperexcitability in fact drives neurodegeneration, chronic neuronal
activation was induced chemogenetically with Designer Receptors Exclusively Activated by
Designer Drugs (DREADDs) in otherwise healthy, control mice. DREADDs target modified G
protein-coupled receptors (GPCRs) — specifically the modified human M3 muscarinic receptor

(hM3Dq) that can be activated by clozapine N-oxide (CNO). The chronically increased
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neuronal activity results in cortical and spinal cytoplasmic mislocalization of TDP-43 and motor

deficits (Haidar et al., 2021), further supporting the notion of a corticofugal spread.

On the contrary, the dying backward hypothesis proposes that degeneration begins at the
neuromuscular junctions and triggers pathology in the LMNs in the spinal cord and
subsequently affects UMNS in the cortex in a retrograde manner. Degenerative mechanisms in
NMJs and LMNs include the lack of neurotrophic factors, modifications in the cytoskeleton
structure in LMNs, mitochondrial dysfunction and increased oxidative stress, and glutamate-
mediated excitotoxicity in LMNs (Dadon-Nachum et al., 2010; Ekestern, 2004). Evidence in
favor of the dying backward hypothesis include (1) reduced retrograde uptake and transport of
cargos like mitochondria, lysosomes and neurotrophic factors which could be detrimental to the
health and function of neurons (Parkhouse et al., 2008; Strom et al., 2008) and (2) changes in

synaptic transmission at the neuromuscular junction (NMJ) (Rocha et al., 2013).

1.1.4. Excitability changes in motor cortex of humans

Despite the controversial views on the origin of motor neuron neurodegeneration in ALS, one
consistent finding in both cortex and spinal cord is excitability changes (Gunes et al., 2020). A
compelling piece of evidence that supports the dying-forward hypothesis is the causal
relationship between chronic cortical hyperexcitability and the recapitulation of TDP-43
pathology as well as motor symptoms established by Haidar et al. (Haidar et al., 2021).
However, the molecular and cellular mechanisms underlying cortical hyperexcitability remain
incompletely understood. The hyperexcitability detected in motor cortex of ALS patients and
in transgenic mouse models (Dyer et al., 2021a; Fogarty et al., 2015a; Geevasinga et al., 2015;
Kim et al., 2017; Menon et al., 2017; Menon et al., 2015; Nieto-Gonzalez et al., 2011; Pieri et

al., 2009; Van den Bos et al., 2018; Vucic et al., 2009; Vucic et al., 2008; Vucic et al., 2021;
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Zanette et al., 2002a; Zhang et al., 2016) could be a result of cell-autonomous changes of
UMN:ss, such as lower threshold potential in UMNSs, and/or altered circuit mechanisms, a.k.a.
non-cell-autonomous, such as reduced inhibition, increased long-range inputs and changes in

neuromodulation.

The excitability of human motor cortex (M1) is assessed by means of transcranial magnetic
stimulation (TMS), a technique in which an electromagnetic stimulus is applied to the motor
cortex, followed by the measurement of evoked potentials in the innervated muscle, such as the
abductor pollicis brevis (Figure 3). Parameters that indicate hyperexcitability include decreased
resting motor threshold (RMT), in which a stimulus of lower intensity can trigger the same
response elicited by a stimulus of higher intensity; increased motor evoked potential (MEP), in
which a stimulus of the same intensity leads to a bigger response compared to healthy controls;
and decreased short interval intracortical inhibition (SICI) and a shorter cortical silent period
(CSP), which reflects compromised intracortical inhibition involving GABAergic interneurons
(Cengiz et al., 2019; Cengiz & Kuruoglu, 2020; Menon et al., 2017; Shibuya et al., 2017; Van
den Bos et al., 2018; Vucic et al., 2009; Zanette et al., 2002a; Ziemann et al., 1997); please see
reviews (Gunes et al., 2022; Gunes et al., 2020) for more details. Thus, findings in both sALS
and fALS patients argue for hyperexcitability in motor cortex as a result of both, increased
excitation and deficits in inhibition (thus causing excitation/inhibition dysbalance), and the
degree of excitability could be used to predict the progression of cognitive and behavioral
symptoms (Agarwal, 2021). In addition to local excitation/inhibition balance, functional
connectivity of M1 has also been measured in patients using functional magnetic resonance
imaging (fMRI). fMRI detects changes in blood-oxygen-level-dependent (BOLD) signal, and
thus measures brain activity. In ALS patients, increased functional connectivity across cortical
areas was observed, which also was negatively correlated with motor function (Schulthess et

al., 2016). Though these studies show cortical hyperexcitability and increased functional
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connectivity, the technique employed do not have layer-specific nor cell type-specific
resolution. Therefore, the source of cortical hyperexcitability remains unclear and hampers the

development of effect treatment.
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Figure 3. Measurement of hyperexcitability and hyperconnectivity in the motor cortex of ALS patients. (a) An
electromagnetic coil is placed on top of the subject’s scalp at motor cortex (M1), triggers an electric current in
M1, “and the resulting evoked potential is measured at the innervated muscle”. (b-c) Example illustration of the
motor evoked potential (MEP) with a smaller amplitude in short interval intracortical inhibition (SICI) following
the conditioned stimulus (CS) and test stimulus (TS) applied after a shorter interstimulus interval (ISI) (black:
healthy controls (HC); white: ALS); and an increased intracortical facilitation (ICF) following a TS applied after a
longer ISI. (d) Functional magnetic resonance imaging (fMRI) study in ALS patients with increased

hyperconnectivity in frontal eye field (FEF) and M1. Reprinted from (Gunes et al., 2022) under the Creative
Commons Attribution License.

1.1.5. Rodent models of ALS and excitability changes in motor

cortex

To understand the underlying mechanisms and to dissect the temporal order of degenerative
events, rodent models were generated. The most established model of ALS, namely the
SOD19934 transgenic (tg) mouse model is based on the expression of the mutant human SOD1
discovered in ALS (Gurney et al., 1994; Tu et al., 1996). It recapitulates the cellular alterations
and motor deficits typical of human patients. Similar to patients with SOD1 mutations,

misfolded-SOD1 inclusions are also found in neurons in SOD1 tg mice (Commisso et al., 2018;
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Genc et al., 2020; Sabado et al., 2014), as well as increased ER stress (Nishitoh et al., 2008),
astrogliosis (Ozdinler et al., 2011), and upper and lower motor neuron degeneration and death
(Nishitoh et al., 2008; Ozdinler et al., 2011). Behavioral deficits include hindlimb tremor,
declined muscle strength and motor function, weight loss due to muscle wasting, and reduced
life expectancy (Bennett et al., 2014; Kreilaus et al., 2020; Olivan et al., 2014; Wooley et al.,

2005).

In addition to the SOD19%A mouse model, there are also models based on other known
mutations, such as TDP-43 and FUS. Most of the TDP-43 mouse models are generated based
on an overexpression of TDP-43 (Yang et al., 2022) — some using knock-in (Huang et al., 2020;
Silva et al., 2019). The models do not fully recapitulate all symptoms described in ALS patients.
For example, TDP-4331K mice exhibited cellular changes like increased nuclear expression of
TDP-43 in lower motor neurons and behavioral phenotypes though they lacked the cytoplasmic

TDP-43 proteinopathy (Watkins et al., 2021).

To study the disease progression of FUS-associated ALS and FTD, various models have been
developed based on either an overexpression (Mitchell et al., 2013), knock-out (Kino et al.,
2015; Scekic-Zahirovic et al., 2016), or knock-in of mutated FUS, causing cytoplasmic
mislocalization (Scekic-Zahirovic et al., 2016). Though the model described in Scekic-
Zahirovic et al., 2016 does not display severe motor phenotypes like SOD1%%34 mice, they still
display phenotypes such as the loss of LMN (Scekic-Zahirovic et al., 2016), increased

spontaneous locomotion and disrupted social behavior (Scekic-Zahirovic et al., 2021).

To understand cellular mechanisms underlying cortical hyperexcitability seen in ALS patients,
structural and electrophysiological alterations were assessed in mouse models such as

SOD19934 TDP-4331K and TDP-434NLS, Dendritic regression and spine loss were observed
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in UMN:Ss in pre-symptomatic SOD 19934 (Commisso et al., 2018; Fogarty et al., 2016b; Fogarty
etal., 2015a; Saba et al., 2016), TDP-43Q3!K (Fogarty et al., 2016a) and TDP-432NLS (Dyer et
al., 2021b) tg mice (Figure 4a-b). To probe excitability of UMNs, whole-cell patch-clamp
recordings can be performed in acute brain slices. In addition to an increased likelihood to fire,
as reflected in a reduced rheobase (Kim et al., 2017; Pieri et al., 2009; Saba et al., 2016), there
is also an increase in the frequency of post-synaptic excitatory currents in UMNs of SOD16%34
mice (Fogarty et al., 2015a; Kim et al., 2017; Pieri et al., 2009; Saba et al., 2016) and TDP-
43Q31K (Fogarty et al., 2016a) (Figure 4b). However, the hyperexcitability did not translate
into activity changes in wakefulness as probed by Kim et al. using in vivo two-photon calcium
imaging (Kim et al., 2017) (Figure 4b). In addition, a decrease in the size and number of UMNSs
were also observed in both pre- and symptomatic SOD19%A mice, indicating somatic

degeneration at an early stage (Gunes et al., 2020; Ozdinler et al., 2011; Zang & Cheema, 2002)

(Figure 4b).
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Figure 4. Changes in structural and electrophysiological properties of UMNs in ALS. (a) lllustration of a
pyramidal tract (PT) neuron. (b) Alterations in spine density and arbor length of apical*? and basal'?3> dendrites
of UMNSs are accompanied by an overall reduction in size®” and number®. In addition to structural changes,
increased excitability is detected in UMNs of SOD16%34 245810 TDP-43Q331K 3 gnd TDP-432NS 2 mice, with no
changes in activity®. }(Fogarty et al., 2016b), %(Fogarty et al., 2015a), 3(Fogarty et al., 2016a), *(Kim et al., 2017),
5(Saba et al., 2016), 6(Zang & Cheema, 2002), 7(Ozdinler et al., 2011), 8(Gautam et al., 2016), °(Dyer et al., 2021a),
10(Pieri et al., 2009). Adapted from (Gunes et al., 2020) under the Creative Commons Attribution License.

Our current knowledge of the pathophysiology of ALS gave rise to therapeutic options, which
target glutamate and increased oxidative stress in motor neurons, that demonstrated limited
benefits in patients. In rodent models, intrinsic excitability changes, as evidenced by both
structural and electrophysiological changes, have been identified in UMNs. However, to
unravel non-cell-autonomous mechanisms underlying neurodegeneration and most
importantly, the source of cortical hyperexcitability, the role of other circuit elements in M1

have also been probed and will be discussed in chapter 1.2.
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1.2. Motor cortex

To investigate the role of other circuit elements in M1 underlying cortical hyperexcitability in
ALS, we first need to understand the function and role of each circuit element in M1 under
physiological conditions. The motor system controls body movement and is composed of
elements in both the central, such as motor cortex and spinal cord, and peripheral nervous
system such as the neuromuscular junction. The primary motor cortex is crucial for motor
learning and performing fine movements (Chen et al., 2015; Harrison et al., 2012; Heindorf et
al., 2018; Komiyama et al., 2010; Makino et al., 2017). Components of the M1 microcircuitry

will be outlined in the following section.

1.2.1. “No neuron is an island”: components of a cortical
microcircuit and the corresponding potential circuit

mechanisms underlying cortical hyperexcitability in ALS

Glutamatergic, excitatory pyramidal neurons

The M1 microcircuitry is composed of glutamatergic pyramidal neurons (PNs), GABAergic
interneurons, as well as supporting glial cells such as astrocytes, microglia and
oligodendrocytes. PNs can further be classified based on their projections, with the two major
subtypes being intratelencephalic (IT) and pyramidal-tract (PT) neurons (Shepherd, 2013). IT
neurons are found in layer 2/3, 5, 6, and can be further categorized into cortico-cortical (CC;
primarily in layer 2/3) and cortico-striatal (CStr; primarily in layer 5A, 5B and 6) neurons,
which project transcallosally and to the striatum, respectively. PT neurons, on the other hand,
are restricted to layer 5B and are also known as upper motor neurons (UMNs) or Betz cells in

humans (Geng¢ et al., 2017; Shepherd, 2013). They project to either the brainstem
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(corticobulbar) or the spinal cord (corticospinal) and innervate the contralateral and subcortical
regions (Shepherd, 2013). The strongest input to layer 5 neurons, including UMNSs, is provided
by layer 2/3 IT-PNs, followed by intralaminar input within layer 5, by CC and CStr PNs in

layer 5A and UMNSs in layer 5B (Anderson et al., 2010; Kiritani et al., 2012; Shepherd, 2013).
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Figure 5. Input to, components and output of the M1 microcircuitry.

(a) Primary motor cortex (M1) receives long-range output from somatosensory cortex (SS), auditory cortex
(AUD), thalamus (TH) and basal ganglia (BG), and contralateral M1 and secondary motor cortex (M2). The
microcircuitry is fine-tuned by neuromodulation from locus coeruleus (LC), ventral tegmental area (VTA), dorsal
raphe (DR), tuberomammillary nucleus (TMN) and basal forebrain (BF), releasing norepinephrine (NE), dopamine
(DA), serotonin (5-HT), histamine (HA) and acetylcholine (Ach), respectively. (b) Locally, two major subtypes of
pyramidal neurons can be found, namely intratelecephalic (IT) and pyramidal tract (PT). IT neurons are found
throughout layers 2 to 6 while PT neurons, a.k.a. UMN, are restricted to layer 5B. UMNs receive the strongest
input from layer 2/3 IT, followed by layer 5A IT (thickness reflects input strength). In addition to glutamatergic
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pyramidal neurons, there are also GABAergic interneurons, namely parvalbumin (PV), somatostatin (SST) and
vasoactive intestinal peptide (VIP); and supportive glial cells, namely microglia, oligodendrocytes (OG) and
astrocytes (AS). Modified after (Shepherd, 2013) and (Kubota et al., 2016) with permission.

In ALS, in addition to the structural and electrophysiological changes of UMNs described
above, there is also evidence of spine loss and decreased arbor length of layer 2/3 PNs (Fogarty
et al.,, 2016b; Fogarty et al., 2015a; Gunes et al., 2020) and increased spontaneous synaptic
excitation (Fogarty et al., 2015b; Saba et al., 2016), suggesting a more complex involvement of

MI circuit elements other than UMNSs in neurodegeneration typical of ALS.

GABAergic, inhibitory interneurons

Within the microcircuit, excitation is regulated by inhibition termed excitation/inhibition
balance. GABAergic interneurons (INs) constitute 10-20% of the cortical neuronal population
(Beaulieu, 1993; Meyer et al., 2011; Morin & Beaulieu, 1994; Nigro et al., 2018; Swanson &
Maffei, 2019), and they can be categorized based on their morphological and physical
properties, postsynaptic targets and marker proteins expressed (Markram et al., 2004; Tremblay
et al., 2016). The three largely non-overlapping IN classes are parvalbumin (PV) (40%),
somatostatin (SST) (30%) and ionotropic serotonin receptor 5-HT3a (30%, and majority of
them express vasoactive intestinal peptide (VIP)) expressing cells (Nigro et al., 2018; Rudy et
al., 2011; Swanson & Maffei, 2019; Tremblay et al., 2016; Wood et al., 2017). PV are also
known as fast-spiking neurons; the majority of which are basket cells, that provide strong
inhibition on PNs by targeting their soma and proximal dendrites (Bartos & Elgueta, 2012;
Safari et al., 2017; Veres et al., 2017). They constitute the largest fraction of INs, especially in
layer 5 (Gonchar et al., 2008; Lee et al., 2010; Naka & Adesnik, 2016; Xu et al., 2010). SST
INs are found throughout layer 2 to 6 though most abundant in layer 5 (Nigro et al., 2018;

Scheyltjens & Arckens, 2016). They are mostly Martinotti cells with axons ascending to layer
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1 to 3 as well as within layer 5, allowing them to target dendrites of PNs (Markram et al., 2004;
Silberberg & Markram, 2007). VIP are found most abundantly in upper layers (layer 2/3) with
dendritic arborization in layer 1 (Lee et al., 2010; Pronneke et al., 2015; Xu & Callaway, 2009).
They are also found in layers 5 and 6, but with more elaborate dendrites, allowing them to be
activated either locally or via long-range inputs (junior Apicella & Marchionni, 2022; Pronneke
et al., 2015; Pronneke et al., 2020; Sohn et al., 2016). VIP regulate feedforward inhibition in
the network by inhibiting INs (disinhibition) (junior Apicella & Marchionni, 2022; Krabbe et
al., 2019; Lee et al., 2013; Yu et al., 2019). GABAergic INs are activated by glutamatergic
input and their activity is also modulated by neuromodulatory inputs. Differential expression
patterns of neuromodulatory receptors were also identified in PV, SST and VIP INs (Paul et al.,
2017; Swanson & Maffei, 2019). For example, SST express a wider range of receptors to
neuropeptides released from the hypothalamus such as orexin and oxytocin, while VIP express
more G-protein coupled receptors (GPCRs) for neuromodulators like norepinephrine (NE),

acetylcholine (Ach) and serotonin (5-HT) (Paul et al., 2017).

In the cortex of ALS transgenic rodents, though there are no detectable changes in the density
of PV, SST and VIP INs (Clark et al., 2017; Ozdinler et al., 2011; Zhang et al., 2016),
excitability changes of INs appear to be disease-stage and mutation-specific. In SOD19%3A mice,
PV were first found to be hypoactive at the pre-symptomatic stage (Khademullah et al., 2020)
and turned hyperexcitable at the early-symptomatic stage (Kim et al., 2017). On the contrary,
reduced inhibition is a result of hyperexcitable SST and hypoactive PV in TDP-434315T mijce
(Zhang et al., 2016). Additionally, in vivo magnetic resonance spectroscopy (H-MRS) in both
pre-symptomatic and symptomatic SOD19%*A mice revealed a reduction in GABA levels (Lei

et al., 2019). The differential functional deficits of IN subtypes in ALS thus warrant further

scrutiny.
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Long-range input and neuromodulation

In addition to local excitatory and inhibitory synaptic connections, M1 is innervated by
neighboring cortical areas, such as the ipsilateral somatosensory cortex (S1) and the
contralateral M1, and more distal regions such as the frontal cortex (FC), thalamus (TH), orbital
cortex (OC) and auditory cortex (AUD) (Commisso et al., 2018; Geng et al., 2021; Luo et al.,
2019; Takahashi et al., 2021). Layer-specifically, input from motor and sensory TH is primarily
targeted at layer SA, while neurons in FC and OC target deeper layers like 5B and 6 (Hooks et
al., 2013). Increased excitatory input from S1 was reported in pre-symptomatic SOD1-G93A
mice, followed by the contralateral M1, TH and AUD as the disease progresses (Commisso et

al., 2018).

Information processing and motor function in M1 is further fine-tuned by neuromodulatory
input. These inputs stem from the locus coeruleus (LC), the ventral tegmental area (VTA), the
dorsal raphe (DR), the tuberomammillary nucleus (TMN) and the basal forebrain (BF),
releasing norepinephrine (NE), dopamine (DA), serotonin (5-HT), histamine (HA) and
acetylcholine (ACh), respectively (Brunet et al., 2020; Vitrac & Benoit-Marand, 2017).

Together, monoaminergic systems regulate arousal, learning and motor output.

Briefly, NE input to layers 2 to 6 of M1 is associated with arousal, sensory processing and
locomotion (Aston-Jones & Bloom, 1981; Aston-Jones et al., 2001; Aston-Jones &
Waterhouse, 2016; Breton-Provencher & Sur, 2019; Carter et al., 2010; Janitzky et al., 2015).
There are two main classes of adrenoceptors (AR) for NE, each with two to three subtypes,
namely al and a2 and 1, B2 and 3. NE facilitates excitation and inhibition by binding to al-
AR and B-AR, respectively (Mouradian et al., 1991). DA, on the other hand, is involved in

learning-induced plasticity and motor skill learning (Hosp et al., 2011; Vitrac et al., 2014). DA
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innervates deeper layers of M1 and acts on two classes of G protein-coupled receptors (GPCRs),
namely D1-type and D2-type receptors (Jaber et al., 1996), producing different effects on M1.
Activation of D2-type receptors result in increased PN firing (Vitrac et al., 2014), while a
synergistic activation of both D1- and D2-type receptors result in inhibition of PN activity
(Awenowicz & Porter, 2002; Huda et al., 2001). Furthermore, 5-HT innervates layers 2 to 6 of
M1 and is important for behavioral adaptation to the environment. 5-HT facilitates motor output
by activation of 5-HT1a receptors that inhibit GABAergic INs (Batsikadze et al., 2013; Jacobs
& Fornal, 1997; Loubinoux et al., 2005; Puig et al., 2010). Moreover, HA modulates
neuroinflammatory responses, circadian rhythm as well as circadian motor activity such as
feeding and exploratory behaviors, in which higher levels of HA are detected during the active
phase (Apolloni et al., 2017; Haas & Panula, 2003; Inzunza et al., 2000; Lozeva et al., 2000).
Unlike the other neuromodulators, HA innerves all layers of M1, with the strongest input to
layer 1. HA binds to four classes of receptors, namely Hi, Hz2, H3 and Ha, and acts on excitation
of PNs by binding to Hi and Hz receptors. To regulate release of HA and other neuromodulatory
inputs like NE, 5-HT and Ach, HA binds to H3 receptors, which causes autoinhibition of
neurons in TMN and inhibition of neurotransmitter release (Cheng et al., 2021; Ellender et al.,
2011; Haas & Panula, 2003; Moreno-Delgado et al., 2020; Valle-Bautista et al., 2021; Yu et
al., 2015; Zant et al., 2012). Finally, ACh refines information processing within the network
(Kuo et al., 2007), by acting on two major classes of receptors, namely nicotinic and muscarinic
receptors. Activation of nicotinic receptors causes excitation and that of muscarinic receptors

can cause both excitation and inhibition (Ballinger et al., 2016).

Given the role of neuromodulatory input in motor learning, locomotion, sensory processing and
behavioral adaptation in M1, deficits in these systems may be involved in the pathophysiology
of ALS. Indeed, in ALS patients, there is evidence for deficits in dopaminergic (Borasio et al.,

1998; Takahashi et al., 1993; Vogels et al., 2000) and serotonergic (Dupuis et al., 2010; Turner
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et al., 2005) systems, while less is known about changes in NE. TDP-43 inclusions were
identified in TMN and BF of some ALS patients (Cykowski et al., 2014), accompanied by
deregulation of HA-associated gene expression in cortex of both ALS patients and mouse
models (Apolloni et al., 2017). Since HA stimulates the release of NE, DA and 5-HT (Flik et
al., 2015), HA was administered as a therapy to SOD19%*4 mice to counteract deficits in DA
and 5-HT, and there was an improvement in survival, motor function as well as a reduced
neuroinflammatory response and cell death (Apolloni et al., 2019). To summarize, complex
interactions across cell types, long-range and neuromodulatory input regulate M1 function;
hence,the M1 circuitry and function should be investigated to better understand the

pathophysiology of ALS.

Glial cells

Glial cells comprise microglia, astrocytes and oligodendrocytes. They are supporting cells
crucial for the maintenance and modulation of neuronal health and activity. In contrast to
neurons, glial cells are electrically silent, and they lack axons and dendrites. Instead, they have
more complex processes at the cell body, and they communicate with each other through
intracellular calcium changes, gap junctions and signaling molecule release such as cytokines
and trophic factors, and with neurons via neurotransmitter and signaling molecule release

(Fields & Stevens-Graham, 2002; Hansson & Ronnbéck, 2003).

Microglia are primary immune cells and tissue resident macrophages (that is mononuclear
phagocytes) of the central nervous system (CNS). They survey neurons, regulate neuronal
plasticity and shape structure and function of neural circuits (Cserép et al., 2021; Salter &
Beggs, 2014; Tremblay et al., 2010; Wake et al., 2013). Microglia become activated in response

to neuronal damage and neuroinflammation, in which case the ramified morphology is altered
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by the retraction of processes into an amoeboid shape (Fernandez-Arjona et al., 2017; Heindl
et al., 2018). Activated microglia release pro-inflammatory cytokines and opsonins (Butler et
al., 2021) (Smith et al., 2012) and phagocytose damaged cells (Butler et al., 2021). In ALS,
apart from transcriptomic changes with enriched gene expression in neuroinflammatory and
synaptic-associated pathways (Dols-Icardo et al., 2020), microglia also showed reduced
complexity in morphology in M1 (Migliarini et al., 2021), which might contribute to excessive

phagocytosis and inflammation (Butler et al., 2021).

Another class of glial cells is oligodendrocytes. Oligodendrocytes form myelin sheaths that
surround axons of neurons in the CNS for insulation and fast propagation of action potentials.
In multiple sclerosis (MS), a neuroimmune disorder characterized by demyelination,
oligodendrocyte dysfunction is linked to motor impairment (Grace et al., 2017; Pepper et al.,
2018). Their role in ALS is not fully understood yet. In spinal cord of SOD19%3*4 tg mice,
enhanced proliferation of oligodendrocyte progenitor cells was detected, but these progenitor

cells were functionally and developmentally compromised (Cho, 2013; Kang et al., 2013).

Finally, astrocytes are vital for the regulation of synaptic transmission of neurons by glutamate
reuptake at the synaptic cleft (Mahmoud et al., 2019; Rothstein et al., 1996; Trotti et al., 1999),
and thus play an important role in a microcircuitry (Ben Achour & Pascual, 2012; Fellin et al.,
2006; Halassa & Haydon, 2010; Lyon & Allen, 2022). In ALS, both molecular, structural and
functional deficits of astrocytes in rodent models and ALS patients have been identified. In
particular, the sodium-dependent glutamate transporters excitatory amino acid transporters 1
and 2 (EAATI1 and EAAT2) in humans and GLT-1 and GLAST in rodents are crucial for
glutamate clearance (Rothstein et al., 1996). EAATSs remove glutamate from the synaptic cleft
and the glutamate is recycled to the presynaptic cleft, but in ALS, downregulation of EAAT2

was detected in motor cortex and spinal cord of patients (Rothstein et al., 1995) and in rodent

24



1. Introduction

models (Bendotti et al., 2008; Bruijn et al., 1997; Howland et al., 2002; Wilson et al., 2003).
Additionally, though overexpression of EAAT2 delays symptom onset and motor neuron death,
the degenerative pattern persists, suggesting that targeting excess glutamate as a treatment
approach is ineffective, justifying for more circuit-based approaches. In addition to glutamate
clearance, there is also evidence of impaired potassium ion (K*) balance and water (H20)
clearance through the upregulation of aquaporin-4 (AQP4) and downregulation of the inward-
rectifying K* channel Kir4.1, respectively (Bataveljic et al., 2012; Dai et al., 2017), which could
affect neuronal excitability and could thus contribute to hyperexcitability in MN (Djukic et al.,

2007; Kelley et al., 2018; Wang et al., 2022).
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Figure 6. Non-cell autonomous mechanisms of degeneration in ALS.

(a) Increased long-range input from contralateral motor cortex (M1), somatosensory cortex (SS), auditory
cortex (AUD) and thalamus (TH) (line thickness indicates increased input). Alterations in neuromodulation
includes deficiency in dopaminergic and serotonergic systems, TDP-43 inclusions in both
tuberomammillary nucleus (TMN) and basal forebrain (BF), and dysregulation of HA-associated gene
expression in cortex. (b) Locally, decreased spine density and dendritic arbor length were detected in layer
2/3 pyramidal neurons (PNs) in SOD1693A transgenic (tg) mice. In terms of inhibition, no change was
detected in the number of parvalbumin (PV), somatostatin (SST) and vasoactive intestinal peptide (VIP)-
expressing neurons in SOD 16934 tg mice, though opposing excitability changes were detected in two mouse
models of ALS. While increased excitability in PV accompanied by decreased excitability in SST were
detected in SOD16934 tg mice, hyperactive SST and hypoactive PV were observed in TDP-434315T tg mice. In
addition, enhanced gene expression in neuroinflammatory and synaptic-associated pathways and reduced
complexity in morphology were observe in microglia. There are also increased proliferation of
oligodendrocyte progenitor cells that do not mature and function properly, and a reduction in excitatory
amino acid transporter 2 (EAAT2) in astrocytes.
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1.2.2. Glutamate-mediated excitotoxicity

Another molecular mechanism involved in the degeneration of motor neurons in ALS as well
as of neurons in other neurodegenerative diseases is glutamate-mediated excitotoxicity, which
proposes neurodegeneration as a result of excessive glutamatergic stimulation due to
compromised glutamate reuptake and/or increased pre-synaptic release. Glutamate is the major
excitatory neurotransmitter in the central nervous system (CNS). Under physiological
conditions, glutamate is released from the pre-synaptic terminal and binds to glutamate
receptors, such as N-methyl-D-aspartate (NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) and Kainite receptors, on the postsynaptic neuron. The binding could
cause a suprathreshold stimulus that results in an action potential in the postsynaptic neuron.
The glutamate is taken up and removed from the synaptic cleft by Na*-dependent excitatory
amino acid transporters (EAATS) that are expressed in both neurons and astrocytes, and is
recycled into the pre-synaptic neuron (O’Donovan et al, 2017). When glutamate is
insufficiently cleared from the synaptic cleft, the build-up of glutamate can trigger

excitotoxicity and eventually cell death.

In ALS, the main evidence arguing for glutamate-mediated excitotoxicity includes detection of
elevated glutamate levels in the blood and cerebrospinal fluid (CSF) of ALS patients (Babu et
al., 1998; Kostera-Pruszczyk et al., 2002; Rothstein et al., 1990) and impaired glutamate
reuptake due to deficits in astrocytes as discussed above. However, there are a few contradicting
studies that argue otherwise. Instead of elevated glutamate levels, reduced glutamate and
glutamine levels were detected in fALS patients with the SODI mutation (Wuolikainen et al.,
2011). Researchers further tested the theory in rodent models by chronically blocking glutamate
reuptake by targeting glutamate uptake transporters in the spinal cord (Tovar-y-Romo et al.,

2009). Despite an increase in glutamate levels, there is no LMN loss nor motor deficits. Most
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importantly, the link between increased glutamate levels and cortical hyperexcitability is not

established.

Considering the many components of the M1 circuitry, there are many potential sources
contributing to the development of cortical hyperexcitability. Therefore, the role of individual

circuit elements in ALS pathophysiology needs to be investigated (Figure 7).

Figure 7. Interaction of proposed cell- and non-
cell autonomous degenerative mechanisms in
ALS. Cell-autonomous mechanisms affecting
upper motor neurons (UMNs) in the center.
Surrounding the UMNs are increased excitation
(vellow), compromised inhibition (orange), glial
cell dysfunction (blue), altered long-range (red)
and neuromodulatory input (purple).

excitation

neuromodulatory
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1.3.In vivo two-photon calcium imaging in awake, behaving rodents

Two-photon (calcium) imaging has been used in the past decade to investigate neuronal activity
and dynamics in both anesthetized and awake mice in health and disease states (Blumenstock
etal., 2021; Burgold et al., 2019; Eichhoff & Garaschuk, 2011; Korzhova et al., 2019; Liebscher
et al., 2016; Scekic-Zahirovic et al., 2021). Furthermore, to dissect circuit mechanisms
underlying processes such as sensory processing, memory formation and spatial navigation,

different behavioral paradigms have been designed for awake, behaving mice.

1.3.1. Principles of two-photon microscopy

Unlike “classic” fluorescence microscopy such as widefield or confocal that are based on one
high-energy photon, two-photon microscopy (2PM) uses two lower-energy infrared photons of
a longer wavelength to excite a fluorophore (Svoboda & Yasuda, 2006). The two photons hit
the target within femtoseconds and trigger a higher-energy electron transition, followed by the
emission of light (Svoboda & Yasuda, 2006). The emitted light that passes through the objective
is then amplified by a photomultiplier tube (PMT) unit. The objective as well as the medium
in which the light passes through determine the dimensions of the field of view and how
efficient light is transmitted (Svoboda & Yasuda, 2006). An example would be exciting the
green fluorescent protein (GFP) used in many indicators at 910 nm in 2PM instead of 488 nm
used in classic fluorescence microscopy. The near simultaneous absorption of the two photons
results in a very narrow focal point, where the energy (laser light) is most focused, which means
the highest photon density. As a result, there is less photodamage and phototoxicity to the entire

sample, especially regions above and below the focal plane (Figure 8).
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classic fluorescence microscopy two-photon
(single photon) microscopy
Excited Excited
state state
Ground Ground
state state

Wi
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Figure 8. Advantages of two-photon microscopy over classic fluorescence microscopy. (a) Classic fluorescence
(one-photon) microscopy uses a single high-energy photon (blue) instead of two equal lower-energy photons
(red) at a higher wavelength in (b). While both scenarios result in the emission of the same wavelength (green),
the near simultaneous absorption of two photons by the sample reduces light scattering, and thus produces a
much clearer image. Taken from Figure 1 of (Svoboda & Yasuda, 2006) with permission.
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1.3.2. Genetically encoded calcium indicators (GECIs) and its

applications in dissecting neural circuits

To study neuronal activity, various techniques can be employed. Electrophysiological
recordings assess the AP duration and frequency, input resistance and change in membrane
potential of individual neurons or neuronal ensembles with high temporal resolution. However,
the lack of visual control in these recordings limits this technique to the assessment of ‘active’
neurons. To optically measure neuronal activity at single-cell resolution, indicators were
developed to detect fluctuations in voltage or intracellular calcium levels acting as a proxy for

AP firing. Genetically encoded calcium indicators (GEClIs) are one class of them.

GECIs are composed of the cytoplasmic calcium-binding messenger protein calmodulin (CaM),
a CaM-binding domain and a fluorescent protein (Pologruto et al., 2004). An AP causes calcium
influx in the neuron, and free calcium binds to CaM, causing conformational changes and thus
the emission of fluorescence from the fluorophore. Changes in fluorescence in a cell that
expresses a calcium indicator is commonly referred to as AF/F). Studies investigating neuronal
activity with electrophysiology and two-photon calcium imaging simultaneously have
demonstrated the correlation between spiking activity and AF/F (Ali & Kwan, 2019; Chen et
al., 2013; Kerr et al., 2005; Kwan & Dan, 2012; Tian et al., 2009), supporting the use of calcium
imaging as a proxy for neuronal activity. In addition to the soma, GECI can also be imaged in
axons and boutons as correlates for presynaptic activity; and in dendrites as proxy for synaptic

input, backpropagating and/or regenerative activity (Ali & Kwan, 2019) (Figure 9).

Upon an AP firing, voltage-gated sodium channels are activated, allowing an influx of
positively charged sodium ions, followed by the opening of voltage-gated calcium channels and

an influx of calcium ions. The influx of calcium ions into the cytosol comes from two sources,
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first externally from the extracellular matrix, followed by internally primarily from the
endoplasmic reticulum (ER) in a process known as calcium-induced calcium release (CICR)
(Usachev & Thayer, 1997). Then, neurotransmitters are released into the synaptic cleft, which
bind to dedicated receptors and activate post-synaptic neuron. Calcium is found in various
compartments of a neuron, including the soma, axon and dendrites, and it has a low baseline
concentration intracellularly and a high activity-driven change in concentration (Oh et al.,
2019). Most importantly, calcium dynamics within a neuron are correlated with AP generation,

neurotransmitter release (Augustine et al., 2003).

In addition to single fluorophore-based indicators described above, fluorescence resonance
energy transfer (FRET)-based indicators employ two fluorophores that shift between baseline
and excited states. FRET sensors are composed of a donor (baseline) and an acceptor (excited)
fluorescent protein. The increase in “free” calcium binding to the sensor and causing a
conformational change that reduces the distance between the two fluorescent proteins. The
distance change causes a transfer of energy from the donor to the acceptor, and thus emitted
fluorescence. These calcium sensors are advantageous over synthetic dyes as they allow for

more even and specific labelling of intended structures.
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Figure 9. Applications of two-photon calcium imaging
in different compartments of a neuron.
Genetically-encoded calcium indicators (GECIs) can be
expressed in various compartments of a neuron.
Imaging at the level of dendrites with spines provides
information on (1) backpropagating activity, (2)
regenerative activity and (3) synaptic input. At the level
of the soma, calcium imaging is used to examine (4)
neuronal activity and firing rates, and at the level of
axons with boutons, calcium imaging reveals (5) pre-
synaptic activity and (6) neuromodulator release.
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GECIs differ with respect to dynamic range, sensitivity and kinetics, which pose advantages as
well as limitations depending on the question one would like to answer. Dynamic range refers
to the quotient of maximum fluorescent intensity divided by minimum fluorescent intensity
(Imax/Imin). A wide spectrum of fluorophores is used in GECls, ranging from blue to green to
far-red, with most of them being green and red. The diversity allows simultaneous imaging of
e.g. multiple cell populations. One of the most commonly used GEClIs is GCaMP (latest version

GCaMP8), based on the green fluorescent protein (GFP) (Nakai et al., 2001).

1.3.3. Sensory processing- and locomotion-related activity in rodent

cortex

In vivo two-photon (2P) imaging and GECI are important tools to study neuronal population
activity under physiological as well as under pathophysiological conditions. To gain insight
into M1 microcircuit element function, it is relevant to study the response properties and activity
levels of dedicated neuronal populations. Previous in vivo studies have revealed numerous

features and response types in M1 (Dombeck et al., 2009; Peters et al., 2017). Functional
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clusters of neurons with activity more correlated to movements such as locomotion and
grooming have been identified, and activity of neurons within a functional cluster displays

stronger correlation as they are more spatially clustered.

To better understand the activity of different neuronal populations in various brain areas,
especially when performing a task, in vivo 2P calcium imaging has been performed in head-
fixed and freely moving animals (Ahrens et al., 2013; Garner & Keller, 2022; Heindorf et al.,
2018; Homann et al., 2017; Huber et al., 2012; Keller et al., 2012; Leinweber et al., 2017; Liu
et al., 2021). Specifically, multi-projectional layer 5 PT and IT neurons have been shown to
serve different functions based on the innervated area (Baker et al., 2018). For instance, layer
5 PT in M1 project to the medulla and to the thalamus and striatum to initiate movement on the
contralateral side and to prepare for movement, respectively (Baker et al., 2018). Within M1,
the inhibitory circuit has been shown to reshape the connectivity and activity among neurons
during motor learning. In particular, SST inhibit the distal branches of the apical dendrites of
layer 2/3 neurons, accompanied by a reduced inhibition of the soma by PV INs (Chen et al.,
2015). Activity of layer 2/3 neurons also becomes more correlated and consistent over learning,
whereas that of layer 5 remains unchanged over time with new distinct activity patterns
generated for dissimilar movements, suggesting layer-specific role of M1 in motor learning and

the complex circuit mechanisms within the cortex (Peters et al., 2017).

Sensory information such as visual input and tactile is processed in a timely manner and applied
to shape and initiate (goal-directed) movement, in a process known as sensorimotor integration
(Edwards et al., 2019; Wolpert et al., 1998). Sensorimotor integration can be divided into three
levels: (1) cerebral cortex in which stimuli are identified and filtered; (2) subcortical areas that
receive input from the cortex for motor command assembly, and (3) spinal cord relays the signal

and executes the commands through muscle contraction (Velasques et al., 2013). In rodents,

34



1. Introduction

whisker stimulation provides tactile information to the barrel cortex (part of the primary
somatosensory cortex) regarding the environment and is highly correlated with locomotion
(Arkley et al., 2014; Ayaz et al., 2019; Chakrabarti et al., 2021; Sofroniew et al., 2014).
Interestingly, activity of neurons in the barrel cortex is more vigorously modulated by running
than whisking alone (Ayaz et al., 2019). One of the sensorimotor circuits involves both the
lemnisco-cortical and corticocortical pathways. These two pathways relay sensory information
from the cuneate nucleus (CuN) in the medulla oblongata, through the ventral posterolateral

nucleus (VPL) of thalamus (TH), to M1 (Yamawaki et al., 2021).

Furthermore, M1 is crucial for visually guided motion, and vice versa, visual information also
determines and adjusts goal-directed movements. A disinhibition model has been proposed to
underlie the locomotion associated gain in (visual) cortex (Pakan et al., 2016). PV INs mostly
inhibit soma of PNs and directly control PN output, and they inhibit themselves (Deleuze et al.,
2019; Szegedi et al., 2020); SST INs inhibit the apical dendrites of PNs, controlling distal input
to PNs; and VIP INs inhibit both PV and SST and regulate PN activity through disinhibition
(Figure 10). While response properties of neurons in visual cortex (V1) remain unchanged,
locomotion enhances their response (Dadarlat & Stryker, 2017). Notably, while locomotion
causes an increase in both excitatory and inhibitory neuronal activity in V1 (Ayaz et al., 2013;
Ayaz et al., 2019; Niell & Stryker, 2010), it suppresses excitatory activity in auditory cortex
(Schneider et al., 2014). However, there are also areas such as the superior colliculus with
activity less modulated by locomotion (Savier et al., 2019). These studies suggest that

locomotion modulates the activity of relevant sensory cortical areas.
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Figure 10. Circuit mechanisms of gain control of sensory input and sensorimotor integration.
(a) Local gain control in (visual) cortex. The classic disinhibition model poses that parvalbumin (PV) interneurons
(INs) inhibit the soma of pyramidal neurons (PNs) and inhibiting themselves; SST inhibiting apical dendrites of
PNs; and VIP inhibiting both PV and SST. During locomotion with visual stimuli, activity of both PNs and INs
increases. However, in darkness, only activity of PV and VIP INs increases, while overall responses of PN and SST
are unchanged with some activity increasing and some decreasing. (b) sensorimotor integration via the lemnisco-
cortical and corticocortical pathways. Signal is relayed from the cuneate nucleus (CuN) to the ventral
posterolateral nucleus (VPL) of the thalamus (TH) via the medial lemniscus (ML), then to the somatosensory
cortex (S1) via the thalamocortical pathway (TC). Layer 4 of S1 receives the strongest input from VPL, followed
by layer 2/3 and 5A. Layer 2/3 also receives additional input from layer 4 locally. Signal is then relayed to layer
2/3 in M1, which provides the strongest input to layer 5B. Layer 5B PNs (upper motor neurons; UMNs) then
signals lower motor neurons (LMNs) in the spinal cord through the corticospinal tract (CST), then to the
innervated muscle, in which the movement is generated. To summarize, sensorimotor integration can be divided
into three levels, in ascending order, (1) muscle and spinal cord, (2) subcortex, and (3) cortex. Adapted from
(Pakan et al., 2016), (Busse, 2018) and (Yamawaki et al., 2021) under the Creative Commons Attribution License.
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Behavioral responses are associated with complex cell type specific interactions enabling
information processing in M1 (Heindorf et al., 2018). While the effect of locomotion, in the
presence or absence of visual stimuli, has been studied more extensively in the visual cortex
(Busse, 2018; Dadarlat & Stryker, 2017; Erisken et al., 2014; Pakan et al., 2016), the impact on
motor cortex remains unclear and thus warrants further scrutiny. Moreover, it is not known how
individual neuronal circuit elements of M1 are affected in behaving ALS transgenic mice across

disease stages, which is thus the objective of my thesis.
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2. Aims and objectives

In humans as well as rodent models of ALS, cortical hyperexcitability has now been shown to
be a key feature of ALS pathophysiology and to precede symptom onset in various ALS-linked
genetic mutation carriers. However, the methods used such as electrophysiological recordings
of layer V neurons and transcranial magnetic stimulation do not provide the layer-specific
resolution to reveal the source of cortical hyperexcitability, hampering the development of
effective therapies. Cortical excitability is regulated by several circuit elements, most of which
are affected in ALS, highlighting the complexity of the disease and the need to study it at the

circuit level.

Specifically, the objectives of this thesis were to address the following questions:

Are activity levels of layer 2/3 and 5 neurons in primary motor cortex altered in ALS

tg mice? If so, how?
o  Are the activity changes detected under anesthesia also captured in wakefulness?
e  Are response properties of layer 2/3 and layer 5 neurons altered in ALS?
e  Which neuronal subtype in motor cortex is affected first in ALS mouse models?
e  Can hyperexcitable neurons be targeted therapeutically to slow down or halt disease

progression in ALS mouse models?
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3. Results

The work of this doctoral thesis has resulted in a peer-reviewed publication in Nature
Communications (see (Scekic-Zahirovic et al., 2021)) and a manuscript in preparation for
submission (Kan et al.). In the following section, I will first outline the published work
“Cytoplasmic FUS triggers early behavioral alterations linked to cortical neuronal hyperactivity
and inhibitory synaptic defects”, followed by the manuscript “A novel non-cell autonomous

mechanism of cortical dysfunction in ALS”.
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Cytoplasmic FUS triggers early behavioral alterations linked to cortical

neuronal hyperactivity and inhibitory synaptic defects
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Gene mutations causing cytoplasmic mislocalization of the RNA-binding protein FUS lead to
severe forms of amyotrophic lateral sclerosis (ALS). Cytoplasmic accumulation of FUS is also
observed in other diseases, with unknown consequences. Here, we show that cytoplasmic
mislocalization of FUS drives behavioral abnormalities in knock-in mice, including locomotor
hyperactivity and alterations in social interactions, in the absence of widespread neuronal
loss. Mechanistically, we identified a progressive increase in neuronal activity in the frontal
cortex of Fus knock-in mice in vivo, associated with altered synaptic gene expression.
Synaptic ultrastructural and morphological defects were more pronounced in inhibitory than
excitatory synapses and associated with increased synaptosomal levels of FUS and its RNA
targets. Thus, cytoplasmic FUS triggers synaptic deficits, which is leading to increased
neuronal activity in frontal cortex and causing related behavioral phenotypes. These results
indicate that FUS mislocalization may trigger deleterious phenotypes beyond motor neuron
impairment in ALS, likely relevant also for other neurodegenerative diseases characterized by
FUS mislocalization.
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ARTICLE

myotrophic lateral sclerosis (ALS) is the major adult

motor neuron disease, with onset usually in the 6th and

7th decade of life and death due to respiratory insuffi-
ciency and progressive paralysis typically occurring 3-5 years
after onset of motor symptoms!~3. Mutations in the Fused in
Sarcoma gene (FUS), encoding an RNA-binding protein from the
FET family®®, are associated with the most severe forms of
ALS®7, clinically presenting with a very early onset and rapid
disease progression®?. ALS associated mutations in FUS are
clustered in the C-terminal region of the FUS protein that
includes the atypical PY nuclear localization sequence, and is
required for protein entry into the nucleus®”19-12, The severity of
the disease correlates with the degree of impairment of FUS
nuclear import! 12, and the most severe cases of ALS known to
date, are indeed caused by mutations leading to the complete
truncation of the PY-NLS®?.

A number of clinical and pathological studies suggest that FUS
mislocalization to the cytoplasm and subsequent aggregation
could be relevant beyond the few ALS-FUS cases. First, FUS
mutations, although rare in non-ALS cases, have been found in
cases with frontotemporal dementia, either isolated!®1* or as an
initial presentation of ALS-FTD!>16, as well as in patients with
initial choreal”, mental retardation!8, psychosis or demential,
and essential tremor?’. In the absence of FUS mutations, FUS
mislocalization?!, or aggregation?>23 were found to be wide-
spread in sporadic ALS. FUS pathology also defines a subset of
cases with FTD (FTD-FUS) with prominent atrophy of the cau-
date putamen?4-2%, concomitant pathology of other FET proteins,
such as TAF15 and EWSR1!227-30 and frequent psychiatric
symptoms?8. FUS aggregates have also been observed in spino-
cerebellar ataxia and Huntington’s disease31:32, While FUS mis-
localization appears to be a common feature in neurodegenerative
diseases, its pathological consequences have not been thoroughly
studied beyond motor neuron degeneration.

Neurons with FUS pathology show decreased levels of FUS in
the nucleus, that might compromise a number of processes
dependent on proper FUS levels such as transcription and spli-
cing regulation or DNA damage repair*. Interestingly, loss of FUS
alters the splicing of multiple mRNAs relevant to neuronal
function3334, such as MAPT, encoding the TAU protein, and
alters the stability of mRNAs, encoding relevant synaptic proteins
such as GluA1 and SynGAP13>-3%, However, loss of nuclear FUS
levels is very efficiently compensated for by autoregulatory
mechanisms as well as by other FET proteins, and loss of nuclear
FUS remains limited as opposed to loss of nuclear TDP-43,
observed in TDP-43 pathology?. Indeed, heterozygous Fus
knock-in mice, which carry one mutant allele leading to cyto-
plasmic and not nuclear localization of FUS, only show marginal
loss of nuclear FUS due to compensatory overexpression!041.
Beyond nuclear loss of function, accumulation of cytoplasmic
FUS was found to be a critical event in ALS-FUS in multiple
studies in mouse models. For instance, cytoplasmic FUS is
necessary to cause motor neuron degeneration in ALS-
FUSI041-46 a5 heterozygous Fus knock-in mouse models
develop mild, late onset muscle weakness and motor neuron
degeneration, but not haploinsufficient Fus knockout mice!0:4146,
To date, there are few studies investigating whether the accu-
mulation of cytoplasmic FUS might lead to phenotypes beyond
motor neuron degeneration. Interestingly, FUS is also found at
synaptic and dendritic sites>®%7->1, and Sahadevan, Hembach
et al.>2 identify synaptic mRNA targets for FUS that are critical
for synaptic formation, function and maintenance.

Here, we show that a partial cytoplasmic mislocalization of
FUS in heterozygous Fus knock-in mice is sufficient to drive a
panel of behavioral abnormalities, including locomotor hyper-
activity and alterations in social interactions, which preceded

motor neuron degeneration. Behavioral deficits were accom-
panied by ventricle enlargement and atrophy of several sub-
cortical structures in the absence of widespread neuronal loss in
the cortex. Mechanistically, we could identify a progressive
increase in neuronal activity in the frontal cortex of Fus knock-in
mice in vivo. Furthermore, we observed a coordinated down-
regulation of multiple genes related to synaptic function in the
frontal cortex throughout adulthood, which were confirmed by
ultrastructural and morphological defects of synapses. These
synaptic defects were more profound in inhibitory compared to
excitatory synapses and accompanied by increased levels of FUS
protein as well as of 3 of its RNA targets (Fus, Nrxnl,
and Gabral) in synaptosomes of heterozygous Fus knock-in
mice. Thus, FUS cytoplasmic enrichment is sufficient to trigger
synaptic deficits, leading to increased neuronal activity and
behavioral phenotypes. These findings suggest that FUS mis-
localization could trigger deleterious phenotypes beyond
impaired motor function that could be relevant for both ALS-FUS
but also for other neurodegenerative diseases based on FUS
mislocalization.

Results

Spontaneous locomotor hyperactivity in FusANLS/+ mice. Since
FUS mislocalization and aggregation are observed in patients with
various neurodegenerative diseases, we hypothesized that partial
FUS cytoplasmic mislocalization in Fus®NLS/* mice could be
sufficient to cause a number of behavioral phenotypes. Two
independent cohorts of mice were analyzed at 4 months of age,
before the appearance of motor impairment4! and 10 months of
age. Evaluation of basal motor activity in a familiar environment
showed significantly increased locomotor activity in FusANLS/+
mice over the 3 consecutive days of observation (Fig. la, b).
Interestingly, this hyperactivity was observed throughout the
entire night in 4-months-old Fus®NLS/+ mice (Fig. 1a), but only
during late night hours in older Fus®NLS/+ mice (Fig. 1b). In the
open field, ambulatory distance, duration of ambulation, mean
speed and preference for peripheral quadrants over central
quadrants were similar in 10-months-old FusANLS/+ mice and
wild-type littermates, indicating the absence of hyperactivity in a
novel environment (Supplementary Fig. 1a, b). To further study
potential anxiety-related phenotypes in Fus®NLS/+ mice, we used
the dark/light box test, based on the preference of mice for dark
compartments over illuminated places. In this test, 10-months-
old FusANLS/+ mice and Fust/* mice showed a similar latency to
enter, similar frequency of transitions and similar duration to
explore illuminated compartment (Supplementary Fig. 1c). Thus,
FusANLS/+ mice are hyperactive, but do not show evidence of
anxious behaviors, at least at the ages tested.

Mildly compromised consolidation of spatial memory in
FusANLS/+ mice. To explore the possibility that behavioral phe-
notypes of FusANLS/+ mice included spatial memory defects, we
performed the Morris water maze test. This task requires hip-
pocampal function, at least during acquisition and memory for-
mation, but relies on a proper cortico-hippocampal dialog for
longer retention times or remote memory retrieval (Fig. 1c)*3. At
10 months of age, FusANLS'+ mice performed similarly well to
their Fust/* littermates regarding the distance travelled and
latency to find the hidden platform over training days (Fig. 1d, e).
We then performed a probe trial 18 days after the last training
and observed that, although both genotypes searched significantly
in the target quadrant compared to nontarget areas, FusANLS/+
mice displayed a slightly decreased performance to retrieve
memory at this timepoint (Fig. 1f). Furthermore, FusANLS/+ mice
lost their previous memory significantly faster than wild-type
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Fig. 1 FusANLS/+ mice display increased nocturnal spontaneous locomotor activity and cognitive defects. a, b Line graphs represent mice home cage
activity-actimetry over three consecutive days at 4 months (a) and 10 months (b) of Fus*/+ (black) and FusAN.S/+ (orange) male mice N =11 for Fus*/+
and N =10 for FusANLS/+ mice at 4 months and N =15 for Fus™/+ and N =14 for FusANLS/+ mice at 10 months. Repeated measures Two-way ANOVA
followed by Sidak for multiple comparisons, with time and genotype as variables. P = 0.0027 at 4 months and p = 0.038 at 10 months for genotype effect.
Data are presented as mean £ SEM values of activity score per hour. € Schematic illustration of the Morris water maze (MWM) experimental strategy
(paradigm). Mice were subjected to a five-day training period and tested for spatial memory retention in a probe trial (60 seconds) 18 days after the last
acquisition. The probe trial was then followed by two extinction tests, performed at 2 h intervals. d, e Line graphs represent latency (in seconds) (d) and
total distance swam (in meters) (e) to find the hidden platform during acquisition of 10-months-old Fus™* (black) and FusANLS/+ (orange) male mice.
Both genotypes improved similarly their performance between day 1and 5. N =10 for Fus*/+ and N = 11 for FusANLS/+ mice. Data are presented as mean =
SEM values of four trials per day of training. A two-way repeated measure analysis of variance (ANOVA) (genotype * days) was conducted to determine
the effect of genotype on learning over time. No significant effect of genotype is observed. f Bar graphs represent the time spent in the target quadrant
(Target) and the average of the time spent in the other three quadrants (Others) during probe trial. Dashed line indicates chance level (15 seconds per
quadrant; i.e., 25%). N =10 for Fus™/+ and N = 11 for FusANLS/+ mice. Data are presented as mean = SEM. Both genotypes were significantly above random
but FusANLS/+ mice performed significantly worse than Fus™/+ littermates ($, p < 0.01, One sample t-test was used to compare to a chance level, Target
quadrant: p = 0.0008 for Fus™/+ and p = 0.006 for FusANLS/+). Genotype comparison was made using One-way ANOVA; F(1,19) = 6.33, p=0.0208. g, h
Bar graphs represent the time spent in quadrants (Target vs Others) during the first (g) and the second (h) extinction test ($, p < 0.05 vs chance levels).
One-way ANOVA for genotype effect (F(1,19) = 0.56, p = 0.46) (g), (F(1,19) = 0.27, p = 0.6) (h) and One sample t-test was used to compare to a chance
level, (Target quadrant: p = 0.025 for Fus*/+ and p = 0.22 for FusANLS/+) (g), (Target quadrant: p = 0.08 for Fus™/+ and p = 0.09 for FusANLS/+) (h). N =
10 for Fust/+ and N = 11 for FusANLS/+ mice, with same mice as panel f. Data are presented as mean + SEM. Source data are provided as a Source Data file.

mice, as they were searching randomly in a first extinction test able to learn but displayed impaired long-term memory in
performed 2h after the probe trial, while wild-type mice still agreement with a dysfunction of cortical regions.

showed a significant more directed searching behaviour and
preferred the target area over others (Fig. 1g). This suggests that
consolidation of long-term memory was mildly compromised in
Fus®NLS/+ mice. Lastly, both genotypes did not distinguish the
target over the other quadrants in a second extinction test
(Fig. 1h). Altogether, these data show that FusANLS/+ mice were

Social disinhibition in FusANLS/* mice. Marked changes in
personality and social behavior, such as social withdrawal or
social disinhibition, obsessive-compulsive behaviors, euphoria or
apathy are common in subjects with behavioral variant (bv)FTD,
a disease with pronounced FUS mislocalization®4->6, Social
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Fig. 2 Social behavior abnormalities in FusANLS/+ mice. a-c Line and bar graphs represent interaction time between resident (test) and intruder mice
exclusively initiated by resident mouse in one-minute intervals (line graphs, on the left) or over the total time (bar graphs, on the right) during a 5 min
resident-intruder test in home cage for 4 (a), 10 (b), and 22 (c¢) months-old Fus*/+ (black) and FusANLS/+ (orange) male mice. Note that, young FusANLS/+
mice demonstrated a trend towards an increased social interest for intruder mouse (a) while older mice interacted with intruders significantly longer
then Fus™/+ (b, €) showing an age-dependent impairment of social behavior-disinhibition. All values are represented as mean = SEM. At 4 months, N=9
for Fust/+ and N = 8 for FusANLS/+ mice; At 10 months, N =14 for Fus™/+ and N =14 for FusANLS/+ mice; At 22 months, N = 8 for Fust/+ and N=10
for FusANLS/+ mice. Two-way repeated measures ANOVA followed by Sidak post-hoc test (p = 0.07 (4 months), p < 0.001 (10 months), and p = 0.007
(22 months) for genotype.effect); Two-sided Unpaired Student's t-test for total time p=0.07 (4 months), p<0.001 (10 months), and p=0.007

(22 months)). d, f Line graphs represent sociability in the three-chamber test measured as interaction time with novel mice across three trials for
Fus™/*(black) and FusANLS/+ (orange) male mice at 4 (d), 10 (e), and 22 (f) months of age. Time exploring an empty cage (object) across trials is
represented as dashed lines. At 4 months, N =9 for Fus*/+ and N = 8 for FusANLS/+ mice; At 10 months, N = 14 for Fust/+ and N = 14 for FusANLS/+ mice;
At 22 months, N = 8 for Fus™/+ and N = 9 for FusANLS/+ mice. Data are presented as mean = SEM. Three-way ANOVA with Newman Keuls post-hoc test
for multiple comparisons, p =ns (4 months), p <0.001 (10 months) and p = ns (22 months) for genotype effect). Source data are provided as a Source
Data file.

deficits were also reported in progranulin haploinsufficient mice, longer interaction with the intruder mouse as compared with
a mouse model of FTD?”. To determine whether Fus®NLS/+ mice  Fus™/* mice (p=0.07) (Fig. 2a), that was significant at
have social behavioral deficits, we first performed the resident- 10 months of age (Fig. 2b) and persisted until 22 months of age
intruder test specific for evaluating sociability in mice. Interest-  (Fig. 2c). Aggressive behavior was only observed at 4 months
ingly, 4-months-old Fus®NLS/+ mice showed a trend towards of age, and not affected by the Fus genotype (attack duration:
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13.0+ 1.4s in Fus™/* mice vs 11.6 + 1.0 s in Fus®NLS/+ mice, p =
0.88 two-sided unpaired Student’s ¢-test). To further characterize
the social behavioral impairment, we used a modified version of
the three-chamber social paradigm. After a first trial of habitua-
tion using an empty setup, a novel mouse is introduced in a side
compartment. The interactions initiated by the test mouse with
either the novel mouse or the empty cage was quantified. Of most
relevance, across the three consecutive trials (Trial 2, 3, and 4), we
observed that 10-months-old Fus®NLS/+ mice consistently inter-
acted more with the novel mouse than Fust/* mice, in line with
social disinhibition (Fig. 2e). This was not observed at 4 or
22 months of age (Fig. 2d-f). Importantly, mice of both genotypes
spent more time interacting with the novel mouse than with the
empty cage, indicating that mice could recognize its conspecific.
The interaction time gradually decreased in later trials, suggesting
progressive loss of social interest in the novel mouse, while it
became familiar (Fig. 2d-f). Similar findings of social disinhibi-
tion in both resident-intruder test and three-chamber paradigms
as a novel environment exclude the possibility that the observed
increased social interactions resulted from locomotor hyper-
activity in the home cage. Importantly, the olfactory function of
FusANLS/+ mice was preserved, since results showed no differ-
ences between genotypes at 22 months of age in the time spent
sniffing filter paper, covered with either attractive scent (vanilla)
or an aversive scent (2-methyl butyrate) (Supplementary Fig. 2).
These findings together with absence of major motor phenotype
at that age (Supplementary Fig. la, b) indicated that social
behavior is specifically affected in Fus®NLS/+ mice. Taken alto-
gether, behavioral analyses of FusANLS/+ mice uncovered loco-
motor hyperactivity, cognitive deficits, and altered memory
consolidation as well as selective impairment in sociability.

Increased spontaneous neuronal activity in Fus®NLS/+ mice
in vivo. As the behavioral changes observed are highly reminis-
cent of frontal lobe dysfunction, we next asked whether neuronal
activity is altered within that brain area. We thus examined
spontaneous neuronal activity using in vivo two-photon calcium
imaging (Fig. 3a-c). We studied neurons in cortical layer II/III of
the frontal cortex expressing the genetically encoded calcium
indicator GCaMP (delivered through an AAV vector) in mice at
the age of 4 and 10 months (Fig. 3b). Indeed, we observed a
significant increase in spontaneous activity, which worsened with
age. While in 4-month-old mice the fraction of active neurons did
not differ between Fust/* and Fus®NLS/+ mice (Fig. 3d), there
was a decrease in transient amplitudes (Fig. 3e) and an increase in
transient frequency (Fig. 3f) in FusANLS/+ mice. In 10-month-old
animals, this increase in activity was already evident at the level of
the fraction of active cells in FusANLS/+ (Fig. 3g). Moreover, we
observed an increase in the transient amplitudes (Fig. 3h) and
also in the transient frequency (Fig. 3i) in Fus®NLS/+ mice
compared to their Fust/* littermates. Taken together, our data
demonstrate an age dependent, strong increase in neuronal
activity in vivo within the upper layers of frontal cortex of
FusANLS/+ mice.

FusANLS/+ mice show ventricle enlargement and atrophy of
subcortical structures but preserved cortical neurons. We next
sought to understand the structural basis of behavioral and
electrophysiological abnormalities in Fus®NLS/*  mice by
employing MR imaging. FLASH MRI datasets for FusANLS/+ mice
and Fust/* littermates were processed for volumetric quantifi-
cation using an in-house developed script®®, aimed at registering
the MRI images to a template derived from the Allen Brain Atlas
reference and then at parcellating the cerebral structures into
hierarchically arranged volumes of interest, which can be

interrogated for the volume of any region or group of regions
(Fig. 4a, b). The overall intracranial volume (ICV) was compar-
able in Fus®NLS/+ and Fust/* mice (Fig. 4c). However, upon
normalization for the ICV, the volume of the brain parenchyma
was significantly decreased in Fus®NLS/t (by ~1.5%; average
normalized volume was 98.52% for Fust/* and 97.14% for
FusANLS/+; Fig, 4d). Visual inspection of the MRI images revealed
a substantial increase in the volume of lateral ventricles, which
was confirmed by the registration algorithm and quantitated as an
almost doubling of ventricular volumes (Fig. 4e). The ven-
tricullomegaly was not associated with neocortical atrophy
(Fig. 4f), but we identified a significant atrophy of the medial
septum (Fig. 4g) and of the structures corresponding to the
cortical subplate (including claustrum, endopiriform cortex and
lateral, basomedial, basolateral, and posterior amygdalar nuclei;
Fig. 4h). Only a nonsignificant trend for reduced volume was
detected for hippocampus (9.06% for Fust/t vs. 8.62% for
Fus®NLS/+; p=0.15; Two-sided Unpaired Student’s t-test) and
striatum (9.76% for Fust/* vs. 9.89% for FusANLS/+; p =0.56,
Two-sided Unpaired Student’s t-test). Interestingly, we also
detected a significant degree of atrophy in the non-neocortical
olfactory areas of the piriform cortex (2.48% for Fus*/* vs. 2.18%
for FusANLS/+; p = 0.0006, Two-sided Unpaired Student’s t-test).
The lack of a prominent cortical atrophy phenotype was further
confirmed by brain histology in Fus®NLS/+ mice at both 10 and
22 months of age. Cortical cytoarchitecture appeared preserved in
FusANLS/+ mice, with normal lamination and no cortical thin-
ning. The density of NeuN positive neurons in the frontal cortex
was similar between Fus®NLS/+ mice and their wild-type litter-
mates at 10 and 22 months of age (Fig. 4i, j).

Taken together, these data demonstrate a significant hydro-
cephalus ex vacuo in Fus®NLS/+, due to the atrophy of subcortical
structures, such as the medial septum, several amygdalar nuclei,
piriform areas, and tentatively the hippocampus.

Transcriptome of FusANLS/t cortex points to defects in inhi-
bitory neurotransmission and synapses. To understand the
molecular basis of altered behavior in FusANLS/+ mice, we per-
formed RNAseq on frontal cortex of 5- and 22-months-old
FusANLS/+ mice and their wild-type littermates. Principal com-
ponent analysis showed a clear separation between FusANLS/+
mice and their wild-type littermates at 22 months of age, while
clustering was imperfect at 5 months of age, suggesting an
exacerbation of the transcriptional differences between genotypes
with age (Supplementary Fig. 3a).

Using a stringent analytical pipeline (FDR < 0.05), we did not
identify differentially expressed genes between FusANLS/+ and
Fust/* mice at 5 and 22 months (Supplementary Fig. 3b). To
ensure that the absence of differentially expressed genes was not
due to the stringent calibration of p-values, we compared the 5-
months and 22-months-old Fust/* mice RNAseq datasets to
probe age-related alterations. We were able to detect more than
2000 genes differentially expressed between 5- and 22-months-
old wild-type mice, at a 5% false discovery rate, demonstrating
that this approach can reliably detect changes in gene expression
(Supplementary Fig. 3b).

To place gene expression changes in a systems-level frame-
work, we performed weighted-gene coexpression network
analysis (WGCNA) across all available Fus®NLS/+ and Fust/+
datasets, including 5 and 22-months RNAseq, as well as 1 and
6 months RNAseq datasets from Sahadevan et al.>2. Potential
batch effects were removed using a negative binomial regression
model to estimate batch effects based on the count matrix>®
(Supplementary Fig. 3c) and allowed clustering between geno-
types (Supplementary Fig. 3d). WGCNA analysis allowed us to
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identify two mRNA modules significantly correlated with the
genotype condition in cortex and labeled as turquoise and yellow
modules according to the WGCNA conventions (Bonferroni-
corrected P <0.05; Fig. 5a, Supplementary Data 1). Cell-type
enrichment analysis demonstrated that the turquoise module, but
not the yellow module, was enriched in neuronally expressed
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genes (Fig. 5b). Indeed, the Turquoise module, downregulated in
Fus®NLS/+ mice (Fig. 5c-e), was enriched in genes related to
synaptic physiology and development, most notably of GABAer-
gic and glutamatergic synapses (Fig. 5d). Hub genes of the
turquoise module included one GABA receptor encoding genes
such as Gabrbl, one glutamate receptor gene (Grid2) and genes

6 NATURE COMMUNICATIONS | (2021)12:3028 | https://doi.org/10.1038/s41467-021-23187-9 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Fig. 3 Assessment of neuronal activity in FusANLS/+ mice in vivo. a Neuronal activity was monitored in frontal cortex of anesthetized mice. Scheme of
coronal section, indicating the expression of GCaMP6s in cortex assessed through a cranial window. Magnified view of imaged cortical area demonstrates
neuronal expression of GCaMP (green) across all cortical layers. b Timeline of experiments. Male and female mice were injected with AAV9-syn-
jGCaMP7s (at 3 months of age) or AAV2/1-hsyn-GCaMP6ém (at 9 months of age) into frontal cortex and implanted with a cranial window. In vivo imaging
began 4 weeks after implantation. ¢ Representative examples (average projections) of field of views (FOV) imaged in Fus*/+ and FusANLS/+ mice at

4 months (N = 8 Fust/+ mice and N = 3 FusANLS/+ mice, left) and at 10 months (N =5 Fus™/+ mice and N = 6 FusANLS/+ mice, right) are shown together
with fluorescence calcium traces of selected regions of interest (ROIs). d The fraction of active cells per FOV was not affected in 4-month-old FusANLS/+
mice. N =13 FOVs in 3 FusANLS/+ and N = 25 FOVs in 8 Fus*/+ mice. Data are presented as mean + SEM p = 0.1627, Two-sided Unpaired Student's t-test.
e, f The calcium transient frequencies (e) were increased while the average transient amplitudes (f) were decreased in FusANLS/+ mice. N =1107 ROlIs in
3 FusANLS/+ and N = 2264 ROIs in 8 Fus*/*, superimposed by the median (e). Kolmogorov-Smirnov test, ***p < 0.0001 for both panel e and f. g-i The
fraction of active cells per FOV (g) as well as (h) the frequencies and (i) the average amplitudes of calcium transients of each ROl were increased in 10-
month-old FusANLS/+ mice. Data are individual FOVs (g; N =14 FOVs in 6 FusANLS/+ and N =10 FOVs in 5 Fus*t/+ mice) or individual ROls (h, i; N = 855
ROIls in 6 FusANLS/+ and N = 631 ROlIs in 5 Fus*/+ mice) superimposed by the mean + SEM (g) or the median (h, i). panel g: Two-tailed Unpaired Student's

t-test, *p = 0.0126; panel h and i: Kolmogorov-Smirnov test, ***p < 0.0001 for both panels. Source data are provided as a Source Data file.

tightly associated with synaptic development and autism (NrxnlI,
Lrfn5, Plcbl, Erc2, Frmpd4, Tanc2, Ctnnd2, Dmd). Consistent
with the known molecular function of FUS, the yellow module
was enriched for genes related to RNA metabolism and
processing and was progressively upregulated with age. Hub
genes of this module comprise genes related to mRNA splicing
(Snrnp70, Ddx39b, IIf3), RNA transport (Hnrnpl, Rbm3, Ipo4), or
RNA degradation (Exosc10) (Fig. 5f-h). Thus, transcriptome
analysis points to the existence of synaptic defects in the frontal
cortex of Fus®NLS/+ mice.

Synaptic defects in in FusANLS/* mice. To independently vali-
date potential synaptic defects in Fus®NLS/+ frontal cortex, we
performed quantitative ultrastructural analysis of inhibitory
(Fig. 6a) and excitatory (Fig. 6b) synapses in this brain region.
Inhibitory synapses in layers II/III of the frontal cortex, identified
by the presence of mitochondria on both sides of the synapse,
showed major ultrastructural alterations in FusANLS/+ mice, with
increased boutons sizes (Fig. 6¢), longer active zones (Fig. 6d),
prominently increased vesicle numbers (Fig. 6e), and increased
distance of vesicles to the active zone as compared to wild-type
synapses (Fig. 6f). Excitatory synapses, identified as asymmetrical,
with a pronounced postsynaptic density, also showed ultra-
structural alterations; however, in the opposite direction: excita-
tory synapses showed overall decreased bouton size, decreased
length of the active zone, and decreased vesicle number in
FusANLS/+ cortex (Fig. 6g-1). Importantly, ultrastructural altera-
tions of excitatory synapses were less pronounced than those of
inhibitory synapses.

To further explore morphological changes occurring at
inhibitory synapses, we quantified the density and the cluster
size of three inhibitory synaptic markers: the GABA transporter
VGAT localized at the presynaptic site®® and two receptors
specifically expressed at the postsynaptic site of all GABA
monoaminergic synapses®!, the postsynaptic scaffold protein
Gephyrin®? and the GABA, receptor containing a3 subunit
(GABARa3). Pictures were acquired in cortical layer 1 to allow
imaging of inhibitory synapses located on the apical dendrites of
pyramidal neurons®. Consistent with the observed ultrastruc-
tural abnormalities, a significant decrease in all markers for
inhibitory synapses was identified (Fig. 6k, 1). This decrease in
density was associated with a decrease in the size of the clusters
for VGAT, GABA,Ra3, and Gephyrin (Fig. 6m), suggesting a
functional impairment of the remaining synapses.

We then sought to determine whether these defects in
inhibitory synapses were caused or associated with the loss of
inhibitory neurons and focused on parvalbumin-positive (PV)
interneurons as the largest group of inhibitory interneurons in the

cortex. Using immunohistochemistry, we did not detect differ-
ences in the number of PV neurons in the frontal cortex of
FusANLS/+ mice neither at 10 nor at 22 months of age
(Supplementary Fig. 4a—c). As a result of the ANLS mutation,
FUS would be expected to accumulate in the cytoplasm of PV
neurons as previously shown in other cell types!®41:4%. We thus
performed double immunostaining for FUS and parvalbumin and
determined the nuclear/cytoplasmic ratio selectively in PV
neurons. As shown in Supplementary Fig. 4d, e, cytoplasmic
FUS staining was increased in PV neurons of FusANLS/+
compared to Fust/* mice. Intriguingly, FUS cytoplasmic staining
increased with age in wild-type PV interneurons, but remained
significantly lower than in Fus®NLS/+ neurons. Altogether,
these results demonstrate the existence of defects in cortical
FusANLS/+ synapses, affecting inhibitory synapses more promi-
nently, which could underlie the observed neuronal hyperexcit-
ability (Fig. 3).

Synaptic accumulation of FUS and its RNA targets in FusANLS/
T cortex. To determine whether the observed phenotypes could
be linked to a disrupted function of FUS at the synapse, we
performed synaptosomal fractionation of the frontal cortex from
5-months-old FusANLS/+ mice. Obtained fractions were enriched
in the synaptophysin protein (Fig. 7a-c, and Source data for
uncropped western blots) and depleted in the nuclear IncRNA
Malat (Fig. 7d), consistent with synaptic enrichment. In synap-
tosomes of FusANLS/+ mice, we observed an almost ten-fold
increase in FUS content compared to wild-type synaptosomes,
while the total or cytoplasmic FUS contents only increased 2-3
times (Fig. 7a-d). This increased FUS content was mostly due to
mutant FUS synaptosomal accumulation, since it was not
observed when using an antibody targeting the NLS of FUS (and
thus not the mutant FUS ANLS protein) (Fig. 7a-d). FUS is
known to bind a number of mRNAs, including Fus mRNA itself,
as well as mRNAs important for (inhibitory) synaptic function
such as Nrxnl or Gabral3. Consistently, we observed increased
levels of these 3 mRNAs in synaptosomal fractions of FusANLS/+
mice (Fig. 7e). This enrichment was relatively selective as 3
mRNAs encoding genes from the Turquoise module showed
distinct patterns of synaptosomal enrichment: Gabrbl and Grid2,
but not Ctnnd2, mRNAs showed clear synaptosomal enrichment,
but only Gabrbl mRNA showed slightly elevated levels in
FusANLS/+ synaptosomes. Collectively, our data show that defects
in synapses, which are more pronounced in inhibitory synapses,
and are related to synaptic FUS accumulation, likely causing the
increased spontaneous neuronal activity and subsequent wide-
spread behavioral abnormalities in Fus®NLS/+ mice.
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Discussion

In this study, we show that knock-in mice with cytoplasmic
accumulation of FUS display widespread behavioral alterations,
beyond motor symptoms. We further determine that FUS mis-
localization leads to increased spontaneous neuronal activity in

the cortex, indicative of neuronal hyperexcitability, that is asso-
ciated with structural and ultrastructural alterations of inhibitory
synapses. Last, we show that the FUS mutation alters FUS
synaptic content and modifies synaptic levels of a subset of its
RNA targets, possibly underlying the observed phenotypes. The
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Fig. 4 Structural and histological brain analysis of Fus™/+ and FusANLS/+ mice. a Representation of the workflow used to determine volumes of
corresponding brain structures from MRI slices per each mouse by the custom-made Fiji macro plugin (upper row). b Representative MRI slice images of
Fust/+ (upper row) and FusANLS/+ (lower row) male mice. c=h Bar graph showing intracranial volume (ICV) (c), normalized volume of the brain
parenchyma (d), of lateral ventricles (e), cortex (f), medial septum (g), and cortical subplate (h) in FusANLS/+ vs Fus™/+ mice. For panels c-h, N=5 for
Fust/* and N =5 for FusANLS/+ mice. Data are presented as mean + SEM. Two-tailed Unpaired Student’s t-test, ¢: p =0.4838; d: p=0.0249; e: p =
0.0249; f: 0.9489; g: p=0.0151; h: p=0.0051. i Representative image of NeuN immunohistochemistry at 22 months of age in Fus™/+ (N =3 mice) or
FusANLS/+ (N = 5) male mice in the anterior region of the M1/M2 cerebral cortex. Scale bar: 100 um. j Distribution of NeuN-++ neurons in Fust/+ (black) or
FusANLS/+ (orange) male mice, in anterior and posterior regions of the M1/M2 cerebral cortex. N = 3 for Fus*/+ and N = 5 for FusANLS/+ mice. Source data

are provided as a Source Data file.

timelines of the different experimental studies are summarized in
Supplementary Fig. 5.

The notion that FUS mislocalization is a widespread patholo-
gical event in sporadic ALS, but also in many other neurological
diseases, prompted us to investigate the behavioral phenotype of
Fus®NLS/* mice. While motor defects can be detected as early as
6 months of age and motor neuron degeneration is not detected
before 18-22 months of age, we observed an early spontaneous
locomotor hyperactivity in FusANLS/+ mice. In addition, we
observed various defects in executive functions, including
impaired remote long-term memory, and abnormal social inter-
actions. Hyperactivity and social and executive dysfunctions have
been previously documented in other mouse models of ALS/FTD.
As such the transgenic overexpression of mutant FUS can e.g,
cause hyperactivity and cognitive deficits®4. Similar abnormalities
are also observed in TDP-43 knock-in mice®, CO9ORF72 BAC
transgenic mice®, or Chmp2b transgenic mice®’, suggesting that
ALS mutations commonly lead to various behavioral alterations
in mouse models, that are dominant over motor dysfunction.
These phenotypes seen in mouse models nicely recapitulate
widespread cognitive and executive dysfunction typical of
ALS869 and support the clinical overlap between ALS and
FTD70.

The deficits in executive functions and social behavior that we
observe in Fus®NLS/+ mice are particularly relevant for FTD.
Increased ventricular volume’!~73 as well as atrophy of sub-
cortical structures’>74 were found in FTD patients and pre-
symptomatic mutation carriers, strengthening the analogy to
FusANLS/+ mice. Pathology of FUS and other FET proteins
(TAF15 and EWRSI1) is a hallmark of a subset of FTD cases
(FTD-FET cases). In FTD-FET cases, FUS pathology is associated
with nuclear clearance of the FUS protein in neurons with FUS
aggregates, although this nuclear clearance is not as pronounced
as in cases with TDP-43 pathology?®. Importantly, the FUS
protein is accompanied by several other proteins in FTD-FET
pathological aggregates, including TAF15 and EWSRI, two other
FET proteins, as well as Transportin 112-27-30_ Thus, the disease in
FTD-FET patients could be driven by several non-mutually
exclusive mechanisms, including cytoplasmic accumulation and/
or aggregation of FUS, nuclear clearance of FUS and/or aggre-
gation of co-deposited pathological proteins. Previous studies
indicate that complete loss of FUS could be sufficient to lead to
FTD like symptoms in mice, and this was consistent with the role
of FUS in controlling the splicing of mRNAs relevant to FID,
such as MAPT, encoding the TAU protein, or in the stability of
mRNAs encoding relevant synaptic proteins such as GluAl and
SynGAP13>-3%, In FusANLS/+ mice, there is, however, a limited
loss of nuclear FUS immunoreactivity!®#! and no obvious FUS
aggregates, ruling out that these pathological events might play a
major role in the observed behavioral alterations. The quasi-
normal levels of FUS in the nucleus are explained by the existence
of potent autoregulatory mechanisms, which are able to largely
buffer the effect of the mutation on nuclear FUS levels. Mis-
localization of either TAF15 or EWSRI is also unable to account

for behavioral abnormalities as both of these proteins show
normal localization in FusANLS/* neurons, as well as ALS-FUS
patients30. Together, our results show that FUS mislocalization
alone is sufficient to trigger behavioral symptoms and suggest that
this might be a major driver of disease pathophysiology in FTD-
FET patients. Importantly, our findings do not exclude that at
later stages of disease progression, loss of nuclear FUS function
might occur as a result of collapsed autoregulatory mechanisms,
thereby exacerbating neurological symptoms.

A major finding of this study is that FusANLS/+ mice develop
morphological and ultrastructural synaptic defects. The combi-
nation of locomotor hyperactivity with social deficits, as observed
in FusANLS/+ mice, is commonly observed in various mouse
models with synaptic defects. For instance, mouse models of
autism spectrum disorders, such as mice lacking the ProSAP/
Shank proteins’>7%, display similar behavioral alterations. Our
results point to a major defect in synapses, primarily affecting
inhibitory synapses. This conclusion is supported by at least three
main results: First, transcriptome analyses of the cerebral cortex
show that genes related to synapses are affected. Second, the
density of inhibitory synapses as well as the clusters size of three
typical markers of inhibitory synapses (VGAT, GABA,Ra3, and
Gephyrin) are decreased. Third, inhibitory synapses are ultra-
structurally abnormal, with increased size, increased number of
vesicles and increased distance between vesicles and the active
zone, which could be compensatory to their decreased density.
Excitatory synapses were also abnormal, but their defects were
minor compared to inhibitory synapses. Our data suggest that
both the pre- and postsynaptic compartment of inhibitory
synapses are affected by the Fus mutation. Indeed, the decrease in
the density of Gephyrin positive puncta could reflect a dis-
organization of the postsynaptic density’”, potentially caused by
decreased GABAR activity’8-80, Decreased VGAT density, as well
as increased bouton size or vesicle disorganization further suggest
impairment of presynaptic GABAergic terminals. On its own,
decreased VGAT density might reflect an overall reduction of
inhibitory synapses throughout the cortical layers®! and lead to
impaired loading of GABA in the presynaptic vesicles®®. Impor-
tantly, Sahadevan, Hembach and collaborators performed studies
in Fus®NLS/+ mice at earlier ages and observed defects of inhi-
bitory synapses, as early as 1 month of age, worsening at
6 months of age®2. It is important to note that the disruption of
inhibitory synapses can explain most of the detected behavioral
and electrophysiological phenotypes observed in FusANLS/+ mice.
Ilustrating this, loss of Gabra182, or of Gabra3%3 are sufficient to
lead to locomotor hyperactivity and the FUS target Nrxnl
(encoding a key factor in the formation of GABAergic and glu-
tamatergic synapses®), is critical in regulating locomotor activity
and social behavior in mice8>8¢. Indeed, the deletion of all three
neurexins from PV neurons is causing a decrease in the number
of synapses of this neuronal type®’, in a manner similar to what is
observed in FusANLS/+ mice.

Our current results do not allow to determine whether a spe-
cific subpopulation of inhibitory neurons would be more
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Fig. 5 mRNA coexpression network analysis pinpoints defects in inhibitory and excitatory synapses in FusANLS/+ mice. a Signed association (Pearson
correlation) of the mRNA MEs with transgenic condition. Modules with positive values indicate increased expression in transgenic mice; modules

with negative values indicate decreased expression in transgenic mice. The red dotted lines indicate Bonferroni-corrected P < 0.05 for multiple
comparisons (n =12 modules, n =16 mice per group). b Cell-type enrichment of modules (average n =200 genes) using mouse genes in MRNA modules
(Fisher's two-tailed exact test, ***FDR = 2 x 10~°). ¢ Coexpression network plot of the synaptic (turquoise) module. The top 12 hub genes are indicated by
name. d Gene ontology term enrichment of the synaptic module using 1791 synaptic module genes. e Trajectory of the synaptic module in the cortex of
FusANLS/+ mice across time. Boxplot show median and quartile distributions, the upper and lower lines representing the 75th and 25th percentiles,
respectively. Two-way ANOVA, F 24y =14.55, p=0.0008; n = 4-6 mice per group. f Coexpression network plot of the splicing/translation module. The
top 12 hub genes are indicated by gene name. g GO term enrichment of the splicing/translation module using 1112 splicing/translation module genes.
h Trajectory of the splicing/translation module in the cortex of FusANLS/+mice across time. Boxplot show median and quartile distributions, the upper and
lower lines representing the 75th and 25th percentiles, respectively. Two-way ANOVA, F( 24y =11.92, p = 0.002; n = 4-6 mice per group. The center line
represents the median.
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selectively affected in Fus®NLS/+ mice. PV interneurons are,
however, a strong candidate according to the results of our stu-
dies, but also their involvement in TDP-43 knock-in mice®?, and
in TDP-43 transgenic mice that display degeneration of hippo-
campal PV positive interneurons®. Functional impairment of PV
interneurons might represent a unifying theme in ALS patho-
physiology, as multiple electrophysiological studies demonstrate
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hypoexcitability of PV neurons in SOD1 and TDP-43 transgenic
mouse models of ALS8-92. Others, however, found PV inter-
neurons to be unaltered presymptomatically and to turn hyper-
excitable during the symptomatic phase in the same SOD1G934
mouse model®?. In either case, those changes in PV excitability
were always accompanied by hyperexcitability of layer V pyr-
amidal neurons$9-21:93, These findings in mouse models nicely
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Fig. 6 Defects in synapses in 22-months-old FusANLS/+ mice. a, b Representative image of transmission electron microscopy in Fus™+ or FusANLS/+ |ayer
[I/111 of the motor cortex at 22 months of age showing inhibitory synapses (a) (as containing >1 mitochondrion on each side of the synapse) and excitatory
synapses (b). Pre: presynaptic compartment; active zone is shown with an arrowhead. N = 4 Fus*/+ mice (1 male and 3 females), and N = 4 FusANLS/+
mice (1 male and 3 females) have been analyzed. ¢-f Violin plot showing the distribution of bouton sizes (¢), the length of active zones (d), the number of
vesicles per synapse (e), and the distance of individual vesicles to the active zone (f) in inhibitory synapses of Fus™+ (black) or FusANLS/+ (orange) mice.
For panels c-f, N = 379 synapses from 1 male and 3 female Fus*/+ mice and N = 387 synapses from 1 male and 3 female FusANLS/+ mice were analyzed.
Kolmogorov-Smirnov test. ¢: p = 0.0016; d: p < 0.0007; e: p = 0.0010; f: p < 0.0001. g-j Violin plot showing the distribution of bouton size (g), the length
of active zone (h), the number of vesicles per synapse (i), and the distance of individual vesicles to the active zone (j) in excitatory synapses of Fus*/+
(black) or FusANLS/+ (cyan) mice. For panels g-j, N = 463 synapses from 1 male and 3 female Fust/* mice and N =490 synapses from 1 male and 3
female FusANLS/+ mice were analyzed. Kolmogorov-Smirnov test. g: p=0.0038; h: p < 0.0007; i: p = 0.0362; j: p = 0.2182. k Representative images of
GABAARa3, Gephyrin and VGAT intensity in 22-months male mice, coded by area size (Imaris). N = 3 Fus™/+ mice and N = 4 FusANLS/+ mice have been
analyzed. | Bar graphs representing the density analysis for VGAT, GABAAR«3, and Gephyrin comparing Fus™/* vs FusANLS/+ mice. (Fust/+ vs FusANLS/+,
Mann-Whitney test, VGAT, p = 0.0464; GABAARa3, p = 0.0217; Gephyrin, p = 0.0043). N =8 FOVs from 3 Fus*/* mice and N=9 FOVs from 4
FusANLS/+ mice were analyzed for VGAT; N =8 FOVs from 3 Fus*™/+ mice and N =10 FOVs from 4 FusANLS/+ mice were analyzed for GABAARa3 and
Gephyrin. Data are presented as mean + SEM. Mann-Whitney, One tailed, VGAT: p = 0.0464; GABAAR«a3: p = 0.0217; Gephyrin: p = 0.0043. m Violin
plot representing the analysis of the clusters size for VGAT, GABAAR«3, and Gephyrin comparing Fus™+ vs FusANLS/+ mice. N = 142,416 synapses
from 3 Fus™/+ mice and N = 115,151 synapses from 4 FusANLS/+ mice were analyzed for VGAT; N = 202,302 synapses from 3 Fus™/+ mice and N =
99,464 synapses from 4 FusANLS/+ mice were analyzed for GABAARa3; N = 169,036 synapses from 3 Fus™/+ mice and N = 68,422 synapses from 4
FusANLS/+ mice were analyzed for Gephyrin. Kolmogorov-Smirnov test. VGAT: p < 0.0001; GABAAR«3: p < 0.0007; Gephyrin: p < 0.0001. Source data are

provided as a Source Data file.

recapitulate human ALS pathology, in which cortical hyper-
excitability is a frequent and, most importantly, early finding in
familial and sporadic cases, including FUS mutation carriers!®%4,
In line with these findings, we also observed a pronounced
increase in spontaneous neuronal activity in vivo, which is highly
indicative of hyperexcitable pyramidal neurons. While we cannot
rule out cell autonomous alterations affecting the intrinsic
excitability of pyramidal neurons, our histological, ultrastructural,
and transcriptomic data strongly argue for defective inhibitory
neurotransmission by PV interneurons. In summary, our results,
along with others, support the notion that dysfunction of cortical
PV interneurons contribute to neural circuit defects in ALS and
FTD. Importantly, while we observe molecular and structural
defects in inhibitory neurons, we did not observe a loss of PV cell
bodies in FusANLS+ mice, suggesting that the major defect
resembles a synaptopathy rather than frank neuronal loss, con-
sistent with other studies”!. Altogether, our results identify a role
for FUS in regulating GABAergic synapse structure and function.
Since other major classes of inhibitory interneurons® were not
investigated, we cannot exclude that somatostatin positive (SST)
or HTR3A expressing interneurons are also affected, although to
a lesser extent than PV neurons. Furthermore, our work also
shows that this Fus mutation alters glutamatergic synapses, as
judged from both WGCNA analysis of RNAseq (Fig. 5) and
electron microscopy (Fig. 7). This is consistent with results from
Sahadevan, Hembach et al.>? providing evidence that FUS is also
critically involved in glutamatergic synaptogenesis, at least during
development, and is in line with previous studies?. Further work
is required to disentangle the causes and consequences of
GABAergic and glutamatergic impairment, and their respective
mechanisms.

How can mutant FUS regulate inhibitory synaptic structure?
We observe that the loss of the FUS NLS leads to an increased
level of the mutant protein in purified synaptosomes. These
results are consistent with results from Sahadevan, Hembach
et al., where the authors identified a number of FUS synaptic
RNA targets, and a subset of these were also increased in
synaptosomes of FusANLS/+ mice. Interestingly, in both studies,
several FUS synaptic targets are not modified in FusANLS/+
synaptosomes, including some related to GABAergic neurons.
Sahadevan, Hembach and collaborators further demonstrate that
at least a subset of these FUS synaptic RNA targets show

increased stability in Fus®NLS/+ neurons. It seems thus reasonable
to hypothesize that accumulation of synaptic FUS compromises
synaptic homeostasis through altered stability of key synaptic
RNAs, either through direct binding, or indirectly. This does not
exclude additional mechanisms of toxicity for synaptic FUS, in
particular effects on local synaptic translation*®7, that could
affect synaptic protein levels. Further work should focus on
determining whether FUS might also regulate synaptic translation
of specific proteins involved in inhibitory transmission, and
whether rescuing synaptic defects in inhibitory neurons might
translate into an efficient therapeutic strategy.

In summary, we show here that cytoplasmic accumulation of
FUS leads to a major synaptopathy mainly in inhibitory neurons,
that is accompanied by consistent behavioral and electro-
physiological phenotypes. The identification of the mechanisms
downstream of FUS’ synaptic action might lead to efficient
therapeutic strategies for FUS related neurodegenerative diseases.

Methods

Mouse models and behavioral analyses. Wild-type (Fus™/*) and heterozygous
(FusANLS/*) mice on a pure genetic background (C57BL/6J), have been described
previously!0, were bred and housed in the central animal facility of the Faculty of
medicine of Strasbourg, with a regular 12-h light and dark cycle (light on at 7:00
am) under constant conditions (21 + 1 °C; 60% humidity). Standard laboratory
rodent food and water were available ad libitum throughout all experiments. Mice
were genotyped by PCR of genomic DNA from tail biopsies using oligonucleotide
primers (sequence provided in Supplementary Data 2)!0. Mouse experiments were
performed in compliance with all relevant ethical regulations for animal testing and
researcher. All experiments were approved by local ethical committee from
Strasbourg University (CREMEAS) under reference number AL/27/34/02/13
(behavior), by the Government of upper Bavaria (license number Az 55.2-1-54-
2532-11-2016, two-photon microscopy) and by ,,Regierungsprisidium Tiibingen
(animal license number 1431, MRI). Behavioral tests were done during the light
phase (between 9 am and 5 pm) of their light/dark cycle except for indicated
experiments. Until the mice reached the age when the behavioral tests were per-
formed mice were group-housed. Once mice were single housed for the behavioral
task they were kept individually for only a period necessary to finalize the set of
behavioral experiments and in order to minimize possible negative effects of iso-
lation, afterwards cohorts were sacrificed and processes for downstream analyses.
Male mice of 4, 10, and 22 months of age were subjected to behavioral studies and
data were analyzed blind to genotypes. The sex of the animals studied is indicated
in each figure legend.

Spontaneous locomotor activity in the home cage-actimetry. Home cage activity was
assessed according to previously published protocols®. Mice were placed indivi-
dually in large transparent Makrolon cages (42 x 26 x 15 cm) adapted to the shelves
of the testing device (eight cages/shelve). Two infrared light beams, passing
through each cage, were targeted on two photocells, 2.5 cm above the cage floor
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Fig. 7 FUS accumulates in synaptosomes of FusANLS/+ mice and alters synaptosomal levels of a subset of its targets. a, b Representative western blot
images (a) and respective quantifications (b) of cytoplasmic (a, left) or synaptosome (a, right) extracts from Fus™/+ (+/+) or FusANLS/+ (A/+) mice
(4 months of age,) using two antibodies recognizing the N-terminal part of the FUS protein (FUS N-ter1 and FUS N-ter2), the C-terminal part of FUS
(encoding the NLS, FUS C-ter) or synaptophysin protein to show enrichment in synaptic proteins in the synaptosome fraction. N = 6 Fus™/+ mice and N =
6 FusANLS/+ mice were analyzed. Data are presented as mean + SEM. One-Way ANOVA with Tukey post-hoc test. ***p < 0.0001 Please note that the FUS
western blots were run on independent gels, to avoid stripping and reprobing on the same membrane for the same protein. Each of these gels were
controlled for equal loading using StainFree markers, that are provided in the source data. ¢, d Representative western blot images (¢) and respective
quantifications (d) of total extracts (€) from Fust/* (+/+) or FusANLS/+ (A/+) mice (4 months of age,) using the same antibodies as in panela. N=5
Fus™/+ mice and N = 5 FusANLS/+ mice were analyzed. Data are presented as mean + SEM. Two-tailed Unpaired Student's t-test. N-terl: p < 0.0001; C-ter:
p-value: p = 0.0006; Synaptophysin: p = 0.0411. e mRNA levels of the indicated genes in RNAs extracted from cytoplasmic (Cyto.) or synaptosome
(Synap.) extracts from Fus*™/+ (+/+) or FusANLS/+ (A/+) frontal cortex from 4-months-old female mice as assessed using RT-qPCR. N = 6 Fust/+ mice
and N =5 FusANLS/+ mice were analyzed. Data are presented as mean + SEM. Genes are grouped by categories (controls, established FUS RNA targets,
and genes belonging to the Turquoise module). All quantifications are presented relative to the +/+ cytoplasmic RNA levels set to 1. One-way ANOVA
with Tukey post-hoc test. Fus: ***p < 0.0001 vs corresponding wild-type fraction; ###p < 0.0001 vs corresponding cytoplasmic fraction of the same
genotype. Malat: ###p =0.0001 vs corresponding cytoplasmic fraction of the same genotype. Nrxn1 *p = 0.0140 vs corresponding wild-type fraction;
###p < 0.0001 vs corresponding cytoplasmic fraction of the same genotype. Gabral: **p = 0.0012 vs corresponding wild-type fraction; ###p < 0.0001 vs
corresponding cytoplasmic fraction of the same genotype. GabrbT: **p = 0.0029 vs corresponding wild-type fraction; ###p <0.0001 vs corresponding
cytoplasmic fraction of the same genotype. Grid2: ###p < 0.0001 vs corresponding cytoplasmic fraction of the same genotype. Ctnnd2: no significant
differences observed (p > 0.05). Source data are provided as a Source Data file.
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level and 28 cm apart. The number of cage crossing was recorded automatically and
was used to determine or score the spontaneous locomotor activity. The experi-
ment began at 17.00 pm and after 2 h of habituation continued for 3 consecutive
days for a complete 24 h nictemeral cycle (12 h dark and 12 h light).

Open field. The general exploratory locomotion and anxiety in a novel environment
were tested during 15 min long sessions in the open field arena (72 x 72 x 36 cm)
located in a test room and lit by a 600 lux for background lighting, according to
published protocol®®. The open maze was divided by lines into sixteen squares
(18 x 18 cm). Each mouse was placed in the center of the arena and allowed to
freely move while being video recorded. The recorded data were analyzed offline
with EthoVision XT software system (Noldus Information Technology). The time
spent in the center (four central quadrants) vs. the perimeter (12 peripheral
quadrants) was used to measure anxiety, while the total distance traversed in the
arena and average moving speed (mean velocity) was used to evaluate locomotor
activity. For each mouse a movement heat map and trajectory tracking map that
are representing a corresponding locomotor activity were made independently.

Dark/light box test. The light/dark box apparatus consisted of two Poly-Vinyl-
Chloride (PVC) compartments of equal size (18.5x 18.5 x 15 cm) one opaque and
the other transparent, connected through an opaque tunnel (5 X 5.5 x 5 cm). The
illumination of the transparent compartment was set at 400 lux. Each mouse was
placed alone in the dark compartment and the mouse’s behavior was recorded
during 5 min with a video camcorder located ~150 cm above the center of the box.
Test was conducted during the morning. The latency before the first transition into
the light compartment, the number of transitions between the two compartments
and the time spent in each compartment were tested to assess for anxiety level and
exploratory behavior, as published previously®’.

Olfactory preference test. This test is designed to identify specific detection defi-
ciencies and/or odor preference, namely the ability to sense attractive or aversive
scents. After 30 min of habituation to empty cage with no bedding, each mouse
was challenged with a filter paper embedded with two strong scents (vanilla and
2-methyl butyrate) or a neutral scent (water) was video recorded over 3 min. A 1-h
pause in between the exposure to different scents was applied to each mouse using
a procedure adapted from previously reported protocols®”-1%0. The time the mouse
spent sniffing the filter paper—the exploration time, is calculated post-hoc by an
examiner blind to mouse genotype and condition. Those scents with the
exploration time greater than water were designated as “attractive” while those with
times less than water were termed “aversive”.

Social interaction in the home cage (resident-intruder test). Social interaction was
assessed in the home cage by a standard protocol®”101. Briefly, both resident and
intruder mice were isolated and housed individually for 1 week before the task.
After 30 min of habituation to the test room resident mouse was allowed to freely
roam in his home cage without the cage top for 1 min. A novel male intruder
mouse (nonlittermate of same background, same age, and similar weight) was then
introduced in the opposite corner as the resident and allowed to interact for 5 min
while videotaped. The total physical interaction, defined as the time during which
the resident mouse actively explores the intruder was analyzed post-hoc. Only
social activities, such as time spent investigating, grooming, following, sniffing etc.
were quantified separately for each minute and for the whole time of the task and
were differentiated from nonsocial/aggressive activities such as attacks, bites, and
tail rattles.

Three-chamber social task. Specific social behaviors such as sociability and social
recognition were analyzed by using three-chamber social task. The experimental
procedure is adapted from Gascon E et al.®”. The three-chamber box (59 x 39.5 x
21.5 cm) is made of transparent Plexiglas (Noldus Information Technology,
Wageningen, The Netherlands) and is divided into three chambers (one middle
and two side chambers) of equal size (18.5 x 39.5 cm) by the walls with a square
opening (7 x 7 cm) that could be closed by a slide door. Each of the two side
chambers contains a mobile wire cylinder shaped cage (20 x 10 cm diameter) that is
made of transparent Plexiglas bars placed 6 mm apart. Cage is closed by the upper
and lower lids.

Mice of both genotypes (Fus*/* and Fus®NLS/t) that were experimentally tested
are referred to as the test mice and adult male unfamiliar mice of same background,
age and weight used as the social stimulus are called novel mice. All mice were
housed individually for 1 week before the test and were habituated to the testing
room for at least 1 h before the start of behavioral tasks. One day prior to the
testing, the novel mice were habituated to mobile wire cage for 5 min. The keeping
of the novel mouse separated in a wire cage prevents aggressive and sexual
activities, and in the same time ensures that any social interaction is initiated by the
test mouse. Sessions were videotaped and visually analyzed post-hoc. The
experimental procedure was carried out in four trials of 5 min each. After each trial,
the mouse was returned to his home cage for 15 min. Trials were grouped into two
consecutive parts.

Trial 1 (habituation): the test mouse was placed in the middle chamber and left
to freely explore each of the three chambers: the empty middle or two sides’ arenas
containing the empty wire cages for 5 min.

Trials 2-4 (sociability, social recognition, social learning acquisition): the mouse
was placed in the middle chamber, but an unfamiliar mouse (novel mouse) was
placed into a wire cage in one of the side chambers (the wire cage in the other side-
chamber remains empty). The test mouse had free access to all three chambers. The
position of novel mouse and empty wired cage were alternated between trials. We
quantified the time spent actively exploring a novel mouse or an empty cage by the
test mouse as a social interaction time or an object exploration time, respectively.
The longer time that test mouse spends in the close perimeter around the cage
containing the novel mouse while actively interacting with it (staring, sniffing)
compared to the empty cage—object, indicates social preference or social
recognition as a result of the capability to differentiate a conspecific from an object.
The motivation of the test mouse to spontaneously interact with novel mouse is
considered as sociability which gradually decreased over trials as a result of social
learning acquisition.

Water maze task. The water maze consisted of a circular pool (diameter 160 cm;
height 60 cm) filled with water (21 + 1 °C) made opaque by addition of a powdered
milk (about 1.5 g/L). The habituation day consisted in one 4-trial session using a
visible platform (diameter 11 cm, painted black, protruding 1 cm above the water
surface and located in the South-East quadrant of the pool), starting randomly
from each of the four cardinal points at the edge of the pool. During this habi-
tuation trial, a blue curtain surrounded the pool to prevent the use of distal cues
and thus incidental encoding of spatial information. For the following days, the
curtain was removed. Mice were given a 5-day training period (4 consecutive trials/
day, maximum duration of a trial 60 seconds, inter-trial interval = 10-15 seconds)
with a hidden platform located at a fixed position in the North-West quadrant.
Animals were starting randomly from each of the four cardinal points at the edge
of the pool and the sequence of the start points was randomized over days. Mice
were tested for retention in a 18-days delay probe trial and two extinction tests: the
first 2 h after probe trial and the second 2 h after the first. For the probe trial, the
platform was removed; the mice were introduced in the pool from the North-East
(a starting point never used during acquisition) and allowed a 60-seconds swim-
ming time to explore the pool. Data were collected and computed by a video-
tracking system (SMART; AnyMaze software). For the visible platform and
training trials following parameters were used: the distance traveled and the latency
time before reaching the platform and the average swimming speed. For the probe
trial and extinction tests the time (in secondes) spent in the target quadrant (i.e.,
where the platform was located during acquisition) was analyzed!02.

Assessing neuronal activity by in vivo two-photon imaging

Cranial window implantation and virus injection. Mice of both sexes were
implanted with a cranial window at 3 and 9 months of age (+10 days), respectively
and received a stereotaxic injection of the genetically encoded calcium indicator
(AAV2/1.hsyn.GCaMP6m.WPRE.SV40 diluted 1:6 in saline—10-month-old
cohort or AAV9.syn.jGCaMP7s. WPRE diluted 1:6 in saline—4-month-old cohort
(pGP-AAV-syn-jGCaMP7s-WPRE was a gift from Douglas Kim & GENIE Project,
Addgene viral prep # 104487-AAV9; RRID:Addgene_104487)193 into the primary
motor cortex (M1)194, In brief, mice were first anesthetized with Fentanyl (0.05 mg/
kg), Midazolam (5.0 mg/kg), and Metedomidin (0.5 mg/kg). A circular craniotomy
with a 2 mm radius, centered at 1.7 mm lateral and 0.8 mm anterior to bregma, was
performed, followed by the slow injection of a total of ~1 ul of the calcium indi-
cator into three sites (~300 nl per site at 600 um cortical depth). A 4 mm round
glass coverslip (Warner Instruments) was placed over the cortex and sealed with
UV-curable dental acrylic (Venus Diamond Flow, Heraeus Kulzer GmbH). A metal
head bar was attached to the skull using dental acrylic (Paladur, Heraeus Kulzer
GmbH), allowing for stable positioning during two-photon imaging.

Two-photon imaging in anesthetized mice. Four weeks following the cranial window
implantation, in vivo two-photon imaging was performed within cortical layer II/
III using a two-photon microscope (Hyperscope, Scientifica, equipped with an 8
kHz resonant scanner) at a frame rate of 30 Hz and a resolution of 512 x 512 pixels.
Using a x16 water-immersion objective (Nikon), stacks consisting of 15,000 frames
(equivalent to ~8 min) were acquired, covering a field of view (FOV) of 300 x 300
um. Light source was a Ti:Sapphire laser with a DeepSee pre-chirp unit (Spectra
Physics MaiTai eHP)!04, GCaMP was excited at 910 nm, with a laser power not
exceeding 40 mW (typically 10-40 mW). In each mouse, two to five FOVs at
cortical depths of 140-310 um were imaged, yielding 2264 cells in Fust/* (n =25
experiments, 8 mice) and 1107 cells in Fus®NLS/+ (3 =13 experiments, 3 mice) at
4 months of age; and 631 cells in Fust* (n=10 experiments, 5 mice) and 855 cells
in Fus®NLS/+ mice (n = 14 experiments, 6 mice) at 10 months of age. During
imaging, mice were anesthetized with 1.0-1.5 volume % isoflurane in pure O, at a
flow rate of ~0.51/min, to maintain a respiratory rate in the range of 110-130
breaths per minute. Body temperature was maintained at 37 degrees using a
physiological monitoring system (Harvard Apparatus).

Image processing and data analysis. All image analyses were performed in Matlab
(Math Works) using custom-written routines!?4. In brief, full frame images were
corrected for potential x and y brain displacement, and regions of interests (ROIs)
were semi-automatically selected based on the maximum and mean projections of
all frames. Fluorescence signals of all pixels within a selected ROI were averaged,
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the intensity traces were low pass filtered at 10 Hz. Contamination from neuropil
signals was accounted for using the following Eq. (1)1%4,

Froi_comp = Fror = 0-7% Feuropit + 0.7 x median(Fy o) (6]

FRro1_comp Stands for neuropil-compensated fluorescence of the ROI, Froy, and
Freuropil represent the initial fluorescence signal of the ROI and the signal from the
neuropil, respectively. A neuron was defined as ‘active’ if it displayed at least one
prominent calcium transient over 20 frames (corresponding to ~0.7 seconds). The
overall difference in the fraction of active cells between 4- and 10-month-old mice
could be due to both age as well as the usage of the more sensitive calcium indicator
GCaMP75!%5. To compare the impact of the indicator alone, we also investigated a
control 4 m age cohort expressing GCaMP6m, in which case the fraction of active
cells was 81% and not different from the average observed in the Fus™/* control
cohort used here (ranksum test, p = 0.87, 7 experiments in 3 mice).

Histological techniques. Male mice were anesthetized with intraperitoneal
injection of 100 mg/kg ketamine chlorhydrate (Imalgene 1000®, Merial) and 5 mg/
kg xylazine (Rompun 2%®, Bayer), and then transcardially perfused with cold PFA
4% in 0.01 M phosphate buffered saline (PBS). After dissection, brains were post-
fixed for 24 h and then included in agar 4% and serial cuts of 40 um thick were
made using vibratome (Leica Biosystems, $S2000).

Peroxidase immunohistochemistry. For peroxidase immunohistochemistry, sections
were incubated 10 min with H,O, 3%, rinsed with PBS 1x and incubated with
blocking solution (8% Horse serum, 0.3% Bovine Serum Albumin, 0.3% Triton,
PBS-0.02% Thimerosal). Sections were rinsed, and then incubated with anti-mouse
NeuN or anti-mouse parvalbumin (Millipore, MAB377, 1:100 and Sigma, P3088,
1:1000, respectively) overnight at room temperature. The second day, sections were
rinsed and incubated for 2 h at room temperature with biotinylated donkey anti-
mouse antibody (Jackson, 715-067-003, 1:500). After sections were rinsed, they
were incubated for 1 h in horseradish peroxidase ABC kit (Vectastain ABC kit, PK-
6100, Vector Laboratories Inc.), rinsed and incubated with DAB (Sigma, D5905).
The enzymatic reaction was stopped by adding PBS 1X, rinsed with water and
sections were mounted with DPX mounting medium (Sigma, 06522).

Quantification. Images were quantified using a homemade Image] plugin. A Region
Of Interest (ROI) was first defined by the user as the M1/M2 regions of the cerebral
cortex as defined by the Paxinos Atlas!?® using the following coordinates: inter-
aural 4.06 mm; Bregma 0.26 mm. For NeuN immunohistochemistry, a second,
more anterior region of M1/M2 cortex was also quantified with the following
coordinates: Interaural: 5.74 mm, Bregma: 1.94 mm.

In this region, a semi-automated segmentation led to the identification of the
labelled structures (cells or nuclei). Finally, the plugin subdivided the previous ROI
into 10 subregions and measured either the number of objects per subregion or the
proportion of each subregion that is covered by labelled structures.

Immunofluorescence. Sections were rinsed with PBS 1X then incubated with
blocking solution (8% Goat serum, 0.3% Bovine Serum Albumin, 0.3% Triton,
PBS-0.02% Thimérosal) overnight at 4 °C in primary antibody: rabbit anti-FUS
antibody (ProteinTech, 11570-1-AP, 1:100) and mouse anti-parvalbumin antibody
(Sigma, P3088, 1:1000). After three rinses in PBS, sections were incubated for 2 h at
room temperature with Hoechst (Sigma, B2261, 1/50.000) and secondary antibody:
Goat anti-mouse Alexa-488 secondary antibody (Invitrogen, A11034, 1:500) and
goat anti-mouse Alexa-647 secondary antibody (Invitrogen, A21245, 1:500). Finally
sections were subsequently washed with PBS (3 x 10 min) and mounted in Aqua/
polymount (Polysciences, 18606).

Images were acquired along the Z axis (Z stacking) using a Zeiss Axiolmage. M2
microscope equipped with a Plan-Apochromat x20/0.8 objective, high
performance B/W camera (Orca Flash4, Hamamatsu) and run by the Zeiss
Zen2 software. Images were quantified using the ImageJ freeware. First, the user
defined ROIs corresponding to the cytoplasm and nucleus or several PV positive
cells at several Z positions. Then a homemade macro was used to calculate the
ratio, in the green channel, of the cytoplasm intensity divided by the nucleus one.

Electron microscopy. Mice from both sexes were used for electron microscopy. Mice
were anesthetized by intraperitoneal injection of 100 mg/kg ketamine chlorhydrate
and 5 mg/kg xylazine and transcardially perfused with glutaraldehyde (2.5% in 0.1
M cacodylate buffer at pH 7.4). Brains were dissected and immersed in the same
fixative overnight. After three rinses in Cacodylate buffer (EMS, 11650), serial cuts
of 80 um thick were made with vibratome. Slides were then post-fixed in 1%
osmium in Cacodylate buffer 1h at room temperature. Finally, tissues were
dehydrated in graded ethanol series and embedded in Embed 812 (EMS, 13940).
The ultrathin sections (50 nm) were cut with an ultramicrotome (Leica, EM UC7),
counterstained with uranyl acetate (1% (w/v) in 50% ethanol) and observed with a
Hitachi 7500 transmission electron microscope (Hitachi High Technologies Cor-
poration, Tokyo, Japan) equipped with an AMT Hamamatsu digital camera
(Hamamatsu Photonics, Hamamatsu City, Japan). Analysis of electron micro-
graphs was performed as follows: 100 inhibitory synapses located in layers II/III
were imaged per animal. Inhibitory synapses were identified as containing at least

one mitochondrion in each synaptic bouton. Synapses morphometry was analyzed
using Image] freeware (National Institute of Health), where each synaptic boutons’
area was manually drawn as previously described!?’. An automated plugin was
used to drawn and measure the active zones’ length, the number of synaptic
vesicles within each bouton and the distance of each vesicle to the active zone,
being as the beeline from the vesicle to the active zone. All images were acquired in
layer II/III of the M1/M2 regions of the cerebral cortex as defined by the Paxinos
Atlas!% using the following coordinates: interaural 4.06 mm; Bregma 0.26 mm.

Synaptic density in brain sections. Male mice were anesthetized by CO, inha-
lation before perfusion with PBS containing 4% paraformaldehyde and 4% sucrose.
Brains were harvested and post-fixed overnight in the same fixative and then stored
at 4°C in PBS containing 30% sucrose. Sixty micrometers thick coronal sections
were cut on a cryostat and processed for free-floating immunofluorescence stain-
ing. Brain sections were incubated with the indicated primary antibodies (Rabbit
GABAAalpha3 antibody Synaptic Systems, 1:500; Mouse Gephyrin antibody
Synaptic Systems, 1:500, Guinea pig VGAT antibody, Synaptic Systems, 1/500) for
48 h at 4 °C followed by secondary antibodies (1:1000) for 24 h at 4 °C. The anti-
bodies were diluted in 1x Tris Buffer Saline solution containing 10% donkey serum,
3% BSA, and 0.25% Triton-X100. Sections were then mounted on slides with
Prolong Diamond (Life Technologies) before confocal microscopy.

Confocal images were acquired on a Leica SP8 Falcon microscope using x63
(NA 1.4) with a zoom power of 3. Images were acquired at a 2048 x 2048 pixel
image resolution, yielding a pixel size of 30.05 nm. To quantify the density of
synaptic markers, images were acquired in the molecular layer 1/2 of the primary
motor cortex area, using the same parameters for all genotypes. Images were
acquired from top to bottom with a Z step size of 500 nm. Images were
deconvoluted using Huygens Professional software (Scientific Volume Imaging).
Images were then analyzed as described!®. Briefly, stacks were analyzed using the
built-in particle analysis function in Fiji'?°. The size of the particles was defined
according to previously published studies’”>!10. To assess the number of clusters,
images were thresholded (same threshold per marker and experiment), and a
binary mask was generated. A low size threshold of 0.01 um diameter and high pass
threshold of 1 um diameter were applied. Top and bottom stacks were removed
from the analysis to only keep the 40 middle stacks. For the analysis, the number of
clusters per 40 z stacks was summed and normalized by the volume imaged
(75153.8 um?). The density was normalized to the control group.

Structural MRI scans. Male mice were used for MRI studies. All data were
acquired on a dedicated small bore animal scanner (Biospec 117/16, Bruker,
Ettlingen, Germany) equipped with a cryogenically cooled two-element surface
(MRI CryoProbeTM, Bruker BioSpec, Ettlingen, Germany) transmit/receive coil.
Anatomical brain images were acquired in coronal slice orientation (30 slices)
applying a gradient-echo (FLASH) sequence with acquisition parameters as: TE/TR
2.95/400 ms (TE = echo time, TR = repetition time), matrix 30 x 340 x 340, reso-
lution 250 x 50 x 50 mm3).

Anatomical annotation of brain MRI images was performed in Fiji°® using
custom-written routines. In brief, in order to generate a plate corresponding to a
single MRI cross section (Figure 4al) a macro was run to reslice a stack of sagittal
plates pursued via the Scalable Brain Atlas'!! according to a manually defined
tilting angle by means of the Dynamic Reslice Fiji plugin (Figure 4a2). Custom-
made plates were then registered onto the corresponding MRI slice by the manual
denotation of the major, easily recognizable anatomical landmarks with the Big
Warp plugin (Figure 4a3). The thresholding of the warped RGB plates (Figure 4a4)
according to the brain structure color code resulted in parcellation of the MRI cross
section into single regions. Due to the marked ventriculomegaly, for lateral
ventricles and medial septum only, a loss of resolution in the custom plates was
noticeable upon warping, therefore these areas along with the entire brain cross
section (in order to include olfactory bulbs and cerebellum for the overall
intracranial volume) were manually delineated. Finally, region volumes were
determined following Cavalieri’s principle, i.e., the measurement of the scaled
cumulative area was multiplied by the slice increment (Figure 4a5). The volumetric
analysis was blinded and evaluated by the same investigator. Code used for
volumetric quantification of MRI scans is provided in Supplementary Software.

RNAseq. RNAseq on frontal cortex was performed as previously described!%:41,
Briefly, RNA from cortex of 22-months-old male FusANLS/+ mice and their control
littermates were extracted with TRIzol (Invitrogen). RNA quality was measured
using the Agilent Bioanalyzer system or RNA screenTape (Agilent technologies)
according to the manufacturer’s recommendations. Samples were processed using
the Illumina TruSeq single Stranded mRNA Sample Preparation Kit according to
manufacturer’s protocol. Generated cDNA libraries were sequenced using an
Illumina HiSeq 2000 sequencer with 4-5 biological replicates sequenced per con-
dition using single read, 50 cycle runs. RNA from the cortex of 5-months-old male
Fus ANLS/+ and control littermate mice was extracted, and libraries were generated
using the Illumina TruSeq single Stranded mRNA Sample Preparation Kit. The
cDNA libraries were sequenced on a HiSeq 4000 with three biological replicates per
condition using single-end 50 bp read. Total reads sequenced varies from 35 to 45
million reads. Complete QC report will be made publicly available.
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Raw reads were mapped to the mouse reference genome GRCm38 with STAR
version 2.7.0'12 and default parameters using Ensembl gene annotations (version
87). Gene-level abundance estimates were estimated using the option-quantMode
geneCount in STAR. We filtered the lowly expressed genes wherein each gene was
required to have at least 15 counts across all samples and used both exonic and
intronic reads. The filtered set of genes was used for the PCA plot and differential
expression analysis. Differential gene expression analysis was performed with the
ARMOR workflow!!3 and a cut off FDR value of 0.05 was set in both datasets.
RNA samples sequenced in the present study from 5-6-months-old mice (n = 10)
were pooled to the samples from Sahadevan et al., 2020, (n =6).

Weighted-gene coexpression network analysis. Coexpression network analysis
was performed using a user-friendly R WGCNA library!14, We wanted to inves-
tigate mouse brain coexpression networks that are disease specific in FusANLS/+
mice. Biweighted midcorrelations were calculated for all pairs of genes, and then a
signed similarity matrix was created. In the signed network, the similarity between
genes reflects the sign of the correlation of their expression profiles. The signed
similarity matrix was then raised to the power p to emphasize strong correlations
and reduce the emphasis of weak correlations on an exponential scale. The
resulting adjacency matrix was then transformed into a topological overlap matrix
as describe!!®. After scaling the network (consensus scaling quantile = 0.2), a
threshold power of 5 was chosen (because it was the smallest threshold that
resulted in a scale-free R? fit of 0.9) and the consensus network was created by
calculating the component-wise minimum values for topological overlap. Using

1 — TOM (dissTOM) as the distance measure, genes were hierarchically clustered.
Initial module assignments were determined using the blockwiseModules function
as follows: blockwiseModules(datExpr, power = 5,TOMType = “signed”, minMo-
duleSize = 30, networkType = “signed”,deepSplit = 2, reassignThreshold = 0,
mergeCutHeight = 0.35, numericLabels = TRUE, pamRespectsDendro = FALSE,
saveTOMs = TRUE, verbose = 3). The resulting modules or groups of coexpressed
genes were used to calculate the MEs or the first principal component of the
module. MEs were correlated with different biological and technical traits like
transgenic condition and batch to find disease-specific modules. Module hubs were
defined by calculating module membership (kME) values, which are the Pearson
correlations between each gene and each ME. Genes with a kME < 0.7 were
removed from the module. Network visualization was done with the igraph
package in R. Module definitions from the network analysis were used to create
synthetic eigengenes for the 1-month, 6 months and 22-months timepoint and
were used to understand the trajectory of various modules across timepoints.

Enrichment analyses using single-cell experiment data. To reduce false posi-
tives, we used FDR-adjusted P-values for multiple hypergeometric test compar-
isons. For cell-type enrichment analysis, we used an already published single-cell
mouse brain dataset!!°. Finally, genes in network modules were characterized using
EnrichR (version 1.2.5)!17,

Synaptosomal enrichment followed by RT-qPCR and western blotting. Frontal
cortex was removed from the brains of 4-months-old female mice by micro-dis-
section, as previously described!!8, harvested, rapidly frozen in liquid nitrogen and
stored at —80 °C until use. Synaptosomal fraction was isolated using Syn-PER
Synaptic Protein Extraction kit (Thermo Scientific, 87793) according to manu-
facturer’s instructions.

On synaptosomal preparations, RNA was extracted using TRIzol reagent
(Sigma-Aldrich, 93289). 1 pg of RNA was reverse transcribed using iScript Ready-
to-use cDNA supermix (Bio-Rad, 1708841). Quantitative PCR (qPCR) was
performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 172574)
and quantified with Bio-Rad CFX Manager software. Gene expression was
normalized by computing a normalization factor by Genorm software using three
standard genes Pol2, Tbp, and Actn for nervous tissue. Primer sequences are
provided in Supplementary Data 2.

For western blotting cytosolic and synaptosomal fractions were prepared using
the same protocol, and protein concentration was quantitated using the BCA
protein assay kit (Pierce). Fifteen micrograms of proteins were loaded into a
gradient 4-20% SDS-PAGE gel (Bio-Rad, 5678094) and transferred on a 0.45 pm
nitrocellulose membrane (Bio-Rad) using a semi-dry Transblot Turbo system (Bio-
Rad). Membranes were saturated with 10% nonfat milk in PBS and then probed
with the following primary antibodies: Anti-Synaptophysin (Abcam, ab14692,
1:1000), Anti-FUS N-terl (ProteinTech, 11570, 1:1000), Anti-FUS N-ter2 (Bethyl,
A300-293A, 1:2000), and Anti-FUS C-ter (Bethyl, A300-294A, 1:2000) all diluted
in 3% nonfat milk in PBS. Blots were washed and incubated with anti-Rabbit
secondary antibody conjugated with HRP (P.A.R.ILS, BI2407, 1:5000) for 2 hours.
Membranes were washed several times and analyzed with chemiluminescence
using ECL Lumina Forte (Millipore, WBLUF0500) using the Chemidoc XRS
Imager (Bio-Rad). Total proteins were detected with a stain-free gel capacity and
normalized. Uncropped western blot images and stain-free images are provided in
supplementary figures.

Statistics. If not stated otherwise, data are presented as mean + standard error of
the mean (SEM). Statistical analyses were performed using GraphPad Prism 8

(GraphPad, CA). Unpaired t-test was used for comparison between two groups,
one-way or two-way analysis of the variance (ANOVA), followed by Tukey’s
multiple comparison post-hoc test and two-way repeated measures (RM) ANOVA,
followed by Sidak multiple comparison post-hoc test were applied for three or
more groups. Distributions were compared using the Kolmogorov-Smirnov (KS)
test. Results were considered significant when p < 0.05.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper as supplementary information. The RNAseq
datasets that support the findings of this study have been deposited in GEO with the
accession codes GSE166615. Source data are provided with this paper.
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3. Results

Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurological disease, characterized by the
progressive degeneration of upper (UMN) and lower motor neurons (LMN). Cortical
hyperexcitability is a commonly reported feature in ALS patients and rodent models of the
disease, preceding overt motor symptoms and bearing the potency to trigger UMN and LMN
degeneration. However, the pathomechanisms underlying cortical hyperexcitability remain
unclear to date. Recent evidence argues for more complex, circuit level deficits exceeding cell
autonomous UMN dysfunction and degeneration. To assess the spatiotemporal pattern and
identify the main cellular drivers of cortical hyperexcitability, we here performed in vivo two-
photon calcium imaging in motor cortex of anesthetized and in awake, behaving SOD16934
transgenic (tg) mice. Employing a visuomotor feedback paradigm, we found both in cortical layer
2/3 (providing input to layer 5 and thus UMNs) as well as in layer 5 (harboring UMNs) a
pronounced increase in the neuronal response to locomotion (hyperresponsiveness) and
increased spontaneous activity levels in early symptomatic SOD1693A tg mice, which were further
associated with altered neuronal response cluster abundancies, overrepresenting locomotion-
driven populations. Altered activity levels and response types severely compromised state-
dependent coding space and thus feature encoding in primary motor cortex in SOD16934 mice.
Notably, hyperresponsiveness was already present in pre-symptomatic mice, but exclusively in
layer 2/3 neurons, while layer 5 neurons, including UMN, were not affected yet. Chronic
chemogenetic inhibition of pyramidal neurons in layer 2/3 indeed delayed symptom onset and
disease progression. Together, our data argue for a novel cell - non autonomous mechanism based
on hyperexcitable layer 2/3 pyramidal neurons, which chronically drive UMNs, thereby causing

UMNSs dysfunction and degeneration.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating, still incurable neurodegenerative disease,
characterized by the death of motor neurons in the brain and spinal cord, respectively (Kiernan
et al, 2011). The underlying molecular and cellular mechanisms causing motor neuron death in
ALS remain incompletely understood. A commonly observed feature, present in both sporadic
(sALS) and familial ALS (fALS) cases, as well as in rodent models, is cortical hyperexcitability,
typically assessed by means of transcranial magnetic stimulation (TMS) (Cengiz et al., 2019;
Cengiz & Kuruoglu, 2020; Menon et al., 2017; Menon et al.,, 2015; Shibuya et al., 2017; Siciliano et
al,, 1999; Turner et al.,, 2005; Van den Bos et al,, 2018; Vucic et al., 2008; Zanette et al., 2002;
Ziemann et al,, 1997). Cortical hyperexcitability precedes overt motor symptoms in fALS patients
(Menon et al, 2015; Vucic et al, 2008) and chemogenetically-driven chronic cortical
hyperexcitability in healthy, WT mice seems sufficient to cause UMN and LMN pTDP43 pathology
and degeneration (Haidar et al, 2021), thus emphasizing its cardinal relevance in ALS
pathophysiology. However, the cellular and circuit mechanisms underlying ‘hyperexcitability’ of
the primary motor cortex (M1) in ALS are poorly understood. Cell autonomous alterations of UMN
were believed to be at the heart of this phenomenon, as UMNs display structural and functional
changes in mice and men, such as reduced soma size (Geng etal., 2017; Ozdinler et al., 2011; Zang
& Cheema, 2002), dendritic regression accompanied by a reduction in apical and basal dendritic
spine densities (Fogarty et al,, 2016b; Geng et al., 2017) and hyperexcitability, indicated by an
increase in maximum action potential frequency and changes in the spike frequency response to

current injections (Kim et al,, 2017).

Recent evidence, however, argues for at least a partial involvement of other motor cortex circuit
elements. As such, TMS studies have already unraveled compromised inhibition in M1 of ALS
patients, as evidence by an altered cortical silent period and short interval intracortical inhibition.
Mouse models have further greatly helped to pinpoint cellular candidates, potentially involved in
this process and identified hyperactive somatostatin (Sst) expressing interneurons in the TDP-
434315T mouse model (Zhang et al,, 2016), while parvalbumin (PV) expressing interneurons in
SOD1693A mice were reported to be either hyperexcitable (Kim et al., 2017) or hypoexcitable
(Khademullah et al.,, 2020). Alterations in interneuron excitability can cause an imbalance of the
otherwise tightly regulated balance between excitation and inhibition (E/I) in M1 with the
consequence of chronic excess stimulation of UMNs. Notably, interfering with the activity levels
of these populations proves beneficial with respect to UMN health (Zhang et al., 2016) and even
motor performance and survival of the mice (Khademullah et al., 2020), further emphasizing the

therapeutic potential of circuit level interventions. In addition to defective inhibition there is
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furthermore evidence for a ‘surplus’ excitation of UMN, reported as increase in excitatory synaptic
transmission to UMNs in SOD%934 as well as in TDP-43Q331K mice (Fogarty et al., 2016a; Fogarty et
al,, 2015), associated either with reduced dendritic complexity and spine loss on both apical and
basal dendrites of UMNs in SODG934 mice (Fogarty et al., 2016b; Fogarty et al., 2015; Saba et al,,
2016) or increased spine densities in TDP-43Q331K mice (Fogarty et al., 2016a) The sources of this
excess synaptic input are not fully conclusive but tracing studies suggest it arises amongst others
from somatosensory cortex (S1) and contralateral secondary motor cortex (M2) (Commisso et al.,

2018).

The interpretation of findings from electrophysiological and histological studies, however, is
complicated as it neither allows to draw direct conclusions regarding their function, such as
response properties, within intact circuits nor does it reveal the nature of these alterations, that
is whether these changes are cause or consequence and might in fact be (mal)adaptive or
homeostatic. To fill this gap, we here performed in vivo two-photon calcium imaging of neurons in
cortical layer 2/3 and layer 5 of M1 in SOD 16934 transgenic mice under anesthesia and in behaving
mice, using a visuomotor feedback paradigm to probe locomotion -associated responses and
sensorimotor integration, across different disease stages. We find a) increased spontaneous
neuronal activity in M1 both under anesthesia and wakefulness, however, b) activity levels only
partially persist across these states at the single cell level. At the population level we find two
neural subspaces segregated by behavioral states, with c) a reduced distance between the two
subspaces in SOD16934A transgenic mice indicating a compromised coding space in M1. We also
identified d) five distinct sensorimotor neuronal subtypes in M1 and detected e) increased
locomotion-associated activity in both layer 2/3 and 5 neurons at the early symptomatic stage,
which is however restricted f) to layer 2/3 neurons at the pre symptomatic stage. When neuronal
activity is reduced chemogenetically chronically, we see g) a delayed symptom onset and
improved motor behavior. Our data thus argue for a novel cell - non autonomous mechanism with
hyperexcitable layer 2/3 pyramidal neurons, chronically driving UMNs and consequently UMNs

dysfunction and degeneration.

Results

Early symptomatic SOD1693A transgenic mice display increased neuronal activity in motor

cortex under anesthesia and wakefulness

To assess the spatiotemporal pattern of functional alterations in M1 and to identify the main

cellular drivers of cortical hyperexcitability in M1, we monitored neuronal activity at single cell
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resolution by expressing the genetically encoded calcium indicator GCaMP6m in both neurons in
cortical layer 2/3 and layer 5 in early-symptomatic (P90) SOD16934 mice and the respective
controls (Suppl. Fig. 1a,b). UMN affected in ALS represent a large proportion of layer 5 neurons,
which in turn mainly receive input from neurons in layer 2/3. We first investigated the level of
spontaneous activity in M1 by performing in vivo two-photon calcium imaging under light
isoflurane anesthesia. We detected increased spontaneous activity levels (Suppl. Fig. 1c)
accompanied with no changes in transient amplitude (Suppl. Fig. 1d) but increased
synchronization in SOD1693A mice (Suppl. Fig. 1e,f). We then asked whether the increase in
spontaneous activity is also present in behaving mice and whether visuomotor integration might
be affected in transgenic mice. Visuomotor integration requires coordination within a complex
network to process and integrate sensory and motor signals, and impaired visuomotor integration
would suggest brain network dysfunction underlying behavioral deficits. To this end, we imaged
mice running head-fixed on an air-supported spherical treadmill, while navigating a virtual
environment (VR) (Fig. 1a-c). The imaging paradigm consisted of a feedback session, in which
running velocity was coupled to the visual flow generated by vertical black and white gratings
presented on a toroidal screen, as well as a darkness session, during which visual input was
omitted. Corroborating our findings under anesthesia, we detected an increase in activity in
neurons in layer 2/3 and 5 during locomotion both in the feedback and the darkness session (Fig.
1d,e). During quiet wakefulness neuronal activity in layer 2/3 was not altered, while in layer 5

neurons we also observed a slight, yet significant increase in activity (Fig. 1d,e).

Partial coherence of activity levels under anesthesia and wakefulness

As we detected increased neuronal activity in both anesthetized and behaving mice, we wondered
if activity levels would persist across brain states at the single cell level. To investigate that, we
imaged the same set of neurons both under anesthesia as well as while mice were running head-
fixed on a spherical treadmill (Fig. 2ab). When comparing the average neuronal activity under
anesthesia and during wakefulness, we observed a broad distribution of activity types. A large
proportion of neurons was exclusively active during one condition only, such as either under
anesthesia (angle 90°) or during wakefulness (angle 0°). But overall the distribution did not differ
between WT and SOD1693A mice (Fig. 2c). We then investigated the change in activity from
anesthesia to wakefulness for each neuron and found a less pronounced reduction in SOD16934
mice, indicated by a rightward shift in the curve (Fig. 2d). To next address whether absolute
activity levels determine the stability of the same, we next categorized neurons into three activity
groups, namely low (0-0.25 transients/min), intermediate (0.25-3 transients/min) and high (>3

transients/min) neurons. Under both conditions, we found fewer intermediately active neurons
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and a trend towards more highly active neurons in SOD16934 mice (Fig. 2e). We next compared the
‘stability’ of activity categories between anesthesia and wakefulness (Fig. 2f). In both WT and
SOD1693A mice, we observed only a few highly active neurons that remained highly active, while
the majority would turn intermediately active in awake mice (Fig. 2g). Interestingly, we found that
a large proportion of low activity neurons remained in this category in SOD16934 mice, while in
WT mice a large part of ‘low’ neurons would become intermediately active during wakefulness
(Fig. 2g). Together, this comparison highlights that activity levels under anesthesia only partially
match those seen in awake mice and that anesthesia potentially unmasks higher excitability levels

in SOD1693A mice.

Coding space is compromised in M1 of SOD693A mice

We next asked what neurons in M1 encode and whether these response properties would be
altered in SOD mice. In an attempt to gain insight into information processing in M1, we recorded
a number of behavioral parameters, such as locomotion, whisking, pupil width, and we applied
short air puffs, to facilitate sensory input and arousal (Fig. 3a). The relationship between the
activity within a given population of neurons and the corresponding behavior of an animal can be
represented by a neural manifold, mapping the dimensionality-reduced single-neuron level
activity to behavior states. To determine the strongest driver of neuronal activity in M1, we
assessed the dimensionality and structure of the neuronal population activity by applying
Principal Component Analysis (PCA)-based linear dimensionality reduction on our centered and
z-scored AF/F traces and the associated behavioral parameters (Fig. 3b). A multi-dimensional
structure of the population activity pattern was found in both WT and SOD 16934 mice, and together
the first 3 principal components (PCs) explained ~30% of the variance (Fig. 3c). Linear regression
was then applied to examine the encoding capacity of PC1 for the four behavioral parameters (Fig.
3d). Overall, there was a decrease in the coding capacity in SOD16934 mice, which mainly affected
the encoding of locomotion, as evidenced by a significantly lower variance explained by PC1 with
regards to locomotion (Fig. 3d). Thus, we focused on locomotion-associated neuronal activity in
the subsequent analyses. We next segregated our data into 2 behavioral states, namely running
and quiet wakefulness and asked how well these 2 states would be encoded by the network. To
address that question, we deployed PCA-based manifold analysis by mapping the multi-
dimensional neuronal response pattern to 3 low-dimensional PCA space and identified two
manifold subspaces as a function of velocity, one representing the subspace of quiet wakefulness
and the other of locomotion (Fig. 3e). We observed a strong reduction in the coding space in
SOD16934 mice as seen in a shorter Euclidean distance within the subspace of quiet wakefulness

and even more across subspaces of quiet wakefulness and running (Fig. 3f). We thus hypothesized
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that compromised coding space of the investigated neuronal population, would also result in a
less accurate representation of the actual behavior. To investigate that we decoded running
velocity from neuronal activity by employing a random forest classifier (Fig. 3g) and indeed found
a significantly lower coding accuracy of neuronal populations in layer 2/3 of SOD1693A mice (Fig.

3h).

Neuronal sensorimotor response types in M1

We next sought to gain insight into the response properties of individual neurons and aimed to
identify groups displaying similar response patterns with regards to brain-states and
sensorimotor integration. To this end, we computed the average activity level of each neuron
during quiet wakefulness and running both during feedback sessions and during darkness and
performed an unbiased clustering analysis. We discovered five unique neuronal response
clusters: neurons that are primarily active during (1) running in general, (2) running with
feedback, (3) running in darkness, (4) all conditions and (5) quiet wakefulness (Fig. 4a,b). We then
quantified the abundancy of each cluster amongst our imaged neuronal populations in cortical
layer 2/3 and 5 in WT and SOD mice and found an increase in the fraction of neurons belonging
to cluster 3 (running in the darkness) in layer 2/3 neurons and a decrease in cluster 5 (active
during quiescence) in both layer 2/3 and 5 neurons in SOD16934 mice (Fig. 4c). These data not only
indicate that visuomotor integration does take place within M1 as locomotion-associated
neuronal activity can either selectively occur with or without visual input as well as independently
of it. Moreover, the data indicate that the surplus neuronal activity we observed in SOD1 mice
results from a shift of neurons typically active during quiescence towards locomotion-associated

neuronal activity.

Increased fraction of running-responsive neurons accompanied by hyperresponsiveness

to locomotion in behaving early symptomatic SOD1693A mice

We thus next asked how locomotion- associated responses are altered in SOD 14934 mice. We first
characterized the running behavior per se in WT and SOD16934 mice. We found no difference in
the fraction of time spent running during feedback and darkness sessions in layer 2/3 and layer 5
experiments (Suppl. Fig. 2a), as well as the velocity profile and the median running speed in WT

and SOD16934 mice (Suppl. Fig. 2b-f).
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We also quantified the fraction of running-responsive neurons, which are defined as neurons with
increased activity during running epochs compared with stationary phases (Fig. 5a,b). In layer
2/3, we found an increase in neurons that are more active during running (Fig. 5c), accompanied
by an increased fraction of running-responsiveness neurons (Fig. 5d) of SOD1693A mice. Neuronal
responses scaled with running speed and higher velocities caused more pronounced neuronal
activity in SOD1693A mice compared to non-transgenic controls (Fig. 5e,f). Among the layer 5
neurons we detected a similar change with more neurons displaying larger activity levels during
locomotion in general (Fig. 5g), while no change in the fraction of running-responsive neurons
was detected in SOD164934 mice (Fig. 5h). However, locomotion-associated hyperresponsiveness

was also detected in neurons in layer 5 (Fig. 5i-j).

Hyperresponsiveness to locomotion first detected in neurons in layer 2/3 of pre-

symptomatic SOD1693A mice

To assess the evolution and the sequence of events of these alterations in activity levels and
response properties, we also investigated younger mice at the age of P60, corresponding to a
presymptomatic stage in SOD16934 mice (Fig. 6a). Indeed, at that presymptomatic stage we again
detected more neurons tuned towards locomotion in layer 2/3 (Fig. 6b), accompanied by an
increase in the fraction of running-responsive neurons (Fig. 6¢). The tuning curves also revealed
a clear hyperresponsiveness to locomotion in SOD16934 mice, but surprisingly, only in layer 2/3
neurons (Fig. 6d,e). Neurons in layer 5, encompassing UMNs, in SOD1693A mice were not affected
at this early disease stage (Fig. 6f-i). As layer 2/3 neurons are the prime input source of layer 5
and thus also of UMN, our data argue for a novel cell-non autonomous mechanisms, based on
hyperexcitable layer 2/3 neurons, which chronically excessively stimulate layer 5 neurons,

including UMNSs.

Dampening of activity in layer 2 /3 delays symptom onset and improves behavioral deficits

Would the standard ALS treatment - Riluzole - reduce increased neuronal activity levels seen in
M1 of SOD1693A mice? To address that question, we treated SOD1693A and their non-transgenic
littermates with Riluzole provided through the drinking water over 7 days and recorded neuronal
activity in anesthetized mice (Suppl. Fig. 3a). In WT mice, neuronal activity decreases only after 7
days of treatment (Suppl. Fig. 3b). On the contrary, in SOD16934 mice neuronal activity decreases
already after 2 days of treatment, while after 7 days neuronal activity was still lower than during
the baseline, but gradually increased again, suggesting homeostatic mechanisms playing a role

(Suppl. Fig. 3¢).
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As Riluzole inhibits glutamatergic signaling indiscriminately, with unknown consequences on
interneurons as well as downstream homeostatic mechanisms, we next set out to more selectively
chemogenetically inhibit only the identified neuronal population in layer 2/3 by expressing
inhibitory DREADDs (Gi) in layer 2/3 neurons in pre-symptomatic mice and stimulating these Gi
receptors through the application of their ligand clozapine-N-oxide (CNO) over the course of four
weeks through the drinking water (Fig. 7a,b). We assessed the impact of this therapeutic strategy
by regular scoring for disease symptoms and the measurement of motor performance in the
Rotarod test. As hypothesized, we found that the symptom onset is delayed (Fig. 7c) and motor
performance was increased (Fig. 7d) in DREADDs + CNO treated SOD16934 mice. These findings
thus argue for a pivotal role of neurons in layer 2/3 in driving cortical hyperexcitability in
SOD16934 and chronically driving UMNs in the motor cortex, which was shown to suffice to cause

downstream TDP-43 pathology in UMN and LMN.

Discussion

To investigate circuit mechanisms underlying cortical hyperexcitability and subsequent
neurodegeneration in ALS, we probed activity and response properties of neurons in M1 in
SOD1693A mice. We found that in early symptomatic SOD16934 mice neurons in cortical layer 2/3
and 5 of M1 displayed increased spontaneous activity under anesthesia, which was only partially
matched their activity levels during wakefulness. In behaving mice, we mainly observed a
pronounced hyperresponsiveness to locomotion, causing a change in the composition of response
type clusters and an overall compromised coding accuracy of the network. Hyperresponsiveness
is detected both in layer 2/3 and 5 neurons at the early symptomatic stage, but is only present in
layer 2/3 neurons at the pre-symptomatic stage when layer 5 neurons, including UMN are not
affected yet, suggesting a top-down translaminar progression of the disease. Most importantly, we
here show that selective chemogenetic inhibition of these layer 2/3 neurons provides a beneficial

impact on disease onset and progression and could thus offer a novel therapeutic strategy.

Cortical hyperexcitability has been reported in both sALS and SOD1-fALS patients using
transcranial magnetic stimulation (TMS) (Vucic et al,, 2008), measuring parameters such as
(reduced) resting motor threshold, (increase) intracortical facilitation and (decreased) short-
interval intracortical inhibition, indicative of excitation/inhibition dysbalance (Gunes etal., 2020).
In mouse models of ALS, whole-cell patch clamp recordings in both neuronal cultures as well as
brain slice revealed reduced rheobase, meaning neurons are more likely to fire, and increased

excitatory postsynaptic current (EPSC) accompanied by decreased inhibitory postsynaptic
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current (IPSC), suggesting excitation/inhibition dysbalance (Gunes et al, 2020). In addition,
proton magnetic resonance spectroscopy of the brain demonstrated changes in level of
metabolites such as glutamate, GABA and glutamine (Foerster et al., 2012; Foerster et al., 2013;
Lei et al, 2019). Most critically, chronic chemogenetic activation of neurons in M1 drives
neurodegeneration in otherwise perfectly healthy WT mice (Haidar et al., 2021). These findings
suggest a cortical origin of neurodegeneration and population-specific changes that together
contribute to cortical hyperexcitability in ALS. However, the exact source of cortical

hyperexcitability remains unclear.

To get an inkling into the cellular and circuit mechanisms we here performed chronic in vivo two-
photon calcium imaging in the classical mouse model of the disease, namely SOD1693A mice. In vivo
two-photon calcium imaging has been employed extensively by the neurodegenerative field
(Blumenstock et al., 2021; Burgold et al., 2019; Busche, 2018; Liebscher et al., 2016; Takamura et
al, 2021). Specifically, imaging in behaving mice enables us to probe functional response
properties of neurons to stimuli such as locomotion and visual input, which goes beyond a
simplistic determination of ‘spontaneous’ neuronal activity typically monitored under anesthesia.
Locomotion is a particularly strong driver of neuronal activity, observed across various brain
areas (Ayaz et al,, 2013; Clancy et al,, 2019). We also here do not only observe an increase of
neuronal activity under anesthesia in SOD1693A mice, but for the first time can demonstrate that it
is mainly the neuronal activity linked with locomotion that is strongly increased. Movement per
se as well as locomotion were shown to drive a defined population of neurons in M1 (Heindorf et
al,, 2018; Peters et al.,, 2017). An earlier study, in which the impact of motor learning on neurons
in M1 was characterized, reported three ‘response’ categories of neurons in M1, namely
movement-active, quiescent-active and indiscriminately (spontaneously) active neurons (Peters
et al, 2017). We here moreover found evidence that also visuomotor integration strongly
determines response types in M1 and identified in addition two neuronal clusters in which
locomotion-associated responses hinged on the absence or presence of visual input. These
clusters however were differentially represented in neuronal populations in SOD16934 mice, with
a shift towards locomotion-responsive neurons. What could cause this hyperresponsiveness to
locomotion in SOD1694 mice? Locomotion-associated neuronal activity is triggered by
neuromodulators such as norepinephrine and acetylcholine (Howe et al.,, 2019; Mitchell et al,,
2006) and is tightly regulated by glutamatergic and GABAergic inputs (Galvan et al.,, 2006;
Lindenbach et al, 2016). Locomotion causes an overall increase in cortical activity via a
disinhibition circuit, which has been studied more extensively in the visual cortex (Fu etal., 2014;
Pakan et al,, 2016). Specifically, locomotion activates VIP interneurons through the release of
acetylcholine, which then inhibits Sst and thereby disinhibiting pyramidal neurons (Fu et al,,

2014; Pakan et al,, 2016). Interestingly, the presence and absence of visual stimuli also has an
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effect on this disinhibitory circuit. While locomotion combined with visual stimuli has a similar
effect on pyramidal neurons as well as all 3 subtypes of interneurons, PV and VIP interneurons in
visual cortex are more strongly activated in darkness (Pakan etal., 2016). Since we detected more
pronounced changes in locomotion-associated neuronal activity in layer 5 in the presence of
visual input, an involvement of interneurons in cortical hyperresponsiveness observed in
SOD1693A mice is possible. Indeed, electrophysiological recordings in brain slices of pre-
symptomatic SOD1693A mice revealed hypoexcitable PV and Sst accompanied by reduced
inhibition in UMN (Clark et al,, 2018; Jara et al., 2020; Khademullah et al., 2020; Kim et al., 2017).
Chronic chemogenetic activation of PV interneurons showed a delay in symptom onset and
improvement in motor function. While it was more beneficial to intervene at an earlier stage, the
disease outcome was similar (Khademullah et al., 2020), supporting non-cell-autonomous
degenerative mechanisms underlying neurodegeneration in ALS. However, to determine the
precise involvement of each interneuronal population in the course of ALS, imaging studies in the
respective cre-driver lines should be conducted. Interestingly, along the course of the disease
progression in SOD16934 mice, hyperresponsiveness to locomotion was first detected in layer 2/3
of M1, already at the pre-symptomatic stage, when no change in UMN responsiveness is detectable

yet.

Our data corroborate previous reports showing that indeed layer 2/3 pyramidal cells in SOD16934
mice are hyperexcitable at an early disease stage and the level of increased excitability strongly
outnumbered the ones seen on UMN (Kim et al.,, 2017). Moreover, previous studies have also
shown that UMN receive excess glutamatergic input, the source of which however could not be
determined back then (Fogarty et al., 2016b). As layer 2/3 pyramidal neurons (PNs) provide the
main input to layer 5 PNs it is conceivable and now confirmed by our data that this excess
glutamatergic input is provided by hyperexcitable layer 2/3 PN (Anderson etal., 2010; Kiritani et
al,, 2012; Shepherd, 2013). Alternative cellular sources could however also be PN in other cortical
areas, which were shown to establish aberrant connections with UMNs (Commisso et al., 2018).
The observed functional changes are also paralleled by structural changes seen in layer 2/3
neurons, namely reduced apical spine density (Fogarty et al., 2016b). The apical spine loss seen
in layer 2/3 PNs could be a compensatory mechanism to increased long-range input (Bhatt etal,,
2009; Runge et al., 2020), and thus explain the hyperactivity and hyperresponsiveness detected
in layer 2/3 of pre symptomatic SOD16934 mice. Together, our data thus argue for a non-cell-
autonomous mechanism critically involved in the development of cortical hyperexcitability and

subsequently causing neurodegeneration in ALS.

Can cortical hyperexcitability be targeted therapeutically? The current treatment options for ALS,

especially Riluzole, have been proven ineffective in three mouse models of ALS (Hogg et al., 2018;
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Wright et al,, 2021). Riluzole is a glutamate antagonist that blocks glutamatergic (excitatory)
neurotransmission by preventing the release of glutamic acid (Doble, 1996) as well as exerting
postsynaptic anti-glutamatergic effects (Kim et al.,, 2007). Though Riluzole has been shown to
modulate the release of glutamate (Lamanauskas & Nistri, 2008), existing studies did not account
for the effect of neural adaptation/homeostatis and plasticity in the cortex (Bernacchia, 2014;
Bharmauria et al.,, 2022). This is further supported by excitability changes seen in various
populations of neurons during different stages of ALS (Kim et al.,, 2017). Therefore, to better
understand the effect of chronic administration of Riluzole on neuronal populations in M1, we
imaged neuronal activity in motor cortex under anesthesia. Our data demonstrate that Riluzole
decreases elevated neuronal activity levels within 2days, but that homeostatic mechanism are
likely at play as after 7d of treatment an increase in activity could be detected again. As Riluzole
indiscriminately inhibits glutamatergic signaling it also remains open what the impact on
inhibitory interneurons is, which are of vital importance in the regulation of neuronal activity
levels. These adaptive mechanisms could explain the very limited beneficial effect of Riluzole in
the treatment of ALS and should prompt further investigations to identify altered application

regimes to minimize the same.

In an attempt to more selectively only inhibit the identified population of layer 2/3 PNs, we
employed a chemogenetic approach. Indeed, chronic inhibition of layer 2/3 PN during the pre-
symptomatic stage over 30 days proves beneficial with respect to disease onset and progression,
which outperforms Riluzole treatment in SOD16934 mice (Hogg et al.,, 2018). Our findings thus
suggest that early and selective intervention could potentially “correct” alterations of circuit

elements.

Lastly, what remains obscure is the link to typical hallmarks of the disease, which in the SOD16934
mouse model is the accumulation of misfolded-SOD1, against which antibodies have been
generated as a treatment option (Maier et al., 2018). The burden of misfolded-SOD1 accumulation
on neurons is layer- and population-specific. Misfolded-SOD1 expression is most abundant in M1
layer 5 of SOD16934 mice already at the pre-symptomatic stage (Commisso et al., 2018; Genc et al,,
2020). Surprisingly, misfolded-SOD1 accumulation in layer 2/3 and 5 neurons of somatosensory
(S1) and auditory (AUD) cortices in pre-symptomatic SOD16934 mice did not trigger changes in
spine density despite increased connectivity from these neurons to M1 (Commisso et al., 2018).

These data suggest that misfolded-SOD1 accumulation alone does not drive neurodegeneration.

To summarize, our study revealed hyperexcitable layer 2/3 pyramidal neurons as a key driver of

cortical hyperexcitability in SOD1693A mice driving the downstream degeneration of UMN and
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LMN, a process which is therapeutically amenable. Our findings thus suggest a novel non-cell-

autonomous mechanism underlying cortical dysfunction in ALS.
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Fig. 1. In vivo two-photon calcium imaging in motor cortex of behaving mice.

(a) Experimental timeline. (b) Schematic of the targeted and imaged neuronal populations, i.e.
neurons in layer 2/3 and 5 of motor cortex (M1). Immunohistological image of M1 of a SOD16934
mouse (neurotrace (blue), GCaMP6ém-expressing neurons (green), misfolded-SOD1 (red)).
Cortical layers are delineated in (left) black and (right) white dashed lines. (c¢) Representative field
of view (FOV) and the corresponding calcium traces of selected regions of interest (ROI, capturing
neuronal somata) along with the running speed (Vru) in blue. (d) Neuronal activity (area under
curve (AUC)/minute) during running and quiet wakefulness (qw) during visual feedback (fb)
(run: p = 0.00021; gw: p = 0.81, Wilcoxon Rank Sum test, ) and in darkness (dark) in layer 2/3
(run: p < 108; qw: p = 0.81, Wilcoxon Rank Sum test, fb: WT: 875 neurons, 9 mice; SOD16934; 684
neurons, 8 mice; dark: WT: 789 neurons, 9 mice, SOD16934A: 599 neurons, 8 mice, bold line
represents median). (e) Same as in (d), but in layer 5 (fb: run: p < 10-14; qw: p = 0.009; darkness:
run: p < 10-19; qw: p = 0.009, Wilcoxon Rank Sum test, fb: WT: 434 neurons, 6 mice, SOD1693A: 390
neurons, 4 mice; dark: WT: 406 neurons, 6 mice, SOD16934 : 353 neurons, 4 mice). Scale bar (b)
100um, (c) 50um, **p < 0.01, ***p < 0.001. Created with BioRender.com.
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Fig. 2. Comparison of activity levels under anesthesia and during wakefulness in early
symptomatic SOD1693A mice.

(a) Experimental timeline of in vivo two-photon calcium imaging in mice under anesthesia and in
wakefulness, illustrating stereotaxic injections of AAV2/1.syn.jGCaMP7s and window
implantation at P60 and subsequent in vivo imaging under anesthesia and in wakefulness 4 weeks
after. (b) Representative example field of view (FOV, average projection of 20,000 frames) and
activity traces of selected ROIs under anesthesia and wakefulness (locomotion, black). Neurons
are categorized by their activity into high (H, red, > 3 trans/min), intermediate (I, gray, 0.25 - 3
trans/min) and low (L, blue, < 0.25 trans/min). (c) Neuronal activity (area under the curve
(AUC)/min), of the same neurons under anesthesia and during wakefulness, along with a
histogram showing the distribution of angles formed between the x axis and a line formed by each
data point and the origin (p= 0.68, two-sample Kolmogorov-Smirnov test). (d) Cumulative
distribution of the change in activity from anesthesia to wakefulness (AUC anesth minus AUC
awake, p < 105, two-sample Kolmogorov-Smirnov test). (e) Fraction of all neurons in each activity
category under anesthesia (high: p= 0.20, intermediate: p= 0.036; low: p= 0.91) and during
wakefulness (high: p= 0.13, intermediate: p= 0.016; low: p= 0.09, all Wilcoxon Rank Sum test). (f)
Alluvial plot showing of fractions of activity categories and their change during wakefulness. (g)
Comparison of the fraction of neurons that remain in the same activity category during
wakefulness and under anesthesia (Data are median + 95%CI ; high: p = 0.15, intermediate: p =
0.051; low: p= 0.036, Wilcoxon Rank Sum test). Data in c-f (WT: 893 neurons, 5 mice, SOD16934 :
575 neurons, 3 mice), in g (WT: 17 FOVs, 5 mice, SOD16934: 11 FOVs, 3 mice). *p < 0.05, **p < 0.01,
***p < 0.001. Created with BioRender.com.
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Fig. 3. Compromised state-dependent coding space in M1 of early-symptomatic SOD1693A
mice.

(a) Representative input matrix of the centered and z-scored neuronal activity traces (AF/F)
acquired during the feedback session, and the corresponding behavioral traces denoting
locomotion, air puff, pupil width and whisking. Grey area represents the ‘active phase’, which
corresponds to the detection ‘activity’ in any of the parameters measured. (b) Time series of the
principal components (PC) 1, PC2 and PC3 from the representative example shown in (a). (c)
Cumulative total variance explained by the principal component analysis (PCA) (p = 0.6, Wilcoxon
rank sum test, WT: 15 FOVs, 10 mice; SOD16934; 18 FOVs, 15 mice). (d) Explained variance of the
measured behavioral parameters represented by PC1 (running p = 0.019, air puff p = 0.083, pupil
width p = 0.8, whisking p = 0.24, all Wilcoxon rank sum test). (e) Example manifold structure of
running (run) and quiet wakefulness (qw) in WT (left) and SOD16934 mice (right). Grey hollow
circles indicate epochs of qw. Purple filled circles represent running epochs (color codes for
running speed). Blue lines denote the trajectory. (f) Change in Euclidean distance within manifold
associated with running, quiet wakefulness, or between the two states of layer 2/3 neurons in M1
in (within qw subspace p = 0.02, within running subspace p = 0.39, between qw - running
subspaces p = 0.023, Wilcoxon rank sum test, WT: 9 FOVs, 6 mice, SOD16934 7 FQVs, 6 mice). (g)
Representative example of actual and decoded running velocity using the Random Forest decoder
in WT (left) and SOD (right) mice. (h) Decoding accuracy (data are mean = SEM; each dot
represents an experiment; p = 0.0013, Student's t-test, WT: 11 FOVs, 7 mice; SOD16934: 10 FOVs, 6
mice). *p < 0.05, **p < 0.01, ***p < 0.001. Created with BioRender.com.
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Fig. 4. Distinct neuronal sensorimotor activity clusters in M1.

(a) Heat map of average neuronal activity during running (run) and quiet wakefulness (qw)
during feedback and darkness sessions of 5 identified sensorimotor response type clusters
(cluster 1: 1241 neurons, cluster 2: 1195 neurons, cluster 3: 960 neurons, cluster 4: 985 neurons,
cluster 5: 1392 neurons; all neurons from WT and SOD1 P60 and P90 mice pooled). (b)
Representative example traces of each neuronal cluster, as well as the corresponding behavioral
parameters (locomotion (Vun), black; visual flow (Vyis), blue; running epochs, light grey area). (c)
Fraction of active neurons per cluster and cortical layer in early symptomatic mice (cluster 1 layer
2/3 (12/3): p = 0.51, cluster 1 layer 5 (15): p = 0.48, cluster 2 12/3: p = 0.65, cluster 2 15: p= 0.13,
cluster 312/3: p= 0.039, cluster 3 15: p= 0.22, cluster 4 12/3: p= 0.77, cluster 4 15: p= 0.21, cluster
512/3: p= 0.0004, cluster 5 15: p= 0.0002, Wilcoxon Rank Sum test; N= 13 layer 2/3 (12/3) FOVs
in 9 WT mice, N=1212/3 FOVs in 8 SOD163Amice, N= 11 layer 5 (15) FOVs in 6 WT mice and 10
15 FOVs in 4 SOD16934 mice. Data are median + 95%CI. *p < 0.05, ***p < 0.001. Created with
BioRender.com.
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Fig. 5. Locomotion-associated hyperresponsiveness in layer 2/3 and 5 neurons of early
symptomatic SOD1693A mice.

(a) Example calcium traces of ROIs and their (b) corresponding angle denoting the median activity
during running (run) and quiet wakefulness (qw). (c) Angle distribution in WT and SOD16934
neurons in layer 2/3 (p < 10-12, Kolmogorov-Smirnov test, WT: 635 neurons, 6 mice; SOD16934;
594 neurons, 8 mice ). (d) Fraction of running-responsive neurons (p = 0.0027, Student’s t-test,
WT: 9 FOVs, 6 mice; SOD16934: 10 FOVs, 8 mice). (e) Heat maps of neuronal activity upon running
onset (white dashed line), from -1s to 5s in layer 2/3 active neurons. (f) Neuronal activity as a
function of instantaneous running velocity in layer 2/3 neurons (p (genotype)= 0.0024, Two-Way
ANOVA for Unbalanced Design, WT: 9 FOVs, 6 mice; SOD1693A: 10 FOVs, 8 mice). (g) Same as (c)
but for layer 5 neurons (p = 3.8 x 104, Kolmogorov-Smirnov test, WT: 202 neurons, 4 mice;
SOD1693A: 301 neurons, 4 mice). (h) Same as (d) but for layer 5 neurons (p = 0.2, Student’s t-test,
WT: 6 FOVs, 4 mice; SOD16934; 8 FOVs, 4 mice). (i) Same as in (e) but for layer 5 neurons. (j) Same
as (f) but for layer 5 neurons (p (genotype) < 109, Two-Way ANOVA for Unbalanced Design, WT:
6 FOVs, 4 mice; SOD1693A : 8 FOVs, 4 mice). Data are mean = SEM (d,h), data are median + 95% CI
(£j). *p < 0.05, **p < 0.01, **p < 0.001. Created with BioRender.com.
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Fig. 6. Locomotion-associated hyperresponsiveness is exclusively present in M1 layer 2/3
neurons in pre-symptomatic SOD1693A mice.

(a) Experimental timeline. (b) Distribution of angles between median activity during running and
quiet wakefulness for neurons in layer 2/3 in WT and SOD1693A (p < 10-19, Kolmogorov-Smirnov
test, WT: 744 neurons, 9 mice; SOD16934: 943 neurons, 10 mice. (c) Fraction of running-responsive
neurons (p = 0.049, Wilcoxon rank sum test, WT: 13 FOVs, 9 mice; SOD1693A: 17 FOVs, 10 mice).
(d) Heat maps depicting neuronal activity upon running onset (white dashed line) of active
neurons layer 2/3. (e) Neuronal activity as a function of instantaneous running velocity of neurons
in layer 2/3 (p (genotype) < 10-7, Two-Way ANOVA for Unbalanced Design, WT: 13 FOVs, 9 mice;
SOD1693A: 17 FOVs, 10 mice). (f) Same as (b) but for neurons in layer 5 ( p = 0.073, Kolmogorov-
Smirnov test, WT: 313 neurons, 5 mice; SOD16934 : 313 neurons, 4 mice). (g) Same as (c) but for
neurons in layer 5 (p = 0.12, Wilcoxon rank sum test, WT: 7 FOVs, 5 mice; SOD1693A ; 7 FQVs, 4
mice). (h) Same as (d) but for neurons in layer 5. (i) Same as (e) but for neurons in layer 5 (p
(genotype) = 0.61, Two-Way ANOVA for Unbalanced Design, WT: 7 FOVs, 5 mice; SOD16934 ; 7
FOVs, 4 mice). Data are median + 95% CI (ce,gi). *p < 0.05, ***p < 0.001. Created with
BioRender.com.
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Fig. 7. Chemogenetic inhibition of neurons in layer 2 /3 during the pre-symptomatic stage
delays symptom onset and improves motor function in SOD1693A mice.

(a) Timeline of experiment. (b) Schematic of the targeted population of neurons in layer 2/3 of
M1. Fluorescent image of a histological section in M1 (neurons pseudo-colored in gray using
neurotrace, mCherry-expressing neurons in magenta). Cortical layers are delineated in black (left)
and white (right) dashed lines. (c) Symptom onset in mCherry SOD G934 sham and hM4D-mCherry
SOD1693A mice (p = 0.01, Log-rank (Mantel-Cox) test, SOD G934 sham: 11 mice, SOD 6934 hM4D: 7
mice. (d) Latency to fall from the rod during the rotarod test (p = 0.036, Wilcoxon rank sum test,
line indicates median, SOD G934 sham= 5, SOD G93A hM4D: 3 mice). *p < 0.05.
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Suppl. Fig. 1. Increased neuronal activity levels in M1 of early symptomatic SOD1693A
transgenic mice under anesthesia.

(a) Scheme of two-photon calcium imaging in anesthetized animals. (b) Representative example
of calcium traces from selected regions of interests (ROIs) in a field of view (FOV) imaged in layer
2/3 of a SOD1693A transgenic mouse. (c) Increased transient frequency in SOD16934 mice (p < 10
18, Kolmogorov-Smirnov test). (d) Transient amplitude (p = 0.19, Kolmogorov-Smirnov test, WT:
1296 neurons, 6 mice; SOD16934: 591 neurons, 4 mice (c,d)). (e) Example correlogram illustrating
pairwise activity correlations (Pearson’s correlation coefficients, R) in WT (left) and SOD (right).
(f) Histogram of pairwise activity correlations superimposed by gaussian fits of early symptomatic
SOD1693A mice. (p < 10-16, Kolmogorov-Smirnov test, WT: 18878 pairwise comparisons, 6 mice,
SOD1693A: 7789 pairwise comparisons, 4 mice). ***p < 0.001
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Suppl. Fig. 2. Running profiles of WT and SOD1693A transgenic mice.

(a) Fraction of time spent running in layer 2/3 experiments during feedback (fb) and darkness
(dark) sessions. (fb: p = 0.7; dark: p = 0.5, Wilcoxon rank sum test, WT: 9 FOVs, 6 mice; SOD1693A:
10 FOVs, 8 mice). (b) Proportional velocity distribution in layer 2/3 experiments during feedback
(left) and darkness (right) sessions (fb: p = 0.77; dark: p = 0.57, Kolmogorov-Smirnov test, WT: 9
FOVs, 6 mice; SOD16934 : 10 FOVs, 8 mice). (c) Median speed during running epochs in layer 2/3
experiments during feedback and darkness sessions (fb: p = 0.053; dark: p = 0.053, Wilcoxon rank
sum test, WT: 9 FOVs, 6 mice; SOD1693A ; 10 FOVs, 8 mice). (d) Same as (a) but for layer 5
experiments (fb: p = 0.66; dark: p = 0.85, Wilcoxon rank sum test; WT: 6 FOVs, 4 mice; SOD1693A :
8 FOVs, 4 mice). (e) Same as (b) but for layer 5 experiments (fb: p = 0.059; dark: p = 0.13,
Kolmogorov-Smirnov test, WT: 6 FOVs, 4 mice; SOD16934 : 8 FOVs, 4 mice). (f) Same as (c) but for
layer 5 experiments (fb: p = 0.66; dark: p= 0.57, Wilcoxon rank sum test, WT: 6 FOVs, 4 mice,
SOD1693A;: 8 FOVs, 4 mice. Data are median + 95% CI (a,c,d,e).
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Suppl. Fig. 3. Effect of Riluzole on neuronal activity in motor cortex.

(a) Ilustration of the experiment and imaging timeline. (b) Neuronal activity (area under the
curve (AUC)) in WT mice at baseline (bsl; dark green), 2 days (2d; green) and 7 days (7d; dashed
green) of chronic Riluzole treatment (bsl-2d: p = 0.83; 2d-7d: p = 0.004; bsl-7d: p = 0.006,
Kolmogorov-Smirnov test, bsl: 1494 neurons, 13 FOVs, 4 mice; 2d: 1249 neurons, 11 FOVs, 3 mice;
7d: 955 neurons, 8 FOVs, 3 mice. (c¢) Neuronal activity levels in SOD16934 transgenic mice (bsl;
dark purple; 2d; magenta; 7d; dashed magenta, bsl-2d: p = 0.01; 2d-7d: p = 0.0008; bsl-7d: p =
0.003, Kolmogorov-Smirnov test; bsl: 929 neurons, 11 FOVs, 3 mice; 2d: 929 neurons, 11 FOVs, 3
mice; 7d: 366 neurons, 4 FOVs, 1 mouse. *p < 0.05, **p < 0.01, ***p < 0.001.

83



3. Results

Material and Methods

Animals

All animal experiments were conducted in accordance with protocols approved by Regierung von
Oberbayern, Munich, Germany. B6.Cg-Tg(SOD1*G93A)1Gur/] mice were obtained from the
Jackson Laboratory, maintained on a C57BI16/] background and housed with up to four littermates
of the same sex with a regular 12-hour light and dark cycle at our Core Facility. For the pre-
symptomatic cohort (P60), 10 WT mice (all female) and 10 SOD16934 mice (all female) were used
for analyses. For the early-symptomatic cohort (P90), 9 WT mice (8 females and 1 male) and 8

SOD1693A mice (8 females) were used for analyses.
Surgery

Animals received a craniotomy with stereotactic cortical injections and a subsequent window
implantation at P30 and P60 for pre-symptomatic (P60) and early-symptomatic (P90) cohorts,
respectively, as previously described (Liebscher et al., 2016; Scekic-Zahirovic et al., 2021). Briefly,
prior to the craniotomy and cortical injections, mice were given analgesia (Metacam, 1mg/kg,
orally) 30 minutes before an intraperitoneal injection of Fentanyl (0.05mg/kg), Midazolam
(5.0 mg/kg), and Metedomidin (0.5 mg/kg). Eyes were covered with Bepanthen® creme at all
times. Xylocain Gel 2% was applied prior to removing the skin of the head, exposing the skull and
then on the exposed periost. A circular craniotomy (2mm in radius) was performed with a centre
at 1.7mm lateral from the midline and 0.8mm anterior of bregma. A total of 1pl
AAV2/1.Syn.GCaMP6m.WPRE.SV40 (addgene, diluted 1:6 in saline) or AAV9.Syn.jGCaMP7s.WPRE
(addgene, diluted 1:10 in saline) was slowly injected at three sites (~300nl per site) at a cortical
depth ~600pm to target both neurons in layer 2/3 and 5 of primary motor cortex (M1).
Stereotactic coordinates of the injection sites were determined based on the anatomical definition
of M1 defined by The Mouse Brain in Stereotaxic Coordinates (3rd Edition by Franklin & Paxinos):
(1) 1.5mm lateral, (2) 1.7mm lateral and 0.8mm anterior, (3) 2.0mm lateral and 1.6mm anterior
to bregma. A 4mm glass coverslip (Warner Instruments) was placed over the cortex and sealed
with UV durable dental acrylic (Venus Diamond Flow, Heraeus Kulzer GmbH), followed by the
attachment of a metal head bar to the skull with dental acrylic (Paladur, Heraeus Kulzer GmbH),
allowing for stable repositioning of the mouse’s head underneath the objective. Post-op analgesia
(Metacam; 1mg/kg) was administered 12, 24, 48 and 72 hours after surgery. Mice were handled
regularly and three weeks following implantation, mice were trained to run head-fixed on a

floating treadmill.
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For mice that received Riluzole, surgery was performed at P60, as described above. Riluzole
(22mg/kg) was administered through drinking water to mimic dosage received by ALS patients

(Hogg et al., 2018) daily for 7 days.

For mice that received 12/3 activity dampening treatment, surgery was performed at P30. 300ul
of AAV2.hSyn.hM4D(Gi).mCherry (Addgene viral prep # 50475-AAV2, diluted with saline in 1:6)
was injected bilaterally at a cortical depth ~100 pm in the following sites to target layer 2/3 of the
entire motor cortex: (1) 2.4mm lateral and 1.8mm anterior, (2) 1.1mm lateral and 1.8mm anterior,
(3) 1.6mm lateral and 1.1mm anterior to bregma, and (4) 2.4mm lateral and (5) 1.1mm lateral at
bregma. Clozapine N-oxide (CNO) was administered daily from P61 to P90 via drinking water

(0.04mg/ml in 24ml water with 2% sucrose every 48h for a cage of 2 animals).

In vivo two-photon calcium imaging in anesthetized mice

In anesthetized mice, isoflurane was delivered to the mouse in pure oxygen at a flow rate of ~0.8-
1.0L/min. Mice were first given 3vol % isoflurane for ~3 minutes, followed by 1.5% for ~15
minutes and 1.25% for 30 minutes prior to imaging. Breathing rate and body temperature were
monitored and maintained in the range of 110-130 breaths per minute and at 37 degrees,
respectively, using a physiological monitoring system (Harvard Apparatus). Using a 16x water-
immersion objective (Nikon), image series of 20,000 frames (amounting to ~11 minutes) with a
field of view of 300 x 300 um and a resolution of 512 x 512 pixels were acquired within layer 2/3

at a cortical depth of 200-300 um.

In vivo two-photon calcium imaging in awake behaving head-fixed mice

Four weeks following the cranial window implantation, trained mice were head-fixed and imaged
on a two-photon microscope (Hyperscope, Scientifica), equipped with an 8kHz resonant scanner,
at frame rates of 30Hz. GCaMP was excited at 910nm with a Ti:Sapphire laser with a DeepSee pre-
chirp unit (Spectra Physics MaiTai eHP) and detected by two photomultiplier tubes (Hyperscope,
Scentifica) within 500 to 650nm (with 525/50nm and 620/60nm band-pass filters), as described
previously (Liebscher et al., 2016; Scekic-Zahirovic et al., 2021). Using a 16x water-immersion
objective (Nikon), image series of 15.000 frames (corresponding to ~8 minutes) with a field of
view of 300 x 300 pm and a resolution of 512x512 pixels were acquired in both layer 2/3 and 5 at

a cortical depth of 200-300 um and beyond 550 um, respectively.
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Visual flow feedback paradigm

In awake behaving mice, a toroidal screen consisting of curved metal bars and white cardstock
was placed in front of the head-fixed mouse. Visual flow of vertical gratings with equal spacing
was projected onto a spherical screen (projector: Samsung, SP-F10M) and was coupled to (closed
loop, or feedback) the mouse’s running velocity. The imaging series consists of two different

conditions, (1) feedback (30,000 frames), and (2) darkness (no visual input, 15,000 frames).

Running speed and pupil tracking

In all imaging experiments, running velocity was tracked using an optical mouse sensor (Logitech,
G500s Laser Gaming Mouse) and pupil position of the mouse’s right eye was recorded with a video
camera (The Imaging Source, DMK 22BUCO03, USB 2.0 monochrome industrial camera) by custom
scripts in LabVIEW (National Instruments). The velocity and pupil size recordings were processed

offline using custom scripts in MATLAB (MathWorks).

Post-processing of two-photon calcium imaging data

All imaging recordings were processed and analyzed using custom scripts in MATLAB
(Mathworks) as described previously (Liebscher et al.,, 2016; Scekic-Zahirovic etal.,, 2021). Briefly,
images were corrected for brain displacement due to locomotion and region of interests (ROIs)
(corresponding to neuronal somata) were selected based on the mean fluorescent intensity and
maximum change projections. Raw activity traces of each neuron are derived from the mean
fluorescent intensity of all pixels within a ROI and were low pass filtered at 10Hz. Contamination
from neuropil signals, either locally from neurites adjacent to the ROIs or globally from increased

fluorescence in a larger area was taken into account using the following equation:

FROI_comp =Fro1 - 0.7x Fneuropil

Frot_comp, Fror and Freuropil represents neuropil-compensated fluorescent signal, initial fluorescence
signal of the ROI, and signal from the neuropil, respectively. Relative changes in fluorescence
(AF/F) were computed by dividing Froicomp by the median of the “noise band” (baseline). The
“noise band” was derived from the standard deviation of the activity trace (which was Fourier
transformation with high pass filter at 0 and a low pass filter at 10) divided by the median of
activity trace minus 1. The AF/F trace was further filtered (Fourier transformation with high pass

filter at 0 and a low pass filter at 0.5) and subtracted by 1. In experiments conducted with
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GCaMP6m, a neuron was considered active if there was at least one prominent calcium transient
spanning 30 frames (equivalent to 1 second). For experiments conducted with jGCaMP7s, a
neuron was considered active if there was at least one prominent calcium transient spanning 40
frames (equivalent to 1.33 seconds). To assess mean activity at each state (i.e. run or quiet
wakefulness) , a thresholded trace, in which AF/F values smaller than 2x the standard deviation

of the “noise band” were set to 0, was used.

Data analysis

Comparing neuronal activity levels under anesthesia and during wakefulness

Neuronal activity, measured as area under curve (AUC), was calculated for the same neurons
under anesthesia and in wakefulness using the thresholded activity (at baseline + 2 x standard

deviation of the filtered AF /F). To compare the change in activity, the following equation was used:

Aact = actapesth — ACtawake

Neurons were classified according to their activity levels, namely low (0-0.25 transients/min),

intermediate (0.25-3 transients/min) and high (>3 transients/min).

k-means clustering of neurons

Only experiments with at least two clear running epochs (i.e. a minimum of 1 sec running within
1.2 seconds) during feedback and two clear running epochs during darkness and with a minimum
of 1/8 of the time spent stationary were used for analyses. AF/F traces of active neurons were
thresholded (2 x standard deviation of the filtered AF/F) for k-means clustering. The number of
clusters was heuristically set to 5. The mean activity during running and stationary epochs was
calculated for each neuron in both feedback and darkness sessions, and normalized to the
maximum AF/F. The normalized AF/F values were then used for clustering. K-means clustering
was performed using the kmeans function with the squared Euclidean distance as the distance

metric in Matlab.

Definition of running-responsive neurons and fraction per FOV

We included experiments with at least three clear running epochs (i.e. a minimum of 1 sec running

within 1.2 seconds) and two clear stationary epochs (i.e. a minimum of 1 sec stationary within 1.2
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seconds) during feedback and two clear running epochs and one stationary epoch during
darkness; as well as 1/8 of the total time spent stationary. To determine running-responsive
neurons, we compared their mean activity during locomotion and stationary epochs in the actual
data and compared it to a scrambled date set. To this end, we generated binarized running traces,
which were randomly circularly shifting by at least 1500 frames (equivalent to 0.83 seconds)
10,000 times to decouple behavior from neuronal activity. For each iteration, we computed an
angle between the x-axis and a line formed by the coordinates of the mean activity during the
‘scrambled’ running and stationary epochs with the [0,0] coordinates (Fig. 5b) using the atan2d

function in Matlab:

6 = tan(x,y)

where x = mean AF/F during stationary and y = mean AF/F during running.

The 5th percentile of values generated from the scrambled data was set as the threshold for each
neuron, and only neurons with an angle greater than the threshold were considered running-
responsive (i.e. neurons with higher activity during running phases). The fraction of running-

responsive neurons was calculated within each FOV.

Neuronal activity dimensionality and manifold analysis

Principal component analysis (PCA) (PCA, Matlab) was implemented to reduce the dimensionality
of the centered and z-scored neuronal activity traces (AF/F), acquired during the feedback session
(Kato et al, 2015; Lanore et al, 2021). First, n principal components (PCs) and the variance of the
original input matrix explained by the respective PCs were derived. To evaluate the strength of
correlation between the neuronal population response and the corresponding behavior, linear
regression (fitlm, Matlab) was applied to PC1 and the 4 behavioral parameters measured, namely
locomotion, an applied air puff, pupil dilation and whisking. To make it comparable between FOVs,
neuronal activity recordings were only taken into account when at least one of the four behavioral
parameters mentioned above was considered active. In addition, to examine and visualize the
structure of the behavior-associated neuronal population response patterns, manifold analysis
based on PCA was employed. High-dimensional population response trajectories were mapped
into lower three-dimensional PCA space. The manifold subspace was color-coded as a function of
velocity, forming two subspaces, one corresponding to quiet wakefulness and the other to
locomotion. The center of mass of the respective subspaces was calculated as the mean of the

coordinates within each subspace. The Euclidean distance within each subspace was computed as
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the mean length of each circle, representing the variance of subspace, to the center of mass. The
Euclidean distance across subspaces was computed as distance between the center of mass in

each subspace.

Neural decoding

To decode velocity from neuronal activity in M1, we applied a supervised machine learning
algorithm based on Random Forest Regression (Huber et al., 2012; Liebscher et al., 2016). In
Matlab, treebagger was used with the following parameters: number of trees = 150; method =
‘regression’. Experiments from both feedback and darkness sessions were used to train the model
separately. The model was trained four times using different parts for training and decoding, and
the mean R? was computed for each experiment. 2/3 of the data (20,000 frames for feedback,
equivalent to ~11 minutes; 10,000 frames for darkness, equivalent to ~5.5 minutes) was used for
training and the remaining 1/3 (10,000 frames for feedback, equivalent to ~6 minutes, and 5,000
frames for darkness, equivalent to ~3 minutes) was used to validate the prediction. The chosen
beginning of the data used for training was circularly shifted by 5000 frames for feedback and
3750 frames for darkness (that is the total number of frames per session/4) each time, such that

a different training and testing sets were used.

Population response to locomotion

Both the velocity and the neuronal calcium traces were downsampled to 6Hz, and for each point
in time an average AF/F value per ROl was computed and associated with its corresponding

instantaneous running velocity.

Behavioral analyses

Measurement of symptom onset

Animals were scored daily with a SOD-score system (0-7) to measure disease progression. A score
of 1 signifies symptom onset. Based on deficits detected in the hindlimbs and the rearing behavior
in SOD1-G93A tg mice (Hayworth & Gonzalez-Lima, 2009), the SOD-scoring system consists of
four parameters that assess these phenotypes. These are hindlimb tremor (0-1), hindlimb
extension (0-2), tail elevation (0-2) and rearing (0-2). The first two parameters are measured by
lifting the mouse by the tail. Once a tremor is detected in the hindlimbs, a score of 1 is assigned to

hindlimb tremor. Upon tail suspension, a score of 0, 1 and 2 is assigned to full extension, partial
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extension, and no extension (contracture) of the hindlimbs, respectively. The last two parameters
are measured by observing the mouse in a cage for 5 minutes. As the mouse is moving the position
of its tail is assessed: if the tail elevates to the level of the head or higher, a score of 0 is assigned.
If the tail falls to the ground or the distal section of the tail falls below the level of the head, at least
twice, when it is walking, a score of 1 is assigned. If the tail fails to elevate or the distal part of the
tail touches the ground the entire time of observation, a score of 2 is assigned. Rearing behavior
in a new environment: A score of 0 is given if the mouse displays rearing behavior at least twice
within the 5 minutes of observation with full extension of the hindlimbs. A score of 1 is given for

partial extension of hindlimbs. A score of 2 is given when no rearing is observed.

Rotarod

Rotarod testing was performed at the symptomatic stage (P120). Prior to the experiment, mice
were handled at least every three days during the behavioral experimental phase (twice a week
minimum). They were accustomed to the setup by training on the rod at constant speed (5 rpm)
until they managed to stay on it for at least a minute. The test was then conducted on two
consecutive days, with 4 trials per day and a 5-minute break between trials in acceleration mode

(5-40 rpm within 5 min).

Statistics

Data was tested for normality using the Lilliefors test in Matlab. Normally distributed data was
probed for significance by the Student’s unpaired t-test, while the Wilcoxon rank sum test was
used for non-normally distributed data, unless otherwise specified. Mean + standard error of the
mean (SEM) was plotted for normally distributed data, and median + 95% confidence interval (CI)
for non-normally distributed data, unless otherwise specified. To test significance of the data
distribution, either a two-sample Kolmogorov-Smirnov test or two-way ANOVA on binned data
was used. For the sensorimotor clusters and behavioral analyses related to chemogenetic
inhibition of layer 2/3 activity, statistics were performed in prism. First, data was tested for
normality using D'Agostino-Pearson omnibus test, followed by outlier detection with Grubb’s test

(alpha=0.1). All tests reject the null hypothesis at the 5% significance level.
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4. Discussion

4. Discussion

In this doctoral thesis, I investigated neuronal activity in motor cortex of two transgenic mouse
models of ALS, and could identify, cellular sources contributing to cortical hyperexcitability
typical of ALS. The findings of my thesis are shared in one published (Scekic-Zahirovic et al.,

2021) and one unpublished (Kan et al.) manuscript.

4.1 Investigating cortical functional impairment in neurodegenerative

diseases by in vivo two-photon calcium imaging

Glutamate excitotoxicity, that is the toxic impact of excess glutamatergic stimulation mainly on
neurons, has been proposed to be involved in various neurodegenerative diseases (Armada-
Moreira et al., 2020; Lewerenz & Mabher, 2015). Effects of corresponding treatment options
such as Riluzole and Memantine, targeting glutamate excitotoxicity in Amyotrophic Lateral
Sclerosis (ALS) and Alzheimer's Disease (AD), respectively, have been shown to be limited
(Esposito et al., 2013; Obrenovitch, 1998). This is likely due to our lack of insight at the
molecular, cellular and circuit level and potential homeostatic mechanisms, which could
mitigate long-term beneficial effects of anti-glutamatergic treatments. In ALS, glutamate-
mediated excitotoxicity has been linked to upper and lower motor neuron degeneration
(Armada-Moreira et al., 2020; Rothstein, 1995; Van Den Bosch et al., 2006), but the underlying
mechanisms driving glutamate excess in neurodegenerative diseases and ALS in particular
remain incompletely understood. One common feature shared by various forms of ALS that
might likely be linked to excitotoxicity is cortical hyperexcitability (Bae et al., 2013).
Classically, cortical hyperexcitability is measured by transcranial magnetic stimulation (TMS)
studies in which the motor cortex is stimulated through electromagnetic induction and

simultaneously motor evoked potentials (MEP) of the innervated muscle are recorded.

96



4. Discussion

Parameters that reflect increased excitation and reduced inhibition in motor cortex, include
reduced resting motor threshold (RMT), increased intracortical facilitation (ICF), reduced
short-interval intracortical inhibition (SICI) and shortened cortical silent period (CSP) (Cengiz
et al., 2019; Cengiz & Kuruoglu, 2020; Menon et al., 2017; Menon et al., 2015; Shibuya et al.,
2017; Siciliano et al., 1999; Van den Bos et al., 2018; Vucic et al., 2009; Vucic et al., 2008;
Zanette et al., 2002a). Though TMS studies demonstrated cortical hyperexcitability as a result
of the combined increase in excitation and reduced inhibition, these findings do not allow any

conclusions on the cellular or circuit source of cortical hyperexcitability.

Our work in two mouse models of ALS revealed both a) a hyperactivity of neurons in motor
cortex in Fus®NS* mice that is likely caused by defects in (inhibitory) synapses (Scekic-
Zahirovic et al., 2021) and b) neuronal hyperresponsiveness to locomotion in SOD19%34 mice
that originates in upstream layer 2/3 (Kan et al.). More specifically, in the first paper (Scekic-

ANLS/* mice at the age

Zahirovic et al., 2021), I assessed neuronal activity in motor cortex of Fus
of 4-month-old and 10-month- thus prior to the development of overt neuromuscular deficits -
under isoflurane anesthesia. Using in vivo two-photon calcium imaging, I showed that there is
an increase in the fraction of active cells at 10 months and an increase in transient frequency at
both 4 months and 10 months, suggesting neuronal hyperactivity in motor cortex. To identify
the mechanisms of neuronal hyperexcitability, we, together with our collaborators, identified
synaptic deficits, most prominently of inhibitory synapses, which could explain the observed
aberrant neuronal activity and behavioral alterations in the presence of cytoplasmic FUS
mislocalization. Specifically, RNAseq of frontal cortex from 5-month and 22-month old

FuSANLS/+

mice showed that genes related to physiology and development of GABAergic and
glutamatergic synapses were downregulated, accompanied with more pronounced
ultrastructural changes in inhibitory synapses. To further investigate alterations identified in

inhibitory synapses, synaptosomal fractionation of 5-month-old frontal cortex revealed FUS

accumulation in mRNAs crucial for synaptic function, especially in inhibitory synapses. Taken
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together, Scekic-Zahirovic et al. showed hyperactivity in motor cortex and abnormal changes
in social and motor behavior, most likely due to more pronounced defects in inhibitory synapses

that are related to FUS accumulation in the synapses.

In the second manuscript (Kan et al.), I first show that there are also hyperactive neurons in M1
of early-symptomatic SOD1%%4 mice, which display increased synchrony when conducting in
vivo two-photon calcium imaging under isoflurane anesthesia. However, little is known about
how these neurons behave during wakefulness. Anesthesia can have various effects on diverse
neuronal cell types, which are also dose-dependent (Hao et al., 2020). It is thus possible that
anesthesia can dampen neuronal activity in general but it could also unmask changes in neuronal
excitability, as it is known that the inhibitory drive is higher during wakefulness (Niethard et
al., 2016; Poulet & Crochet, 2019). Moreover, alterations in excitability or activity can be
compensatory in response to i.e. reduced synaptic input (Joseph & Turrigiano, 2017;
Turrigiano, 2011; Turrigiano, 2008). Together, it is thus not clear whether altered neuronal
activity identified under anesthesia would persist during wakefulness (Pan et al., 2018; Zanette
et al., 2002b). Changes in brain states do not only occur through the induction of anesthesia,
but can occur with behavior, such as locomotion (Poulet & Crochet, 2019). To thus be able to
interpret neuronal activity levels during wakefulness one also needs to take into account
behavioral changes and sensory stimulation. I thus imaged the same neurons in behaving mice
in a visual-flow feedback paradigm. I show that there is a partial coherence in the activity levels
under anesthesia and during wakefulness (i.e. neurons that are more active under anesthesia
might be less active in wakefulness, and vice versa). This means activity and response
properties of neurons are mediated by behavioral changes and sensory stimulation, which is
crucial to studying cortical dysfunction in neurodegenerative diseases. Specifically, I found less
activity change from anesthesia to wakefulness in SOD1%%*4 mice (i.e. more activity during

wakefulness), accompanied with a higher proportion of less active neurons remaining in the
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same activity category during wakefulness. The partial activity coherence could potentially
unmask higher excitability levels in M1 of SOD19%3*4 mice. When characterizing locomotion-
associated activity, we surprisingly revealed an increase in neuronal activity only in layer 2/3
during the pre-symptomatic stage, which is later seen in both layer 2/3 and 5 in early-
symptomatic mice. Notably, pyramidal neurons in cortical layer 2/3 are the prime input source
of layer 5 neurons, which also encompass upper motor neurons. We thus conclude that cortical
hyperexcitability at least in part is based on cortical layer 2/3 hyperexcitability and that UMN
receive excessive glutamatergic stimulation from upstream layer 2/3 neurons, proposing a
strong non-cell autonomous component in the development of cortical hyperexcitability, UMN

dysfunction and subsequent degeneration.

4.2 Sensorimotor integration in M1

Previous work has already highlighted that different neuronal populations amongst the
corticospinal neurons exist in M1, which can be separated by their responsiveness to defined
behavioral features. Identified populations are (limb) movement-responsive, indiscriminately
— active, quiescence — active neurons (Peters et al., 2017), but also more specifically neurons
responsive to touch (sensory input) or motor output (whisking, licking (Huber et al., 2012)). I
now add to this knowledge by demonstrating that visual input is also determining responses in
MI1. As such, I found neurons whose activity related to locomotion was modified by the
presence or absence of visual input, arguing for visuomotor integration taking place in M1 (Kan
et al.). Visuomotor integration has thus far been mainly studied in visual cortex, demonstrating
that locomotion can increase the gain to visual input by differentially modifying interneuronal
subtypes (Busse, 2018; Pakan et al., 2016; Yamawaki et al., 2021). I identified five distinct
neuronal populations characterized by their average activity to locomotion during different

conditions, namely neurons responsive to (i) running in general, (i) running with feedback, (iii)
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running in darkness, (iv) all conditions and (v) quiet wakefulness. These neuronal subtypes
occur at different frequencies in SOD16%A mice. 1 detected an increase in the fraction of
neurons that are more active during running in darkness in layer 2/3 and fewer neurons that are
spontaneously active (that is active during quiescence). As interneurons have previously been
shown to play a vital role in visuomotor integration in visual cortex (Busse, 2018; Dadarlat &
Stryker, 2017; Erisken et al., 2014; Pakan et al., 2016), it is possible that their involvement in
the cortical dysfunction in ALS can explain the differences detected in SOD19%34 mice. In ALS,
there is evidence of hypoactive PV and hyperactive SST (Khademullah et al., 2020; Zhang et
al., 2016) interneurons, both of which could also modify the response of pyramidal neurons to
locomotion in the absence or presence of visual input. Hyperactive SST would inhibit PV,
which are also found to be hypoactive in ALS, and thus releasing inhibition on UMN (Zhang

et al., 2016).

4.3 The role of non-cell-autonomous mechanisms underlying

neurodegeneration in ALS

The variability seen in presented symptoms, site of onset, extent of involvement from upper
and lower motor neurons and progression rate in ALS, suggest possible diverging circuit
mechanisms that underlie neurodegeneration. The diversity is already evident at the level of the
dominantly involved protein. While in other neurodegenerative diseases, such as AD and
Huntington’s disease (HD), one central protein, namely amyloid-beta (Ab) for AD and
huntingtin for HD, contributes to the abnormal aggregation in the brain (Ross & Poirier, 2004),
in ALS several proteins, namely TDP-43, SOD1 and FUS have been shown to accumulate and
aggregate within the cytoplasm of cells (Blokhuis et al., 2013). These differences could also

result in different disease pathology and thus therapeutic approaches.
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Despite the different pathways underlying protein aggregation and the resulting pathology in
ALS, cortical hyperexcitability remains a consistent finding in ALS patients (TMS studies that
included both fALS and sALS patients), which can be caused by deficits in numerous circuit
elements, which include different neuronal populations, such as PNs and INs, and

neuromodulators.

4.3.1. Structural and functional changes in the major source of input to

UMN: layer 2/3

Our study revealed cortical layer- and disease stage-specific changes in SOD16%4 tg mice.
More precisely, increased locomotion-associated neuronal activity was first detected in layer
2/3 of pre-symptomatic mice, which was later identified in both layer 2/3 and 5 of early-
symptomatic mice. Pathology (i.e. expression of phosphorylated neurofilament (PNF) in PN
and glial fibrillary acidic protein (GFAP) in astrocytes) and structural changes (i.e. apical spine
loss and dendritic regression) in layer 2/3 PNs were detected in both post-mortem motor cortex
tissue of ALS patients (Sasaki & Maruyama, 1994), as well as in SOD19%34 tg mice (Fogarty
et al., 2016b). Dendrites are the main site of excitatory input to the PNs and their arborization
pattern determines the synaptic input field of the dendrite (Arikkath, 2012; Spruston, 2008). In
addition to perisomatic excitatory input, both layer 2/3 and 5 PNs receive long-range cortical
and thalamic input onto distal apical dendrites in layer 1, while layer 2/3 PNs also receive input
onto basal dendrites below the soma (Hooks et al., 2013; Rubio-Garrido et al., 2009). Dendritic
spine density and dendritic arborization are critical determinants of synaptic input and network
connectivity and play are role for neuronal plasticity (Arikkath, 2012; Chen et al., 2011; Citri

& Malenka, 2008; Dao Duc et al., 2015; Jia et al., 2010).
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In addition, there are layer-specific differences in spine density and dynamics during
development as well as motor and sensory-related experiences (Tjia et al., 2017). For instance,
spine density and dynamics of layer 2/3 PNs are higher than that of layer 5 neurons and motor
skill learning and neonatal sensory deprivation result in higher spine dynamics in layer 5 PN,
arguing for layer-specific connectivity changes (Tjia et al., 2017). The changes seen in spine
dynamics during motor learning coincide with the dynamic activity changes seen in layer 5 and
stable activity pattern in layer 2/3 (Peters et al., 2017; Steffens et al., 2021), which is in line
with the notion that synaptic activity regulates spine dynamics (Bloodgood & Sabatini, 2005;
van Zundert et al., 2008). Therefore, spine loss on apical dendrites of layer 2/3 PNs of SOD 16934
mice could be a result of homeostatic structural plasticity in response to increased (long-range)
input, such as ipsilateral somatosensory cortex and thalamus, detected in early-symptomatic
SOD19%3A tg mice (Commisso et al., 2018) and evidenced by the increased excitatory

postsynaptic current (EPSC) of layer 5 PNs (Fogarty et al., 2015a).

Another explanation for increased activity in layer 2/3 is compromised inhibition, namely
inhibitory synaptic defects and excitability changes in interneurons (discussed above).
Inhibitory synapses can be found on various parts of a neuron, namely the soma, dendrites,
spines and axons, and axo-somatic synapses exert the strongest inhibition on the post-synaptic
neuron (Kubota et al., 2016). y-aminobutyric acid A (GABAA) receptors are known to mediate
fast inhibitory transmission (Miyazaki et al., 2021). Despite the increased EPSC detected
(discussed above), there are no compensatory increase in the inhibitory postsynaptic current
(IPSC) (Fogarty et al., 2016a; Fogarty et al., 2015b). Additionally, inhibitory synaptic defects

were detected in layer 2/3 of FusV-S'*

mice using various techniques (Sahadevan et al., 2021;
Scekic-Zahirovic et al., 2021). These changes include the downregulation of genes associated

with physiology and development of synapses, ultrastructural deficits in inhibitory synapses,

enhanced cytoplasmic mislocalization of FUS in PV INs and increased FUS accumulation in
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synaptosomes (Sahadevan et al., 2021; Scekic-Zahirovic et al., 2021). In particular, the
downregulation of gene and protein expression of inhibitory synaptic markers in the pre-
synapse, namely vesicular GABA transporter (VGAT), and on the post-synapse, namely
Gephyrin and GABAA receptors, suggest that both pyramidal and interneurons are affected

(Scekic-Zahirovic et al., 2021).

In ALS patients, transcriptomic studies revealed dysregulated gene expression involved in
pathways such as synaptic vesicle cycle and endoplasmic reticulum protein processing are
found in excitatory neurons across layer 2 to 6 in ALS patients (Pineda et al., 2021). More
importantly, there is a higher expression of synaptic genes in upper layer PNs while deeper
layer PNs have a higher expression of genes involved in pathways such as protein folding and
degradation (Limone et al., 2021). The molecular, structural and functional changes detected in
layer 2/3 PN at the pre-symptomatic stage further strengthen the argument that anomalies are

detected upstream of layer 5 and that changes might be layer specific.

In summary, our data together with existing findings argue for increased input onto layer 5
neurons, including UMN, resulting from both increased excitation and compromised inhibition,
causing neuronal dysfunction in ALS. This notion is further strengthened by Haidar et al.
(Haidar et al., 2021), in which cortical hyperexcitability induced by chronic chemogenetic
activation of motor cortex resulted in both cortical, spinal and motor TDP pathology and motor
symptoms typical of ALS (Haidar et al., 2021). While it is evident that cortical hyperexcitability
drives neuronal degeneration such as the formation of protein aggregates and cell death, the
function of neurons and network integrity in M1 during the course of ALS remain unknown.
Our study reveals functional impairments, namely hyperactivity under anesthesia and
hyperresponsiveness to locomotion, in both layer 2/3 and 5 of M1, in which changes were first

detected in layer 2/3 during the pre-symptomatic changes.
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4.3.2. Circuit mechanisms underlying locomotion-associated

hyperresponsiveness in ALS

In addition to local excitation and inhibition, neuromodulators such as norepinephrine (NE),
dopamine (DA) and acetylcholine (ACh) are known to modulate locomotion-driven neuronal
activity (Drenan et al., 2010; Howe et al., 2019; Mitchell et al., 2006). Decreased NE levels
reduce spontaneous locomotion, with the exception that reduced levels of both NE and DA
increases spontaneous locomotion in tg mice (Mitchell et al., 2006). Moreover, ACh release
peaks at the transition between stationary and movement initiation, while DA levels increases
during locomotion (Howe et al., 2019). These studies show that complex neuromodulatory
input regulates locomotion and each system might play a different role. Though little is known
about NE changes in ALS, positron emission tomography and single photon emission computed
tomography in ALS patients as well as neurochemical studies in SOD19%*A mice revealed
deficits in the dopaminergic (Borasio et al., 1998; Takahashi et al., 1993) and cholinergic
(Crochemore et al., 2005) system. These deficits involve the downregulation of cholinergic
enzyme choline acetyltransferase (ChAT), that could explain the increased spontaneous

ANLS/+

locomotor activity seen in Fus mice. The increased spontaneous locomotor activity could

be a result of reduction of NE and DA and an increase in ACh.

Given that locomotion is modulated by local and long-range inputs, hyperresponsiveness to
locomotion could be explained by deficits in connectivity between M1 and other brain regions.
Responsiveness of a neuron refers to the increase in activity associated with the stimuli, which
in this case is locomotion. Indeed, decreased functional connectivity is observed between
sensorimotor cortex (S1) and cerebellum in ALS patients (Barry et al., 2021), suggesting
impaired information processing and relay of motor signal. The reduced connectivity could

dampen feedforward inhibition from the cerebellum to M1 (Nashef et al., 2022), and along with
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the increased long-range input from areas such as S1 and contralateral M1 to M1 (Commisso
et al., 2018), there could be an overall increase in excitation and reduced inhibition. The
increased long-range input from certain areas to M1, as well as the hyperresponsiveness in M1
could be a compensatory mechanism towards the connectivity deficits among other areas

(Bettus et al., 2009; Skouras et al., 2019).

4.4. Proposed mechanism of neurodegeneration in M1 of ALS

Taken together, studies conducted in ALS patients as well as in rodent models of ALS using
various techniques, demonstrate that cortical hyperexcitability is a result of increased excitation
and compromised inhibition. Sources of increased excitation onto layer 5 pyramidal
neurons/UMN likely comprise both local, from layer 2/3, as well as long-range synaptic inputs;
while compromised inhibition could be a result of deficits in formation and function of
inhibitory synapses, altered response properties of INs, and changes in receptor density in pre-
and/or post-synaptic neuron. Moreover, the increased fraction of locomotion-responsive
neurons and the hyperresponsiveness during locomotion would support the hypothesis of

degeneration in a use-dependent manner (Julian et al., 2021).

Though our studies revealed structural as well as functional impairments in motor cortex of
ALS tg mice, to establish causal relationships among increased input from layer 2/3 to 5,
compromised inhibition and UMN degeneration in ALS, further studies are warranted. To this
end, we performed chemogenetic (Roth, 2016) dampening of neuronal activity in layer 2/3 of
M1 in SOD16%A mice at the pre-symptomatic stages. The intervention resulted in a delay in
disease onset (measured by motor deficits) and improvement in motor performance (i.e.
increased latency in rotarod). Moreover, to understand the inhibitiory circuit mechanisms
underlying locomotion with and without visual input, IN response to both conditions can be

probed in cre-driver mouse lines of the respective INs using in vivo two-photon calcium
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imaging. To better understand the changes in neuromodulators such as NE and ACh during
locomotion in cortex, genetically encoded fluorescent sensors for the specific neuromodulators

can be employed (Feng et al., 2019; Jing et al., 2018).

4.5. Considerations towards early diagnostic and treatment option

development for ALS

Structural and functional neuronal impairments are intimately linked to compromised neuronal
health. Not only are they at the heart of the symptoms of a CNS disorder, but they have also
been causally linked to the degenerative process. The development of genetically encoded
fluorescent sensors and imaging tools have enabled us to probe activity and response properties
of neurons in behaving mice, revealing functional deficits in layer 2/3 and 5 PNs of motor cortex
in ALS. In particular, hyperresponsiveness detected in layer 2/3 at the pre-symptomatic stage
could be an early diagnostic marker for ALS patients. ALS is currently diagnosed based on
patient history and tests such as electromyogram (EMG) of muscles, magnetic resonance
imaging (MRI) of the brain and spinal cord and nerve conduction study (" Amyotrophic Lateral
Sclerosis (ALS) Fact Sheet," 2013). Ultra-high field (UHF) MRI and magnetic resonance
spectroscopy (MRS) can be employed to measure layer-specific structure, function and
population-specific activity, in which task-modulated changes in layer 2/3 would be detected
in ALS patients. In addition to diagnosis, activity changes in layer 2/3 and the possible

associated mechanisms should be considered when developing treatment options.

Riluzole, one of the FDA-approved treatment for ALS, has been shown to exert transient effects
in modulating cortical hyperexcitability in patients (Geevasinga et al., 2016) and no
improvement in motor function in mouse models of ALS (Hogg et al., 2018). In our study, we

showed that after an initial reduction in neuronal activity, the same gradually returned to reach
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almost baseline levels after 7 days of treatment in SOD 1934 tg mice (Kan et al.). The evidence
favors the notion that neural homeostasis is present in ALS, which overwrites the anti-
glutamatergic effect of riluzole, a finding which should be considered in future treatment
options. In addition, the impact of riluzole on individual circuit elements, such as PNs and INss,
remains unclear, and thus warrants further study. On the other hand, chronic activation of PV
IN has been performed in SOD15%34 tg mice and delayed motor symptom onset, especially
when the treatment was administered during the pre-symptomatic stage (Khademullah et al.,
2020), which reinforce the need for an earlier diagnosis. Along with antisense oligonucleotides
that target specific mutations, circuit manipulation to normalize cortical hyperexcitability
should be considered. Adeno-associated virus (AAV) gene therapy (Au et al., 2021; Maurya et
al., 2022) can be used to deliver for instance designer receptors exclusively activated by
designer drugs (DREADDS), which can be activated with spatial and temporal precision (Rao
et al., 2019). More importantly, these studies should be performed chronically, for at least 30
days like in (Khademullah et al., 2020) and Kan et al., to investigate the potential involvement

of adaptation in the effectiveness of the treatment.
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5. Concluding Remarks and Future Direction

Taken together the findings of the two manuscripts, I demonstrated sources of cortical
dysfunction in M1 of both Fus*V5" and SOD19%A mice. In Fus*™5* tg mice, cortical
dysfunction stems from compromised inhibition most likely due to defects in inhibitory
synapses that are related to FUS accumulation in the synapses. To probe the casual relationship
between compromised inhibition and cortical hyperactivity, some follow-up experiments
include (i) only introducing cytoplasmic mislocalization of FUS in interneurons and (ii)

rescuing interneurons by not introducing the FUS*ES transgene.

On the other hand, in SOD1%%34 mice, 1 first revealed the partial coherence of activity of the
same neurons under anesthesia and during wakefulness, emphasizing the importance of
investigating neuronal activity and cortical dysfunction during wakefulness. More importantly,
I found increase in locomotion-associated activity restricted to layer II/III at the presymptomatic
stage that is later detected in both layer II/IIl and V at the early symptomatic stage. To probe
the effect of reduced input from layer II/IIl to V in M1, we chemogenetically dampened
neuronal activity in M1 layer 2/3 at the presymptomatic stage using DREADDs. Given the
improved motor phenotype (i.e. improved latency in rotarod) and delayed disease onset
observed in SOD15%34 mice, some follow-up questions include (i) the effect of manipulating
activity of a given population on M1, both at the level of synapses, with other cell types in M1
and connectivity with other brain regions; (ii) whether the treatment halts or reverses
neurodegeneration by e.g. reduced expression level of protein markers such as misfolded-SOD1
as the behavioral phenotype improved. More studies that focus on how transcriptomic changes
are translated into changes in neuronal activity and response properties as well as behavior
should be conducted to better understand the potential homeostatic effects that each

manipulation or treatment attempt causes.
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The findings of the doctoral thesis provided further insights into potential early detection of the
ALS as well as therapeutic treatment, specifically considering the involvement of circuit

mechanisms when developing more effective treatment options.
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