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SUMMARY

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by
degeneration of upper and lower motoneurons. Although the main feature is motoneuronal
loss, ALS is more than a motoneuronal disease, whose pathophysiology made ALS a
multisystem disease, involving also non autonomous cells, particularly astrocytes, microglia
and muscle cells, which altogether contribute to generate a hostile microenvironment for
neurons survival. To this date, it is impossible for ALS patients to escape from death, which
inevitably occurs in 3-5 years from diagnosis, considering also that the only FDA-approved
drugs, such riluzole and edaravone, barely slow disease progression and increase life
expectancy of just a couple of months. Transgenic mice models, for their capacity to
recapitulate accurately characteristics of human ALS disease, are the most used to shed
light on pathological mechanisms and uncover new therapeutic approaches. Nevertheless,
new animal models should be examined, considering also that sporadic ALS is the most
prevalent form. From this point of view, innovative reductionistic animal models would help
to dissect step by step aspects of a such complex disease, regardless of the presence of a
gene mutation.

Herein, for this PhD project we thought to characterize an experimental model of selective
motoneuronal depletion induced by a toxin, referred as CTB-Sap model, and to investigate
the involvement and modulation of a pathway important for regenerative and compensatory
processes, which is the sonic hedgehog (Shh) signaling pathway, whose disruption has
been discovered in neurodegenerative diseases including ALS.

Recent literature highlights the potential neuroprotective effects of clobetasol, a
glucocorticoid FDA approved drug for dermatological conditions, which besides the principal
glucocorticoid receptor-based mechanism of action, it has also been demonstrated to be
able to activate the canonical Shh signaling pathway acting as an agonist of a component
of the pathway, which is the coreceptor Smo. Thus, we decided to assess the effects of
clobetasol in CTB-Sap motoneurons depleted mice, focusing on potential functional
recovery, spinal cells and muscular cells modulation, also including metabolic
reprogramming impact.

Our results demonstrate that clobetasol promotes 1) behavioral improvement reducing
muscle denervation; 2) spinal cord plasticity restoring Shh signaling; 3) metabolic
reprogramming and pro-inflammatory resident cells reduction in the spinal cord; 4) muscle

repair and metabolic changes, with reestablished mitochondrial integrity. Collectively, we



assume that all those clobetasol induced effects in both spinal cord and muscle finally
converge in an overall neuromuscular plasticity upon motoneuronal loss, thus suggesting
clobetasol for potential translational drug therapy to promote compensatory and

regenerative mechanisms in motoneuronal depleted diseases.



INTRODUCTION

Definition and clinical features of Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease of the
adulthood characterized by degeneration of upper and lower motoneurons (MNs),
respectively localized in the brain, and in the brainstem and spinal cord. Specifically, upper
MNs for definition are those projecting from the cortex to the brainstem and to the spinal
cord, whereas lower MNs project from the brainstem and spinal cord to the periphery,
innervating muscles and allowing contraction and function (Hardiman, Al-Chalabi et al.
2017). In the classic clinical form of ALS usually we observe degeneration of both upper and
lower MNs at the same time, even though it is also common to find the impairment mainly
of only one of the two MNs categories in the so called “non-classical” phenotypes of the
disease (Goutman, Hardiman et al. 2022).

The name of the disease originates from “amyotrophy”, which indicates a typical clinical sign
of ALS patients’ muscle, which is the loss of muscle, whereas “lateral sclerosis” refers to a
pathophysiological context that evolves in axonal damage in the lateral spinal cord columns,
with critical consequences for innervation (Goutman, Hardiman et al. 2022). Although ALS
has been considered so long a motor disease confined to neurons, nowadays such neuron-
centered point of view has been abandoned to hold a new paradigm, which considers ALS
as a multi-system disease, whose complexity and heterogeneity may delete and
compromise diagnosis and then prognosis. Considering clinical manifestation, ALS patients
generally show primary motor symptoms (related to primary MNs dysfunctions), such as
muscular atrophy, muscle spasticity, and muscle weakness that usually spreads in other
regions of the body (e.g. to the contralateral, rostral or caudal side) (Goutman, Hardiman et
al. 2022). This condition leads over time to the paralysis of the skeletal muscles, involving
also respiratory muscles which causes respiratory failure and eventually death. For this
reason, patients usually have a poor prognosis with a median survival of 3-5 years since
ALS diagnosis (Garcia-Garcia, Martin-Herrero et al. 2021). Furthermore, initial clinical
manifestation may differ among patients, depending on the onset of the disease: in case of
spinal onset, symptoms appear at distal upper and lower limbs; for bulbar onset, symptoms
depend by the involvement of facial, tongue and pharyngeal muscles and include dysarthria
and dysphagia (Goutman, Hardiman et al. 2022), (Hardiman, Al-Chalabi et al. 2017).
Besides such purely motor symptoms, ALS patients may also experience non motor



symptoms, such as cognitive and/or behavioral impairment (i.e. frontotemporal dementia,
executive disfunction such as working memory affection, apathy, disinhibited behavior)
(Goutman, Hardiman et al. 2022).

Epidemiology and etiology of ALS

ALS has a global prevalence of 4.42 per 100.000 population and an incidence of 1.59 per
100.000 person-year, with both incidence and prevalence higher in men than in woman (Xu,
Liu et al. 2020). Furthermore, ALS incidence and prevalence assume higher values in
developed countries compared to the developing ones, due to a more comfortable lifestyle
and therefore more longevity (Xu, Liu et al. 2020). The median age of disease onset is 55-
60 years, without excluding manifestation cases during the early adulthood usually
associated with sporadic ALS form (Brown and Al-Chalabi 2017).

Even nowadays ALS etiology is still largely unclear. The causes that underlie the occurrence
of the disease derive from a complex interconnection among genetic components, which
are not necessarily inherited, environmental factors (e.g. exposition to toxins, viral
infections) and predisposing individual risk factors (e.g. smoking, physical activity).
Conventionally, even though such definition may result reductionistic, ALS patients can be
classified into familiar ALS and sporadic ALS patients, both revealing some similarity in
symptoms and disease progression. Basically, familiar ALS affects a small proportion of the
total ALS patients (5-10%) and it is associated with gene mutations and hereditability.
Sporadic ALS, which instead affects the majority of patients (about 90%), originates from a
genetic susceptibility to external risk factors (Talbott, Malek et al. 2016), although gene
mutations were also found. In clinical practice, familiar and sporadic forms are discriminated
basing on the presence of a confirmed familiar case carrying the same disease-causing
mutations (Goutman, Hardiman et al. 2022). The main gene mutations detected in ALS
concern SOD1 (encoding for Cu/Zn superoxide dismutase 1, involved in oxidative stress),
TARDBT (encoding for TAR-DNA-binding protein namely also TDP43, involved in RNA
metabolism), FUS (encoding RNA binding protein FUS for RNA metabolism), C90rf72
(encoding for guanine nucleotide exchange C9orf72, involved in RNA metabolism and
autophagy) (Hardiman, Al-Chalabi et al. 2017, Yamanaka and Komine 2018). Contrary to
the fact that gene mutations involved in ALS are particularly of interest in preclinical models
of ALS, it is worth noting that, besides the fact that sporadic form is most prevalent, it has
also been highlighted that most of the total cases of ALS show unknown or no evident

mutations (Mejzini, Flynn et al. 2019), suggesting that new preclinical models should be
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required, and also that more attention should be focused on other risk components. Of note,
several studies demonstrated that environmental factors and in particular neurotoxins have
a role in triggering lots of neurodegenerative diseases. Particular is the case of Chamorro
population living in Guam island, among whom a high incidence of ALS was found because
of a process of biomagnification, due to the presence in cycad seeds of a content in 3-N-
methylamino-L-alanine (BMAA), a neurotoxin produced by cyanobacteria that causes
protein misfolding ad glutamate receptors activation, leading to neurotoxicity (Cox, Banack
et al. 2003, Murch, Cox et al. 2004, Caller, Doolin et al. 2009).

Pathophysiology of ALS

When taking a deep look into the pathophysiology of ALS, due to the multisystemic features
recently attributed, it would be unlikely to ascribe a single pathogenetic mechanism.
Particularly, it would be more appropriated to consider a set of pathogenetic factors
contributing to the development and progression of the disease. Indeed, multiple factors
have been suggested to occur, not only exclusively in MNs, but also in non-neuronal cells
(glial cells, peripherally immune cells and muscle cells). Collectively, glutamate
excitotoxicity, oxidative stress, mitochondrial dysfunction, disruption of RNA metabolism,
axonal damage, altered protein homeostasis (i.e. folding, trafficking and degradation of
proteins) cytoskeletal alteration or trafficking alteration, impaired DNA repairing processes,
altogether lead to the peculiar neuropathological spectrum of ALS, although a common
pathway which explains the concurrence of these phenomena at the same time remains
unknown (Mejzini, Flynn et al. 2019, Le Gall, Anakor et al. 2020, Goutman, Hardiman et al.
2022).
Although more than one gap still needs to be filled, it can be certainly recognized that
common hallmarks of ALS, shared also by other neurodegenerative diseases, are protein
aggregation and neuroinflammation, this last mediated by reactive microglia and reactive
astrocytes, which foster the toxic milieu by the release of cytokines and other pro-
inflammatory mediators (Glass, Saijo et al. 2010). Of note, SOD1 aggregates and reactive
gliosis have been found in ALS, comparably to f amyloid aggregates and microglial
activation in Alzheimer’s disease, a-synuclein aggregates and reactive astrocytes/microglia
in Parkinson’s disease, and cytokines/antibodies accumulation and myeloid/lymphoid cell
activation in multiple sclerosis (Glass, Saijo et al. 2010).
Traditionally defined as a disease of motoneuron cell body, the starting point of motoneuron
degeneration has long been debated. An anterograde degeneration has been proposed with
11



the dying-forward hypothesis, according to which glutamate excitotoxicity, together with
other mechanisms, initiate MNs degeneration in the cortex, and then descend and
propagate peripherally, towards axons and reaching and affecting the neuromuscular
junction, causing ultimately muscle denervation and motor defects. Nevertheless, it has
become ever wider and increasingly accepted the evidence that pathological alterations
begin distally at the neuromuscular junction level (Moloney, de Winter et al. 2014)
(Campanari, Garcia-Ayllon et al. 2016, Verma, Khurana et al. 2022), at very early stages of
disease, even before MNs degeneration and clinical symptoms onset. This hypothesis
known as the dying-back hypothesis, considers ALS as distal axonopathy and it is consistent
with Fisher et colleagues research, which demonstrated for the very first time in SOD16%A,
the most widely used transgenic model for ALS, that pathological changes establish distally
at early time point before classical clinical symptoms (Fischer, Culver et al. 2004).
Particularly, they found a significant denervation of endplates, that progressively causes a
missing overlap with terminal axons, while motoneuronal loss was shown weeks later.
Moreover, similar findings were observed in a case of familiar ALS patient, whose autopsy
showed muscle denervation, consistent with electromyographic signs found before patient
death, with intact MNs in the cortex instead (Fischer, Culver et al. 2004). To support a later
involvement of MNs, we have to mention that electromyography still remains the gold
standard to confirm ALS diagnosis (Ramroop and Cruz 2022), able to detect denervation
signs in muscle at early stages and then reducing time to obtain diagnosis.

Such evidence would confer a prominent and novel role for muscle cells in the

physiopathology of ALS.
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Diagnostic and therapeutic approaches

Due to the heterogeneity in ALS clinical features manifestation and possible overlap with
other neurological disorders, diagnosis may be challenging for clinicians. ALS diagnosis is
mainly based on patients’ clinical history (e.g. symptoms onset and progression, familiar
clinical history), physical examination, differential diagnosis, together with supportive and
confirmatory tests (Goutman, Hardiman et al. 2022), among which electromyography (EMG)
is the most important diagnostic tool (Brown and Al-Chalabi 2017). International guidelines
that would have had clarified the diagnostic approach, initially for research purposes mainly,
were reunited for the first time in the El Escorial criteria, which originated from a workshop
organized in 1990 by the World Federation of Neurology at El Escorial, Spain (Brooks 1994).
These criteria classified the disease in four categories that described the certainty of ALS
as definite, probable, possible, and suspected ALS, considering upper and lower disfunction
signs in a certain number of body regions. In 1998, such criteria were revised and updated
(giving origin so to revised El Escorial criteria or Airlie House criteria), by abolishing the
category of suspected ALS, introducing also the electromyographic criteria and adopting a
new classification. According to such revised El Escorial criteria, clinical certainty could be
categorized as clinically definite, probable, probable laboratory-supported and possible ALS.
In 2008, new Awaji criteria improved sensitivity converting the restrictive fulfilment of
electromyographic criteria in clinical findings observation (Talbott, Malek et al. 2016) and
eliminated laboratory supported probable ALS (Shefner, Al-Chalabi et al. 2020). Over the
years, with the intent to promote early diagnosis and overcome complexity of these criteria,
new Gold Coast Criteria were proposed in Australia in September 2019 (Johnsen 2020).
These new simplified criteria eliminated possible, probable and definite diagnostic
categories (Goutman, Hardiman et al. 2022) and reduced them to ALS and not ALS
(Johnsen 2020). Particularly, Gold Coast criteria define ALS by progressive motor
impairment, upper and lower motoneuron disfunction in at least one body region or lower
motoneuron disfunction in at least two body regions, and by investigative findings that
exclude other diseases (Goutman, Hardiman et al. 2022) (Shefner, Al-Chalabi et al. 2020).
To date, despite all efforts in the research field, there is no cure able to revert ALS. Only two
Food and Drug Administration (FDA)-approved drug are available for ALS therapeutic
management as disease-modifying, such as riluzole and edaravone, which merely result in

slowing down disease progression. Although the exact mechanism of action still needs to
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be fully clarified, they are supposed to act on the glutamatergic/excitotoxic and oxidative
stress components of ALS, respectively. Specifically, riluzole, the oldest drug approved for
ALS treatment in 1995 (Oskarsson, Gendron et al. 2018) (Bhandari, Kuhad et al. 2018),
reduces glutamatergic transmission by the blocking of voltage-gated sodium channel on
presynaptic neurons, whereas edaravone has an antioxidant activity similarly to a radical
scavenger, reducing ROS-induced neuronal toxicity. However, despite edaravone got the
FDA approval for ALS treatment in 2017, the approval is still missing in Europe by the
European Medicines Agency (Oskarsson, Gendron et al. 2018) (Bhandari, Kuhad et al.
2018). Considering these limitations, in the absence of temporary efficient therapy able to
revert or block disease course, symptomatic treatments are largely used, with the intent to
manage worsening of symptoms which can compromise quality of life (Hardiman, Al-Chalabi
et al. 2017).

14



Sonic hedgehog signaling pathway

Besides the role during central nervous system development, several studies highlight that
sonic hedgehog (Shh) signaling pathway also exerts a role in neuroprotective and
regenerative and or compensatory processes (Belgacem, Hamilton et al. 2016).
Specifically, Shh is a glycoprotein of the hedgehog family (comprising also desert-hedgehog
or Dhh and Indian hedgehog or |Ihh) usually released in the central nervous system under
physiological condition by neurons, and it works as a homeostatic signal for astrocytes,
which have a high responsiveness to Shh, but it also can be secreted by astrocytes
themselves during pathological conditions (Ugbode, Smith et al. 2017). Particularly, it has
been recently found in vitro that Shh pathway stimulation in astrocytes with Shh agonists,
modulates astrocytes phenotype, reduces neuronal firing frequency, and protects neurons
from excitotoxicity in co-cultures. This phenomenon suggests that Shh signaling has a
neuroprotective function trough neuron-astrocytes crosstalk (Ugbode, Smith et al. 2017).
Specifically, Shh recruitment involves the binding to its 12-domains transmembrane receptor
Patched (Patch), which usually exerts a tonic inhibition on the 7-domains transmembrane
coreceptor Smoothened (Smo). Shh-Patch interaction promotes Smo disinhibition, which
consequently activates Gli transcriptional factors (i.e. Gli1, Gli2, Gli3), leading to the
activation or repression of targeted genes. This signaling cascade is named the canonical
Shh signaling pathway, whereas the non-canonical does not require Gli engagement.
Moreover, Gli1 is considered the main effector of the pathway and it is usually used as a
marker to evaluate the state of pathway activation (Traiffort, Angot et al. 2010).
Interestingly, aberrant signaling of Shh pathway has been found in some neurodegenerative
diseases (Yang, Qi et al. 2021), including ALS, proposing that modulation of the pathway
may be useful to support compensatory processes upon motoneuronal loss. Particularly,
one of the most important in vivo findings of Shh signaling pathway downregulation derives
from cerebrospinal fluid of ALS patients (Drannik, Martin et al. 2017), in which Shh levels
remain unaltered, whereas a significant reduction of the nuclear translocation of Gli1 has
been found (Drannik, Martin et al. 2017), suggesting that upregulation of the pathway may
be considered a potential therapeutic strategy in ALS, potentially through Smo targeting with

Smo agonist drugs.

15



Among these, clobetasol, a glucocorticoid FDA approved drug for dermatological affection
treatments, has been proposed as a new neuroprotective and regenerative alternative

strategy (Vicario, Bernstock et al. 2019) (Najm, Madhavan et al. 2015).

Experimental animal model of selective motoneurons depletion: CTB-Sap model

The use of preclinical models recapitulating clinical and pathological features of ALS are
crucial for both the development of new therapeutic approaches and the clarification of
pathophysiological mechanisms. In this scenario, transgenic animal models are certainly the
most used for ALS (Gois, Mendonca et al. 2020). However, reductionistic models, which
mimic single aspects of a disease in a controlled and simplified manner, would help in better
understanding key points of a such complex multi-system disease.

In this regard, cholera toxin B subunit (CTB) — saporin conjugated (Sap) model (hereafter
referred as CTB-Sap model) has been used as a reductionistic experimental mouse model
of selective depletion of spinal lamina IX MNs (Gulino, Vicario et al. 2019). In this model,
CTB-Sap is used as a conjugated compound, thereby taking simultaneously advantage of
both cholera toxin and saporin proprieties: cholera toxin acts as a moiety, driving saporin to
motoneuron cell bodies through a GM1 ganglioside binding-based mechanism, whereas
saporin, which alone does not enter cells, holds the neurotoxic activity, acting as a ribosome-
inactivating protein, thus provoking protein synthesis block in MNs and finally conveying to
apoptotic death (Llewellyn-Smith, Martin et al. 2000) (Bolshakov, Stepanichev et al. 2020).
Thus, CTB-Sap is injected to selectively kill MNs. In detail, the neurotoxic complex CTB-Sap
is injected into the left gastrocnemius muscle of mice, and then from periphery via retrograde
axonal transport reaches motoneuron soma, within it is internalized and exerts as a final

effect motoneuronal loss (Gulino, Vicario et al. 2019).
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AIMS OF THIS THESIS

The general objective of this PhD thesis was to characterize a reductionistic experimental
murine model of selectively depleted spinal motoneurons, namely CTB-Sap model, and
evaluate potential beneficial effects of Shh pathway modulation upon motoneuronal loss,
using clobetasol as a Smo-agonist and activator of the canonical signaling cascade.

More specifically, the main aims were:

1) Behavioral characterization of CTB-Sap model, comprising the motor impairment

assessment and the electromyographic evaluation;

2) Pathophysiological characterization of CTB-Sap model, with a particular focus on
both spontaneous CNS (glial and immune contribute which underlie concurrent
neuroinflammation) and muscle response to motoneurons, including analysis of

immunomodulation and metabolomics;
3) Investigation of Shh signaling in CTB-Sap model and clobetasol-induced modulation

effects in supporting neuromuscular plasticity and compensatory processes, and in

ameliorating motor impairment.
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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is one of the most common motoneuronal disease, characterized by
motoneuronal loss and progressive paralysis. Despite research efforts, ALS remains a fatal disease, with a survival
of 2-5 years after disease onset. Numerous gene mutations have been correlated with both sporadic (sALS) and
familiar forms of the disease, but the pathophysiological mechanisms of ALS onset and progression are still largely
uncertain. However, a common profile is emerging in ALS pathological features, including misfolded protein
accumulation and a cross-talk between neuroinflammatory and degenerative processes. In particular, astrocytes
and microglial cells have been proposed as detrimental influencers of perineuronal microenvironment, and this
role may be exerted via gap junctions (GJs)- and hemichannels (HCs)-mediated communications. Herein we
investigated the role of the main astroglial GJs-forming connexin, Cx43, in human ALS and the effects of focal
spinal cord motoneuronal depletion onto the resident glial cells and Cx43 levels. Our data support the hypothesis
that motoneuronal depletion may affect glial activity, which in turn results in reactive Cx43 expression, further
promoting neuronal suffering and degeneration.

INTRODUCTION accumulation can be observed, together driving

progressive neuronal loss and persistent disabilities [3, 4].

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease that affects upper and lower
motoneurons [1, 2]. Although the main ALS hallmark is
motoneuronal loss due to motoneuron vulnerability,
resident glial cells play a crucial role in ALS pathogenesis.
In particular, during the disease progression, a robust
neuroinflammation, glial activation and misfolded protein

Recent evidence on neurodegenerative/inflammatory
disorders have highlighted a key role of neuroglial cross-
talk, which substantially contributes to neuronal suffering
and degeneration [3, 4].

Gap junctions (GJs) are characterized by the juxtaposition
of two hemichannels (HCs) of adjacent cells, and allow the
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exchange of ions, metabolites, and other mediators < 1
kDa between intracellular fluids (i.e. GJs-mediated
intercellular communication) or between intracellular and
extracellular compartment (ie. HCs-mediated
communication) [5, 6]. GJs are aggregates in defined
plasma membrane regions of adjacent cells forming the so-
called GJs plaques, in which GJs are rapidly assembled,
disassembled or remodelled [6]. Previous evidence
demonstrated that connexins (Cxs), the core GJs- and
HCs-forming proteins, exert a prominent role in
maintaining physiological functions and promoting
reactive activation of glial cells [7]. Indeed, previous
reports on transgenic mouse models of ALS, showed an
early Cx43-reactive expression on spinal cord
microenvironment. This evidence was also observed in
aging and in major neurodegenerative disorders, including
spinal cord injury and Alzheimer’s disease [8-10]. It
seems likely that ALS has a focal onset in the central
nervous system, where microenvironmental conditions are
particularly hostile and mediate neurodegeneration spread
and progression [2, 11, 12]. Thus, we developed a mouse
model of focal removal of lumbar spinal cord motoneurons
using retrograde suicide transport of saporin, conjugated to
cholera toxin-B subunit (CTB-Sap) [13, 14].

Herein we investigated Cx43, the most abundant GJs-
and HCs-forming protein of the central nervous system,
and its possible role in human ALS, as well as in the
CTB-Sap model [13, 14]. We have shown that Cx43-
reactive expression may represent the biological
substrate underlying reactive glial activation and
neuronal suffering in neurodegenerative diseases.

RESULTS
Correlation between GJA1 and GFAP in human ALS

We first tested the hypothesis of a potential role of Cx43
in human ALS analysing the z-score of mRNA
expression levels in the central nervous system of
control and sporadic (s)ALS patients. We used the
NCBI Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) to select human
healthy and ALS gene expression dataset. We analysed
the GFAP (encoding for the glial fibrillary acidic
protein) and GJA1l (encoding for Cx43) expression
levels in central nervous system biopsies of healthy and
SsALS patients. Our analysis revealed that in sALS
patients both GFAP and GJA1 mRNA levels were
significantly increased as compared to the healthy
counterpart (Figure 1A, 1B). We then moved to analyse
a potential correlation between GFAP and GJAIl
performing a linear regression analysis, finding a
positive correlation between tested genes in human
SALS central nervous system (r* = 0.4765, p-value <
0.0001, Figure 1C).

CTB-Sap-induced motoneuronal depletion mediates
behavioural impairment in mice

In order to analyse the effects of motoneuronal loss and
its impact on behavioural and neuropathological signs
in vivo, we established a model of spinal motoneuronal
depletion induced by the neuronal targeting toxin CTB-
Sap, which is retrogradely transported throughout axons
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Figure 1. Expression levels of GFAP and GJA1 encoding for Cx43 in human sALS biopsies. (A, B) mRNA expression levels of GFAP
(A) and GJA1 (B) in the central nervous system of sALS patients versus healthy control levels. Data are expressed as z-score intensity
expression levels and presented via standard Box and whiskers plot. ****p-value < 0.0001 and *p-value < 0.05 versus healthy control group.
(C) Linear regression analysis of GFAP and GJA1 z-scores in sALS group.
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to the spinal cord. We evaluated the behavioural impact about 2 (Figure 2D), showing leg extension towards the

of motoneuronal loss at 0, 7, 21 and 42 days post-lesion lateral midline and also affected stepping during
(dpl), performing an open field grid walk test (Figure locomotion test.
2A), tracking the distance covered by mice during the
task with a tracking camera, and the number of footfalls CTB-Sap induces typical electromyographic signs of
over meter with a counting camera (Figure 2A). We denervation
found that both healthy control and CTB-Sap lesioned
mice were active in the performance and covered an In order to better characterize the denervation in CTB-
average distance of 3.2 £ 0.5 and 4.2 £ 1.0 meters, Sap-injected mice, we performed an electromyographic
respectively (p-value > 0.444, Figure 2B). We also recording into the left gastrocnemius muscle to find
found that CTB-Sap lesioned mice showed a significant signs of denervation and spontaneous electrical activity.
increase of the rate of errors as soon as 7 dpl and that The results of our analysis are reported in Figure 3A,
such motor coordination impairment was retained up to 3B and show that CTB-Sap induces muscle denervation,
42 dpl (Figure 2C). We confirmed this evidence as suggested by a relevant number of positive sharp
evaluating the clinical impairment during the time waves, fibrillations, fasciculations and neuromyotonia
course of disease. Our data indicate that lesioned mice (Figure 3B). Of note, our electromyographic analysis
presented a stable impairment and a clinical score of found no obvious signs of myopathy.
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Figure 2. Motor impairment in spinal motoneuronal depleted CTB-Sap mice. (A) Experimental setting of open field grid walk
behavioural platform. (B, C) Representative tracks (B) and quantification of the number of footfalls over meter (C) of healthy (black) and CTB-
Sap lesioned (red) mice at 0, 7, 21 and 42 days post-lesion (dpl); data are mean + SEM; **p-value < 0.01 and *p-value < 0.05 versus healthy
control group. (D) Clinical score of CTB-Sap-lesioned mice in the time course of lesion; data are mean + SEM.
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Spinal cord neuropathological analysis

We then moved to analyse the neuropathological
effects of CTB-Sap, by quantifying the impact onto the
resident motoneuronal populations. Our analysis
revealed a striking reduction of left over right
motoneuron number in Rexed lamina IX of CTB-Sap
lesioned mice versus healthy control (Figure 3C, 3D).
This depletion is also evident in Figure 3D, which
shows representative images of cresyl violet-positive
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motoneurons in left Rexed lamina IX of healthy
control and CTB-Sap mice.

Cx43-mediated coupling in Rexed lamina IX glial cells

The relevance of astroglial Cx43 in human ALS
prompted us to evaluate a potential involvement of this
Cx in a reductionist model of spinal motoneuronal loss
induced by CTB-Sap. We assessed Cx43 expression in
our model, by measuring the Cx43 mean fluorescence
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1mvV

100 ms

0.5mv

Figure 3. Electromyographic signs and neuropathological analysis of CTB-Sap lesioned mice. Quantification (A) and
representative profile of electromyographic activity of gastrocnemius muscle in CTB-Sap lesioned mice. (B) positive sharp waves (PSW),
fibrillations, fasciculation and neuromyotonia (NMT); data in (A) are expressed as mean events per minute + SEM. (C) Quantification of the
number of neurons in left (L) over right (R) ventral horn of CTB-Sap lesioned mice versus healthy control; data are expressed as mean ratio L
over R = SEM; **p-value < 0.01 versus healthy control. (D) Representative images of cresyl violet stained motoneurons in left Rexed lamina IX
of healthy control and CTB-Sap lesioned mice. Scale bar: 100 pm. MNs: motoneurons.
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intensity (MFI) in the spinal cord of healthy control and
CTB-Sap mice, finding a significant MFI increase in
GFAP and Cx43 levels in Rexed lamina IX of
motoneuronal depleted spinal cord (Figure 4A, 4B).
Such an increase was coupled with morphological
changes in astroglial (i.e. GFAP positive) and
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microglial (i.e. IBA1 positive) cell populations (Figure
4B). Finally, we analysed the profile plot of GFAP,
IBA1 and Cx43 in the spinal cord of healthy control
(Figure 5A) and CTB-Sap-lesioned (Figure 5B) mice,
confirming an increased colocalization between Cx43
and GFAP/IBA1 (Figure 5A, 5B).

Figure 4. Increase of Cx43 in the spinal cord cell populations of motoneuron-depleted spinal cord. (A) Quantification of mean
fluorescence intensity (MFI) of GFAP and Cx43 in the left lamina IX of healthy control and CTB-Sap lesioned mice; data are expressed as mean
+ SEM; **p-value < 0.01 and *p-value < 0.05 versus healthy control. (B) Representative confocal images of Cx43 (red) immunofluorescence
analysis in lamina IX of healthy control and CTB-Sap lesioned mice; images show also markers for astroglial cells (GFAP, green) and microglia

(IBA1, white); scale bar 20 um.
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Figure 5. Cx43-based channels profile in microglial/astroglial milieu in motoneuron-depleted spinal cord. Profile plot of MFI of
IBA1 (black plot), GFAP (green plot), and Cx43 (red plot) and plots overlay (bottom panel) in Rexed lamina IX of healthy control (A) and CTB-
Sap lesioned mice (B); data are MFI arbitrary units (a.u.) of spinal confocal acquisitions.
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DISCUSSION

It is known that glial cells, both astrocytes and
microglia, hold key physiological roles in the central
nervous system, such as immunological surveillance,
blood brain barrier function, synaptic activity, neuronal
trophism and metabolic support [1, 14—18]. In the last
decades, advances have come to suggest a critical role
of neuroglial cross-talk and related microenvironmental
modulation during neurodegenerative disorders [7, 19,
20]. Such a role, besides being an attractive target due
to its pathophysiological importance, also opens new
scenarios to develop potential effective therapeutic
strategies.

Several in vitro and in vivo models of main neurological
conditions such as stroke, multiple sclerosis,
Alzheimer’s disease and ALS, demonstrated that
reactive astrocytes and  microglia  amplify
neuroinflammation and neurodegeneration through
aberrant GJs/HCs communication [21]. It is noteworthy
that even in aging models, dysregulation of astroglial
population and Cx43 dynamic expression profile may
be one of the responsible mechanisms for AP deposits
in the brain [9, 22, 23].

Notably, an abnormal increase in Cx43 expression has
been described as one of the mechanisms for astrocyte-
mediated toxicity in both SOD1(G93A) mice and in the
central nervous system of ALS patients [20].

Herein, we first analysed available data on NCBI GEO
database to select human ALS transcriptome dataset (E-
MTAB-2325) in order to verify whether astrogliosis and
reactive Cx43 expression, which are both reported in
ALS neuropathology, were positively correlated. Such
analysis suggested that astrocytes represent the leading
cell population in showing Cx43 expression, and that
human astroglial reactive Cx43 finds a correspondence
in mice model of motoneuronal diseases. Astroglial cells
are able to communicate with each other through Cxs-
based GJs, mainly expressing Cx43 [7]. This direct
astrocyte-to-astrocyte communication is involved in
homeostatic processes within the complex intercellular
network they form, allowing metabolites, small
molecules and second messengers trafficking. During
neurodegenerative disease, central nervous system
microenvironment is  substantially affected by
inflammatory cytokines released by reactive microglia
also acting on astroglial cells. Astrogliosis and
concomitant reactive Cx43 expression contribute to
homocellular and heterocellular communication, also
releasing reactive oxygen species and inflammatory
mediators. Therefore, such unbalanced communication
fosters neurotoxic and proinflammatory loop of
neurodegenerative disease [24, 25].

We also assessed a toxin-based model of motoneuronal
depletion established using CTB-Sap [14, 26, 27],
which selectively targets axon terminals and kills
motoneurons by retrograde suicide transport [28, 29],
thus inducing both muscular denervation and
behavioural impairment of motor performance. Our
reductionist in vivo model of motoneuronal disorders
showed functional deficits and electromyographic signs
typical of both transgenic ALS mouse model and
human ALS patients [30-32]. In particular, our
electromyography data revealed that CTB-Sap-induced
motoneuronal ablation does not induce myopathy.
Indeed, no obvious signs of myopathy were found in
motoneuronal depleted mice. In myopathic diseases, in
addition to apparent fibrillation potentials and positive
sharp waves, normal or early recruitment is found,
whereas in our animal model we found profuse
fibrillation potentials and positive sharp waves
associated with reduced recruitment, that is a typical
pattern found in neuropathy and also observed in ALS
patients [33, 34].

In CTB-Sap induced motoneuronal depletion, we have
therefore observed typical ALS electromyographic
signs of denervation, thus supporting this model as a
valuable tool to study neurodegeneration and central
effects of reduced motoneuronal pool.

A significant aspect of our model is the evidence of
reactive astrocytes expressing Cx43, which suggested an
increase in intercellular communication. Our evidence
does not support a relationship between neuronal
ablation efficiency and glial cells activation, although a
potential relationship between spared motoneurons
modulating the activation and function of both microglia
and astrocytes, may occur. Moreover, enhanced Cx43
expression also activates a positive-loop conditioning
ventral horn microenvironment that likely exerts a
detrimental effect on spared motoneurons. Accordingly,
negative effects induced by Cx43 overexpression have
been reported in experimental models of ALS, showing
that increased glial Cx43-channels significantly affect
neuronal activity and wellness [20]. In particular,
experimental evidence supports the hypothesis that Cx43
could exert such a detrimental role when assembled as
HCs and exposed to cell membrane. Such an effect may
be linked to increased excitotoxic calcium release,
reactive oxygen species, glutamate and ATP, thus
further inducing neuronal distress and death [1, 25, 35—
37].  The role of microglial cells during
neurodegeneration is also of importance, in particular for
their role as master regulators of inflammatory cytokine
release. Microglia modulates astroglial functions
releasing IL-1B and TNFa that have been linked to an
overall increase of Cx43-based HCs activity, further
sustaining neuronal suffering [38, 39].
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In the present report, we found an altered glial activity
in an experimental model of motoneuronal depletion,
resulting in a reactive Cx43 expression. Further studies
will help to characterize the molecular mediators and
the role of selective silencing and/or pharmacological
modulation of Cx43 function. GJs- or HCs-forming
protein in CTB-Sap induced focal motoneuronal
depletion may also offer the opportunity to evaluate a
potential discrepancy of Cx43 biological meaning in the
early versus the late stage of disease. Crucial
information may be derived by Cx43 knockout models
upon neurodegenerative insults, even if potential cross-
modulation among Cxs may take place. Of note, the
role of microglial GJs and HCs is still matter of debate,
in particular on the heterocellular (i.e. microglia-
astrocytes) GJs composition. A deeper investigation on
the role of Cx43 in microglial cell population and on the
crucial role of HCs in neuroglial crosstalk will help to
elucidate biological substrates and to highlight potential
therapeutic targets in neurodegenerative diseases.

MATERIALS AND METHODS
Human ALS data

For human ALS data, we used the NCBI Gene
Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo/) to select human ALS central nervous
system transcriptome dataset (E-MTAB-2325) analysing
the GFAP (encoding for the glial fibrillary acidic
protein) and GJA1l (encoding for Cx43) expression
levels. Mesh terms “central nervous system”, “ALS” and
“Human” were used to identify potential datasets of
interest. Healthy control tissues were matched for age,
post-mortem (PM) delay and central nervous system
region. The samples characteristics are available in
Table 1. The analysis of microarray data by Z-score
transformation was performed using MultiExperiment
Viewer (MeV) software (The Institute for Genomic
Research (TIGR), J. Craig Venter Institute, USA), in
order to allow the comparison of microarray data
independent of the original hybridization intensities and
reduce the noise of original intensity signal [40-42].

Animal model

All experiments were performed in accordance with the
principle of the Basel Declaration as well as with the
European Communities Council directive and Italian
regulations (EEC Council 2010/63/EU and Italian
D.Lgs. no. 26/2014). The protocol was approved by the
Italian Ministry of Health (auth. no. 1133/2016-PR). All
efforts were made to replace, reduce, and refine the use
of laboratory animals. Experiments were performed on
8-12 weeks old male 129S2/SvPasCrl (Charles River
Laboratories, Calco, Italy), as previously described

[13, 14]. Briefly, a total number of 16 animals were used
in this study, randomly assigned to the HC group (n = 8)
or the CTB-Sap (12 pg injected into the left
gastrocnemius muscle) lesioned group (n = 8). For CTB-
Sap injection, mice were anesthetized with isoflurane
(4% for induction, 2% for maintenance). Mice were
then observed for up to 42 days post lesion (dpl)
evaluating the clinical score based on the following
criteria: 0 = healthy; 1 = collapse or partial collapse of
leg extension towards the lateral midline during the
tail suspension test; 2 = toes curl under at least twice
during walking of 30 cm or any part of the foot is
dragging along the cage bottom/table; 3 = rigid
paralysis or minimal joint movement, foot not being
used for generating forward motion; 4 = mouse cannot
straighten itself within 30 s after being placed on either
side.

Electromyography

Electromyographic recording was performed as
previously described [14]. Briefly, at 42 dpl mice were
anesthetized with isoflurane and CTB-Sap injected
gastrocnemius muscle was exposed and examined by a
portable two-channel EMG device (Myoquick,
Micromed S.p.A., Mogliano Veneto, Treviso, Italy)
using 1 bipolar concentric needle electrode inserted in
the gastrocnemius and 1 grounded electrode.

Open field grid walk test

Open field grid walk test was performed at 0, 7, 21, and
42 dpl using a platform equipped with a tracking
camera and a counting camera. Animals were placed in
the arena and were free to move and to explore during
the behavioural test. Each performance was recorded for
2 minutes and matched tracking and counting video
were analysed off-line using Ctrax tracker software
version 0.5.18 for Mac.

Ex vivo tissue processing

At 42 dpl, spinal cord isolation, cryo-sectioning and
immunofluorescence analysis were performed as
previously described [43]. Briefly, isolated spinal cords
were post-fixed with 4% paraformaldehyde overnight
at 4 °C. Samples were then cryo-protected with 30%
sucrose in PBS overnight at 4 °C and then embedded in
Optimum Cutting Temperature medium. Embedded
samples were snap frozen in liquid nitrogen and cut
into 20 um-thick cryosections. Sections were collected
on SuperFrost slides and stored at - 80 °C until use.
Before performing experiments, sections were dried at
room temperature for 45 minutes and then washed in
deptH,O and PBS 2 times for 5 minutes at room
temperature.
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Table 1. Characteristics of healthy control and sALS human samples.

Sample Age Male Female
Healthy control 55.1+14.4 9 1
ALS 56.70+9.94 20 11

Cresyl violet

For cresyl violet staining, spinal cord sections were
dehydrated with increasing ethanol (70%, 95% 100%)
in deptH,O for 3 minutes and then in xylene for 5
minutes. Dehydrated sections were then homogenously
rehydrated and stained with a solution of 0.2% sodium
acetate, 1% cresyl violet, 3% glacial acetic acid in
deptH,O for 10 min at room temperature. Sections were
then washed in water, dehydrated in increasing ethanol
concentrations, clarified in xylene and coverslipped.

Immunofluorescence

Immunofluorescence was performed as previously
described [43-46]. Briefly, samples were incubated
overnight at 4 °C with mouse monoclonal anti-GFAP
(BD Biosciences, Cat# 610566, RRID: AB 397916,
1:500), rabbit polyclonal anti-Cx43 (Cell Signaling
Technology, Cat# 3512, RRID: AB 2294590, 1:200),
goat polyclonal anti-IBA1 (Novus Biologicals, Cat#
NB100-1028, RRID: AB 521594, 1:500). The
following day, sections were washed in 0.1% Triton X-
100 in PBS 3 times at room temperature and then
incubated 1 hr at room temperature with appropriate
combination of secondary antibodies: goat polyclonal
anti-mouse (Alexa Fluor 488, Thermo Fisher Scientific,
Cat# A-11001, RRID: AB_2534069, 1:1°000), goat
polyclonal anti-rabbit (Alexa Fluor 564, Molecular
Probes, Cat# A-11010, RRID: AB_ 143156, 1:1°000)
and donkey anti-goat (Alexa Fluor 647, Thermo Fisher
Scientific, Cat# A-21447, RRID:AB 2535864). Nuclei
were counterstained with DAPI (1:10°000, Invitrogen)
for 5 min at room temperature and then mounted with
BrightMount mounting medium (Abcam). Profile plots
for immunofluorescence images were obtained as
previously described [43].

Statistical analysis

All tests were performed in GraphPad Prism (version
5.00, GraphPad Software) or RStudio (version 1.0.153,
RStudio Inc.). Data were tested for normality using a
D’Agostino and Pearson omnibus normality test and
subsequently assessed for homogeneity of variance.
Data that passed both tests were further analyzed by
two-tailed unpaired Student’s t-test for comparison of n
= 2 groups. For comparison of n > 3 groups, one-way or
two-way ANOVA was used where appropriate, and

associations between variables were analysed by linear
regression and correlation.
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Clobetasol promotes neuromuscular plasticity in mice
after motoneuronal loss via sonic hedgehog signaling,
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Motoneuronal loss is the main feature of amyotrophic lateral sclerosis, although pathogenesis is extremely complex involving both
neural and muscle cells. In order to translationally engage the sonic hedgehog pathway, which is a promising target for neural
regeneration, recent studies have reported on the neuroprotective effects of clobetasol, an FDA-approved glucocorticoid, able to
activate this pathway via smoothened. Herein we sought to examine functional, cellular, and metabolic effects of clobetasol in a
neurotoxic mouse model of spinal motoneuronal loss. We found that clobetasol reduces muscle denervation and motor
impairments in part by restoring sonic hedgehog signaling and supporting spinal plasticity. These effects were coupled with
reduced pro-inflammatory microglia and reactive astrogliosis, reduced muscle atrophy, and support of mitochondrial integrity and
metabolism. Our results suggest that clobetasol stimulates a series of compensatory processes and therefore represents a
translational approach for intractable denervating and neurodegenerative disorders.

Cell Death and Disease (2021)12:625 ; https://doi.org/10.1038/541419-021-03907-1

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenera-
tive disease that affects both upper and lower motoneurons (MNs)
[1]. While relatively rare with an incidence of ~2 per 100,000, the
clinical course is severe and prognosis dismal with the vast majority
of patients dying from respiratory failure 2-5 years after diagnosis [2].
Despite extensive basic and clinical research efforts, the causes of the
disease remain to be fully elucidated and no truly effective therapies
are yet available [3, 4]. Therefore, the use of animal models
appropriately designed to recapitulate the pathology represents a
valuable tool for defining new therapeutic approaches [5].

Several data on the pathogenesis of ALS have defined a focal
origin in the central nervous system (CNS), where multiple factors
contribute to creating a toxic milieu [6, 7], but an active role of both
muscle cells and axon terminals in causing retrograde degeneration
of MNs has been also proposed as a triggering mechanism [8-10].
Consistently, during the early stages of ALS progression, muscle
undergoes denervation, and the gold standard for ALS diagnosis

remains based on nerve conduction analysis and electromyography
(EMG) [11]. In our view, the use of reductionist in vivo models would
help in the step-by-step dissection of ALS pathogenesis. To this
regard, the focal removal of confined populations of spinal MNs by
injection of cholera toxin-B conjugated to saporin (CTB-Sap), has
proven to be useful in mimicking respiratory dysfunction [12],
dysphagia [13], and focal MN loss [14, 15]. It is also worth noting that
although MN loss is certainly a critical hallmark of ALS, glial and
muscle cells are also involved [16, 17]. Neuroinflammation in ALS has
been reported to disrupt homeostatic neuroglial interactions [1].
Moreover, the onset of the disease is known to begin after
degeneration is already severe, because plastic mechanisms can
compensate for the initial MN loss [18].

Several studies reported that sonic hedgehog (SHH) may represent
a crucial regulator of neuroinflammation, neuroprotection, and
plasticity [19-22]. SHH serves as a morphogen controlling neural
tube patterning during development [23], and also self-renewal and
differentiation of neural precursor cells within the postnatal brain
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[24]. The secreted SHH ligand binds to its receptor Patched, thereby
activating smoothened (SMO); this ultimately leads to the nuclear
translocation of transcription factors Gli1-3, inducing the expression
of target genes [25]. Interestingly, SHH signaling has been shown to
play a role in ALS pathogenesis. In particular, the reduction of Gli1
has been reported within the MNs of SOD1%** mice and SHH has
been shown to be cytoprotective in vitro [20]. Accordingly,
cerebrospinal fluid collected from ALS patients may actually inhibit
SHH signaling in vitro [26]. Therefore, SHH signaling represents a
druggable target in neurodegenerative disorders [27]. In particular,
small molecules targeting SMO have recently been explored in
cancer (i.e, SMO antagonists), stroke, and demyelinating disorders
(i.e. SMO agonists) [28, 29]. The glucocorticoid clobetasol, which also
acts as a SMO agonist, has received attention as a potential
therapeutic agent capable of remyelination and neuroprotection/
repair [30-32]. However, few data are available regarding the
potential effects of SMO activation in MN disease. Therefore, herein
we sought to examine the effects of clobetasol treatment in a murine
CTB-Sap model of MN degeneration.

RESULTS

Clobetasol promotes behavioral improvement by inducing
muscle reinnervation

We induced a spinal MN depletion by injecting CTB-Sap toxin into
the left gastrocnemius muscle (GM) and assessed the impact of
clobetasol treatment on postural and motor performance, as
compared to vehicle-treated CTB-Sap-injected mice. Clinical score
assessment showed that all animals had a rapid worsening of the
left hindlimb postural and motor ability during the first week after
lesion (Fig. 1a). Then, clobetasol-treated animals started to
ameliorate their clinical score at 14-21 days post lesion (dpl),
and this condition was retained up to 42 dpl, whereas vehicle-
treated lesioned animals did not ameliorate spontaneously (Fig.
1a). An open field grid walk test was performed in order to
evaluate the motor coordination, finding that MN ablation did not
affect the distance covered by mice during the grid walk
performance (Fig. 1b), but it significantly increased the number
of footfalls at 7 dpl as compared to healthy control (HC) group
(Fig. 1b). Notably, clobetasol reverted this impairment, promoting
a significant reduction of the number of footfalls at 21 and 42 dpl,
as compared to vehicle-treated lesioned mice (Fig. 1b).

EMG recordings from the left GM showed typical clinical
evidence of denervation, such as positive sharp waves (PSW),
fibrillation (Fig. 1¢, d), pseudo-neuromyotonia (NMT, Fig. 1c-e),
and fasciculations (Fig. 1c—f). Notably, clobetasol-treated CTB-Sap-
lesioned mice showed a significant 70% reduction of PSW and
fibrillation compared to the vehicle-treated group (Fig. 1c). This
evidence was coupled with a reduced number and size of AChE-
positive spots in the left GM and a near-normal pattern in
clobetasol-treated mice (Fig. 1g). Together, these data suggest
that clobetasol exerts restorative behavioral effects and promotes
muscle reinnervation after neurotoxic MN removal.

Clobetasol promotes spinal cord plasticity acting on SHH
signaling pathway

Neuropathological assessment of lumbar spinal cord sections
revealed a depletion of about 50% of MNs in the lesioned (i.e. left)
side compared to the intact spinal cord side (Fig. 2a—c), and this rate
of MN loss was present in all CTB-Sap-lesioned mice, regardless of the
drug treatments. This suggests that the functional amelioration and
muscle reinnervation is linked to compensatory plastic changes
within the spared MN population.

In order to link our observations with a potential activation of the
SHH signaling pathway in the spinal cord, we analyzed Gli1 nuclear
translocation in resident cell populations of HC and CTB-Sap mice
treated with either vehicle or clobetasol. Results showed that the
total fluorescence intensity (FI) of Gli1 was unchanged (Fig. 2d),

SPRINGER NATURE

whereas a significant reduction of nuclear Gli1 Fl was found in CTB-
Sap-lesioned mice at 42 dpl, but near-normal levels were found in
CTB-Sap mice treated with clobetasol (Fig. 2e). To analyze such a
modulation into specific cell populations, we evaluated the Gli1
nuclear translocation in NeuN (i.e. neurons), Gfap (i.e. astrocytes), and
Iba1 (i.e. microglia) positive cells. Our data highlighted that clobetasol
was able to significantly increase the amount of nuclear Gli1 in
NeuN-positive cells by about 2 folds (Fig. 2f, g). Moreover, a reduction
of nuclear Gli1 was found in the astroglial cell population after lesion
but, importantly, near-normal levels were present in clobetasol-
treated mice (Fig. 2f-h). Finally, neither CTB-sap lesion nor clobetasol
treatment did affect nuclear translocation of Gli1 in microglia (Fig.
2f-i). We also analyzed the potential effect of clobetasol in
modulating spinal MN plasticity. Lesioned animals treated with
clobetasol showed a remarkable increase of newly formed synaptic
contacts labeled with synaptophysin, as compared to both vehicle-
treated lesioned mice and HC (Fig. 2j).

Clobetasol modulates metabolic changes in MN-depleted
spinal cord

We examined the metabolic profiles of the intact and lesioned spinal
cord either with or without clobetasol treatment (Figs. S1 and S2).
Our results suggest that amino acids biosynthesis metabolic path-
ways (Fig. 3a-c), lysine, tryptophan, and arginine levels were
significantly modulated in CTB-Sap clobetasol versus CTB-Sap vehicle
mice (Fig. 3d). We also observed that isoleucine levels were slightly,
but not significantly, reduced in CTB-Sap vehicle group and
significantly decreased in CTB-Sap clobetasol mice (Fig. 3d). Among
the highest contributors to the PCA analysis (Fig. S2) we found that
hypoxanthine and xanthine were of importance and they were
significantly higher in CTB-Sap vehicle mice (Fig. 3d), while clobetasol
reverted such accumulation to the level of healthy spinal tissue (Fig.
3d). Results also revealed that CTB-Sap lesion was associated with a
reduction of GABA and glycine, both involved in spinal inhibitory
circuitry and that clobetasol was able to restore near-normal levels of
both neurotransmitters (Fig. 3d). Interestingly, even in presence of a
reduced number of MNs in the lesioned spinal cord side (about 50%),
no significant changes were observed in glutamate levels (Fig. 3d),
thus suggesting that spared MNs could probably receive increased
glutamate signaling as compared to HC MNs.

Clobetasol reduces pro-inflammatory resident cells in MN-
depleted spinal cord

MN ablation was associated with an increased total number of
Gfap™ astrocytes in the Rexed lamina IX of CTB-Sap-lesioned mice
treated with vehicle, whereas clobetasol-treated group showed an
apparent but not statistically significant increase over control
levels (Fig. 4a, b). However, the total Gfap mRNA levels measured
in the spinal cord were similar in both lesioned groups, with a
significant increase above control levels (Fig. 4c). In order to clarify
whether spinal astrocytes were polarized towards a reactive state,
we analyzed phospho-stat-3 (P-Stat3) expression in spinal Gfap™
cells (Fig. 4d). Our evidence supports the hypothesis that MN
depletion increases the number of reactive astrocytes, and that
clobetasol was able to reduce nuclear P-Stat3 expression in lamina
IX, thus partially reversing the effects of the lesion.

We also performed a multidimensional flow cytometry analysis
of spinal cord samples to characterize the myeloid compartment
(i.e. tissue-resident microglia phenotypes, monocytes, monocytes-
derived macrophages) and, due to shared markers, also B and
non-B (i.e. T NK) lymphocytes (Fig. S3). Interestingly, our results
showed that MN depletion increased the frequency of CD206"
and CD80" inflammatory microglia and that clobetasol, besides
reducing polarized microglial cells (Fig. 4e, f), also reduced the
total amount of B and T NK lymphocytes (Fig. 4e, f). These findings
suggest that clobetasol was able to attenuate the pro-
inflammatory signaling in the spinal cord, thus likely promoting
plasticity and compensatory processes.
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Fig. 1 Clobetasol ameliorates behavioral impairment of CTB-Sap-induced MN ablation. a Repeated measures of a clinical score of motor
impairment during the time-course of CTB-Sap-induced motoneuronal depletion in CTB-Sap vehicle and CTB-Sap clobetasol groups; data are
shown as mean + SEM of n = 12 mice per group; *p-value < 0.05 and **p-value < 0.01 between groups; two-way repeated-measures ANOVA.
b Representative tracks of HC, CTB-Sap vehicle, and CTB-Sap clobetasol groups and quantification of the distance (expressed as mean meters
+ SEM of n =5 mice per time-point, as repeated measures) covered during 2 min performance on open-field grid walk test and quantification
of the number of footfalls over a meter at —1, 7, 21 and 41 dpl in HC, CTB-Sap vehicle, and CTB-Sap clobetasol groups; data are shown as
standard box-and-whiskers of n =5 mice per group; *p-value < 0.05 and **p-value < 0.01 versus HC and between groups; two-way repeated-
measures ANOVA. c—f Quantification and representative electromyographic profile of positive sharp waves (PSW, ¢ and d), fibrillations (c and
d), pseudo-neuromyotonia (NMT, ¢ and e), and fasciculations (c and f) observed in denervated GM in CTB-Sap vehicle (black tracks in d-f) and
CTB-Sap clobetasol groups (gray tracks in d-f); data are expressed as a number of events per second and showed as standard box-and-
whiskers of n =4 mice per group; measures were taken from distinct samples; *p-value < 0.05 versus CTB-Sap vehicle; two-sided Student’s t-
test. g Representative pictures of AChE immunostaining and hematoxylin (HMX) and negative control (NC) on left GM of HC, CTB-Sap vehicle,
and CTB-Sap clobetasol; scale bar: 25 pm. Dpl: days post lesion.
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R motoneurons number + SEM (shade) of n = 8 sections of n =5 mice per group; *p-value < 0.05 versus HC; one-way ANOVA; scale bar in (b)
and (c): 200 pm. d and e Quantification of the total Gli1 fluorescence intensity (FI) over pm (d) and of the percentage of high nuclear Fl of Gli1
(e) in HC, CTB-Sap vehicle, and CTB-Sap clobetasol spinal cord cell population; data are shown as scatter dot plots and mean + SEM of n>3
mice per group; *p-value <0.05 versus HC and between groups; one-way ANOVA. f-i Representative pictures and quantification of the
proportion of NeuN positive (f and g), Gfap positive (f and h), and Iba1 positive (f and i) cells with high nuclear FI of Gli1 in HC, CTB-Sap
vehicle, and CTB-Sap clobetasol spinal cord; data are shown as scatter dot plots and mean + SEM of n > 3 mice per group; *p-value < 0.05 and
**p-value < 0.01 versus HC and between groups; one-way ANOVA. j Representative pictures of NeuN and Synaptophysin immunofluorescence

on spinal cord motoneurons of HC, CTB-Sap vehicle, and CTB-Sap clobetasol; scale bar: 20 pm.

Clobetasol promotes trophic processes in the denervated
muscle

In order to associate the CNS effects induced by clobetasol with the
observed functional restoration, we analyzed the morphological and
metabolic changes of muscles. Our data indicate that, after the partial
denervation caused by MN removal, muscle fibers in GM showed an
increased number of centrally located nuclei (CLN) as compared to
HC (Fig. 5a, b), but clobetasol treatment significantly reduced the
proportion of myofibers with CLN (Fig. 5b). To assess muscle atrophy,
we evaluated the cross-sectional area of myofibers in GM of CTB-Sap
mice treated with vehicle or clobetasol, finding an overall increase of
fiber area in clobetasol-treated mice compared to vehicle-treated,
even if it did not reach the physiological pattern found in HC mice

SPRINGER NATURE

(Fig. 5a-c). Such an amelioration was coupled with increased Pax7*
cells in GM of clobetasol-treated mice (Fig. 5d). Furthermore, we
found a significantly increased amount of F4/80" infiltrating
macrophages in both vehicle-treated and clobetasol-treated dener-
vated muscles (Fig. 5e, f). To determine the phenotype of infiltrating
macrophages in GM of vehicle-treated and clobetasol-treated mice,
we analyzed F4/80" cell phenotype (Fig. 5g) by quantifying those
highly expressing iNos or Arg1. The results revealed that clobetasol
was able to significantly increase the proportion of anti-inflammatory
infiltrating macrophages into denervated GM (Fig. 5g, h), thus likely
sustaining a pro-regenerative microenvironment. Finally, we analyzed
the metabolic effects induced by denervation onto GMs (Fig. S4-S6).
PCA analysis revealed that inosine monophosphate (IMP),
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Fig. 3 Clobetasol modifies spinal cord metabolism and relevant neurotransmitters. a and b Summary plot for pathway analysis (a) and
quantitative enrichment analysis (b) for metabolites levels in CTB-Sap vehicle versus CTB-Sap clobetasol; ¢ Schematic representation of amino
acids biosynthesis showing significantly upregulated (green) and downregulated (red) metabolites in CTB-Sap clobetasol versus CTB-Sap
vehicle group. d Metabolites levels in the spinal cord of HC, CTB-Sap vehicle and CTB-Sap clobetasol mice; data are shown as mean + SEM and
scattered dot plots of n=4 mice per group; *p-value < 0.05, **p-value <0.01, ****p-value < 0.0001 versus HC or between groups; one-

way ANOVA.

hypoxanthine, xanthine, and uric acid played a major role. This
analysis also highlighted that purine nucleotide catabolism and fatty
acid biosynthesis and elongation were strictly regulated in dener-
vated GM (Fig. 5i). We observed a robust accumulation of IMP,
hypoxanthine, xanthine, and uric acid in CTB-Sap vehicle group (Fig.
5j, k), which suggests an overproduction of reactive oxygen species
in the muscular microenvironment, and a decreased availability of
malonil-CoA for fatty acid biosynthesis (Fig. 5j). Such evidence
suggests that denervation shapes purine and fatty acid metabolism
in the muscle and that clobetasol was able to revert this condition
(Fig. 5j), promoting favorable metabolic programs after CTB-Sap-
induced muscle denervation.

Clobetasol reverts denervation-induced mitochondrial fission
and increases energy substrates

Mitochondrial morphology was assessed in muscle sections,
finding that denervation strongly affected mitochondrial fitness,
as shown by the significant reduction of mitochondrial length (Fig.
6a, b) and by the significant increase of dynamin-like 1 (Dnm1l)
mRNA levels, which is an essential gene controlling mitochondrial
fission (Fig. 6¢). Notably, clobetasol-treated CTB-Sap-lesioned mice
showed increased mitochondrial length, coupled with a normal-
ization of Dnm1/ mRNA levels (Fig. 6a—c), suggesting a restored
mitochondrial homeostasis and energy metabolism in clobetasol-
treated mice. Then, we analyzed phosphate nucleotides, nicotinic
coenzymes, and glycosylated UDP-derivatives (Fig. 6d and Fig. S7).
The results highlighted a significant accumulation of glycosylated
UDP-derivatives and monophosphate nucleotides coupled with a
reduction of ATP in GM of CTB-Sap mice treated with vehicle (Fig.
6e), and these effects were reverted by clobetasol (Fig. 6f). Indeed,
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UDP-Gal, UDP-GalNac, UDP-Glc, and UDP-GlcNac (Fig. 6g), were all
significantly increased in CTB-Sap-vehicle mice, whereas clobeta-
sol treatment induced their normalization (Fig. 69).

Notably, by measuring the levels of nicotinic coenzymes, we found
a strong decrease of the oxidized over reduced form of NAD and
NADP, thus indicating a reduced mitochondrial redox potential in
denervated GM as compared to HC and clobetasol-treated lesioned
group (Fig. 69). Finally, we evaluated the ratio between ATP and ADP
and the energy charge potential (ECP). Our data highlighted an
overall increase of ATP/ADP ratio and ECP induced by clobetasol
versus vehicle group (Fig. 6g), thus supporting the hypothesis of
restored energy metabolism.

Human ALS spinal cord shows impaired SHH signaling
pathway
In order to evaluate the potential involvement of SHH signaling
pathway in human ALS patients, we first performed a z-score
analysis of a selected dataset containing mRNA expression data
from spinal cord biopsies of n =10 HC subjects and n=10 ALS
patients. Despite similar SHH mRNA expression levels (Fig. 7a), we
found a significant reduction of PTCHT mRNA levels in the spinal
cord of ALS patients (Fig. 7b). Notably, this reduction was not
coupled with a reduction of SMO mRNA levels (Fig. 7c), but it was
coupled with reduced mRNA levels of SHH-signaling pathway
effector GLIT (Fig. 7d). This would suggest that SHH signaling
pathway may represent a promising target for pharmacological
treatment of MN diseases using SMO agonists.

Moreover, the interaction network of SHH signaling pathway
genes SHH, PTCH1, SMO, GLI1, GLI2, and GLI3 showed significant
interactions, based on available databases or experimentally
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immunostaining (a) and quantification of the number of positive cells for Gfap (b) in HC, CTB-Sap vehicle, and CTB-Sap clobetasol spinal cord;
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determined in humans, between the six selected genes (i.e. query)
and the top-20 interactor genes (Fig. 7e). Enrichment KEGG analysis
revealed significant modulation of pathways involved in chemokine
signaling, axon guidance, synapses, and neurotransmission (Fig. 7f),
thus supporting the idea that SHH modulation holds great relevance
in human CNS homeostasis and compensatory processes.

SPRINGER NATURE

DISCUSSION

Several studies have shown that alterations of spinal cord circuitries
and MNs can start far earlier than the onset of symptoms [33, 34].
This suggests that compensatory changes occur in an attempt to
maintain neuromuscular functions despite the progressive loss of
motor units, and the possibility to target this plasticity coupled with
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efficient methods of early diagnosis would increase the chances of
delaying the disease progression and hopefully promoting repair.
Although genetic mouse models of ALS are necessary to model the
human disease, reductionist animal models, such as the CTB-Sap
model, are useful to dissect specific pathogenic mechanisms, since
they are able to mimic a limited and controlled series of disease
features. In our CTB-Sap model of spinal MN removal, the severity of
the lesion and, as a consequence, the capability of self-restoration,
can be modulated simply by choosing different doses of CTB-Sap.
After administration of relatively low doses of toxin, mice were able
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to recover as soon as 4-6 weeks after the lesion [15]. Increased
activity in the spared MNs and surrounding circuitries, likely driven by
synaptic plasticity, could be responsible for these compensatory
changes with possible involvement of SHH [35, 36].

In the present study, in order to test the effects of modulating the
SHH pathway by the SMO agonist clobetasol, we used a dose of CTB-
Sap able to ablate about 50% of resident MNs, and inducing a stable
motor impairment, without any spontaneous amelioration up to
6 weeks post-lesion. The effects of clobetasol treatment were then
evaluated from functional, metabolic, and pathophysiological
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Fig. 5 Clobetasol increases muscle fiber size and metabolism. a Representative pictures of H&E staining in left GM of HC, CTB-Sap vehicle,
and CTB-Sap clobetasol mice; scale bar: 25 pm. b Quantification of the percentage of centrally located nuclei (CLN) in HC, CTB-Sap, and CTB-
Sap clobetasol-treated mice; data are % of CLN over total muscle fibers and are shown as scatter dot plot and mean + SEM of n > 3 mice per
group; ***p-value < 0.001 versus HC or between groups; one-way ANOVA. ¢ Frequency plot of the mean fiber cross-sectional area expressed in
um? in the left GM of CTB-Sap vehicle and CTB-Sap clobetasol mice. d Representative pictures of Pax7 positive cells in the left GM of CTB-Sap
vehicle and CTB-Sap clobetasol mice. e and f Quantification of the percentage of F4/80 positive area per section (e) and representative
pictures of F4/80 immunostaining (f) in the left GM of HC, CTB-Sap vehicle, and CTB-Sap clobetasol mice; data in (e) are shown as scatter dot
plot and mean + SEM of n > 3 mice per group; *p-value < 0.05 and **p-value < 0.01 versus HC; one-way ANOVA; scale bar in (f): 25 pm. g and h
Representative pictures of F4/80, iNos and Arg1 immunostaining (g) and quantification of the Fl of iNOS and Arg1 in F4/80 positive cells (h) in
the left GM of CTB-Sap vehicle and CTB-Sap clobetasol mice; data in (h) are shown as scatter dot plot and mean + SEM of n 2 3 mice per group;
**p-value < 0.01 versus CTB-Sap vehicle; two-sided Student’s t-test. Scale bar in (g): 25 pm. i Summary plot for quantitative enrichment analysis
and pathway analysis for metabolites levels in CTB-Sap vehicle versus CTB-Sap clobetasol; j Metabolites levels in the left GMs of HC, CTB-Sap
vehicle, and CTB-Sap clobetasol mice; data are shown as mean + SEM and scattered dots plot of n =4 mice per group; *p-value < 0.05 and **p-
value <0.01 versus HC or between groups; one-way ANOVA. k Schematic representation of purine metabolism showing significantly

2pregu|ated metabolites in red in CTB-Sap vehicle versus CTB-Sap clobetasol group.

N

aspects. After CTB-Sap injection, animals developed a rapid motor
impairment of the affected hindlimb during the first week and these
deficits appeared very stable during the entire experimental time-
course in vehicle-treated animals. Interestingly, when animals were
treated with clobetasol, a significant improvement of behavioral
signs was observed as early as 3 weeks post-lesion and animals
became able to near-normal walking.

These effects were coupled with reduced muscle denervation in
clobetasol-treated mice. The post-mortem analysis of the spinal cord
revealed a down-regulation of synaptophysin expression by the
spared lumbar MNs, suggesting a decreased number of synapses on
their somata after removal of neighboring MNs. Interestingly,
lesioned animals treated with clobetasol showed an increased
expression of synaptophysin, which is supposed to be linked to MN
plasticity and functional restoration. Accordingly, the quantitative
analysis of spinal cord metabolites has revealed a decrease of the
inhibitory neurotransmitters GABA and glycine in lesioned animals.
Moreover, although the level of glutamate was unchanged in the
lumbar spinal cord after the lesion, we should consider that it acts
onto a reduced population of MNs. Taken together, these findings
suggest an attempt of spinal cord circuitries to compensate for the
decreased neuromuscular activity, and the restoration of GABA and
glycine levels after clobetasol treatment can suggest a rebalancing of
neuronal activity promoted by the drug. Other critical aminoacids
were affected by both MN removal and SMO modulation. Among
them, we found significant alterations of lysine, tryptophan, arginine,
and isoleucine, suggesting profound metabolic changes in the
lesioned and treated spinal cord, involving glycolysis and tricar-
boxylic acid cycle. These changes are also present in patients, as well
as in ALS experimental models [37, 38].

Our observation of astrocytes and microglial modulation is in line
with increased levels of hypoxanthine and xanthine, the conversion
of which produces a significant accumulation of reactive oxygen
species. This could represent a major cause of neuronal suffering and
it is also the rationale for edaravone treatment of ALS patients [39].
Notably, our results demonstrate that clobetasol is also able to
reduce immune response not only modulating astrocytes and
microglia polarization but also attenuating B and T NK lymphocyte
infiltration.

The analysis of muscle also showed profound changes after
CTB-Sap-induced denervation and as a result of treatment with
clobetasol. Denervated GMs appeared atrophic but, interestingly,
a five-fold increase of the number of CLN was detected in muscle
sections, thus suggesting an attempt of regeneration [40]. The
regenerative potential of the denervated muscle was boosted by
administration of clobetasol, as demonstrated by the increased
expression of Pax7 and by the increased cross-sectional area of
muscle fibers, together with the reduction of CLN in comparison
to the lesioned and vehicle-treated muscle. Taken together, the
observed changes of GM morphology indicate that clobetasol may
accelerate the muscle repairing processes.

SPRINGER NATURE

The effect of CTB-Sap injection on muscle metabolism was
observed in most of the metabolites under evaluation. A dramatic
decrease in the ATP/ADP ratio, ECP, NAD"/NADH ratio, NADP*/
NADPH ratio, concomitantly accompanied by an increase in
oxypurines (hypoxanthine, xanthine, uric acid), IMP, nitrite, and
nitrate, are clear indicators of mitochondrial dysfunction, also
suggested by increased mitochondrial fission, with an imbalance in
ATP production and consumption, consequent energy stress, the
compensatory metabolic shift towards oxygen-independent glucose
consumption through glycolysis, and oxidative/nitrosative stress with
decreased antioxidant defenses. Among the various alterations of cell
metabolism, those occurring to UDP-derivatives are certainly the
most evident. The higher values of nucleotide sugars strongly
suggest that the hexosamine biosynthetic pathway, representing the
key process for the post-translational protein glycosylation, is highly
active in damaged muscle. This finding may be indicative either of
increased production of myokines or fibro/adipogenic processes,
both being also reported as ALS-linked skeletal muscle changes
[41, 42].

We hypothesize that clobetasol, acting as a glucocorticoid, could
mobilize fatty acids and we found that, in denervated muscle,
reduced malonil-CoA levels were present. Indeed, clobetasol was
able to revert this phenomenon increasing fatty acid metabolism.
Such results are in line with previously published reports linking
hypolipidemia and dyslipidemia with ALS progression [43, 44].

Taken together, our data suggest that clobetasol exerts a
pleiotropic effect in both the spinal cord and muscle finally
resulting in neuromuscular plasticity. We can draw a number of
conclusions from these observations. First, MNs depletion is
associated with behavioral impairment and substantial neuro-
muscular alterations ranging from metabolic changes to the
activation of immune response in the spinal cord, and from critical
myopathy to energetic imbalance in the muscle. Second, the
multitarget drug clobetasol acts by increasing Glil nuclear
translocation in spinal astrocytes and spared MNs, reverting the
known canonical SHH reduction that we observed in our
experimental model of denervation [14, 36]. Third, robust
inhibition of muscular fatty acid metabolism was observed in
denervated mice and such a reduction was reverted by clobetasol.

In summary, these results confirm the existence of significant
capacity of neuromuscular plasticity, which can be manipulated by
drugs affecting a number of targets, including metabolism, reactive
neuroglia and CNS infiltrating lymphocytes, synaptic plasticity, and
muscle regeneration. Among these targets, particular attention
should be paid to the SHH signaling, also in relation to MN diseases.
The existence of an already approved drug-like clobetasol acting
onto this pathway increases the interest in this promising potential
therapeutic approach in ALS.

Interestingly, our work highlighting the role of SHH pathway in
human ALS patients, suggests that the described results could be
relevant for human ALS. Further studies also including SMO
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Fig. 6 Clobetasol reverts denervation-induced mitochondrial fission and increases energy substrates. a and b Representative pictures of
MitoTracker immunostaining (a) and quantification of the mitochondrial length expressed in um (b) in the left GM of HC, CTB-Sap vehicle, and
CTB-Sap clobetasol mice; data in (b) are shown as scatter dot plot and mean + SEM of n > 3 mice per group; *p-value < 0.05, **p-value < 0.01
and ***p-value < 0.001 versus HC or between groups; one-way ANOVA; scale bar in (a): 25 pm. ¢ mRNA expression levels of Dnm1/in the left
GM of HC, CTB-Sap vehicle and CTB-Sap clobetasol mice; data are fold changes over HC and are shown as standard box-and-whiskers plot of
n =15 mice per group; *p-value < 0.05 versus HC or between groups; one-way ANOVA. d Heat maps of 24 metabolites in the left GM HC, CTB-
Sap vehicle and CTB-Sap clobetasol at 42 dpl showing the abundance (Ab.) in HC and the relative changes in CTB-Sap vehicle and CTB-Sap
clobetasol as compared to HC; data are shown as log;, abundance and log, FC over HC of n =4 mice per group. e and f Volcano plots of
metabolites levels in HC versus CTB-Sap vehicle (e) and CTB-Sap vehicle versus CTB-Sap clobetasol (f). g Metabolites levels and ratios in the left
GMs of HC, CTB-Sap vehicle, and CTB-Sap clobetasol mice; data are shown as mean + SEM and scattered dots plot of n =4 mice per group;
*p-value < 0.05 and **p-value < 0.01 versus HC or between groups; one-way ANOVA.
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agonists in other animal models might provide additional
evidence about the potential bench-to-bedside translation of
the findings described here.

MATERIALS AND METHODS

Animal model

All experiments were performed in accordance with the principle of the Basel
Declaration as well as to the European and Italian regulations (2010/63/EU and
Italian D. Lgs. no. 26/2014). All efforts were made to replace, reduce and refine
the use of laboratory animals. Moreover, the study was conducted in
accordance with the recommendations of the local committee for animal
welfare (OPBA, University of Catania, Catania, ltaly); the protocol was approved
by OPBA and by the Italian Ministry of Health. 48 male 12951/SvimJ (Jackson
Laboratory), 8-12 weeks old and weighing 25.6+04 g were used. Animals
were randomly assigned to different cages (n <5 animals per cage) and kept
under constant temperature (23—25 °C) with ad libitum access to food and
water. Mice were divided into three groups: HC group (no injection, n =16),
CTB-Sap clobetasol (injected with CTB-Sap and then treated with clobetasol
propionate, n = 16), and CTB-Sap vehicle group (injected with CTB-Sap and
then treated with drug vehicle only, n = 16). CTB-Sap injection was performed
as previously described [45, 46). Briefly, mice were anesthetized with isoflurane
(4% for induction, 2% for maintenance) and then received two injections of the
ribosome-inactivating and retrogradely transported toxin CTB-Sap (Advanced
Targeting Systems, San Diego, CA, USA) into the medial and lateral left
gastrocnemius with a toxin dose of 6 ug/2 uL in PBS per injection. Subgroups
of CTB-Sap lesioned mice received an intraperitoneal injection of either
clobetasol propionate (4 mg/kg) or vehicle alone, 7 days post lesion (dpl).
Treatments were repeated once a week at 14, 21, 28, and 35 dpl.

Behavioral impairment was evaluated by two separate observers blind to
the treatment analyzing the hind limb posture and gait capability, and
assigning a clinical score in accordance with the following criteria described
by Albano et al. [47, 48]. Animals were sacrificed at 42 dpl by intracardial

SPRINGER NATURE

perfusion and organs, i.e. spinal cords and GMs were dissected out, post-fixed,
embedded in OCT or paraffin, respectively, and sectioned using a cryostat or a
microtome.

Open field grid walk test

Open field grid walk test for motor coordination impairment was
performed at 7, 21, and 42 dpl using a “tracking camera” placed above
the open field, to record and quantify the distance covered by every
animal and a “counting camera”, placed in line with the grid, to
quantify the number of footfalls within 2 min. For each performance,
each animal was placed in a 40 x 40 cm grid (each mesh 1 cm?) and was
free to move and explore during the behavioral test. The tracking and
the counting videos were analyzed offline using Ctrax tracker software
version 0.5.18 for Mac.

Electromyography

EMG analysis was performed at 42 dpl using a portable two-channel EMG
device (Myoquick, Micromed S.p.A., Mogliano Veneto, Treviso, Italy) with
one bipolar concentric needle electrode inserted in the left GM and
one ground electrode. Animals were anesthetized with isoflurane before
the electromyographic recording. The spontaneous electrical activity of the
muscle was recorded and then analyzed using System PLUS Evolution
software by Micromed S.p.A. (Mogliano Veneto, Treviso, Italy).

mRNA analysis

For quantification of mRNA levels of Dnm1l and actb in muscle, we used
the QuantiGene Plex Magnetic Separation Assay kit (Affymetrix, Santa
Clara, CA, USA) following the manufacturer’s instructions and as previously
described [32]. The signal was detected with a Luminex instrument (Bio-
Rad, Milan, Italy). For each sample, the average signal (MFI) for Dnm1l and
actb were determined and, after average background signal subtraction,
Dnm1l signal was normalized to the housekeeping gene signal.
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Immunohistochemistry

Rehydrated sections were subjected to a standard protocol of immuno-
histochemistry. Both muscle and spinal cord sections were subjected to a
protocol of antigen retrieval (for AChE, Gfap and F4/80 staining) using an
antigen retrieval buffer (0,1% Tween 20 in citrate buffer solution) and
heating in microwave (5 min per 3 cycles). After samples were blocked with
3% H,0, in PBS for 15 min at room temperature in a humidity chamber,
they were washed in PBS and incubated for 40 min at room temperature in
a humidity chamber with the following primary antibodies diluted in 0.3%
Triton X100 in PBS: rat monoclonal anti-F4/80 (Bio-Rad, Cat#MCA497R,
RRID: 323279, 1:100), rabbit monoclonal anti-AChE (Abcam, Cat#ab240274,
RRID: AB_2857345,1:50), mouse monoclonal anti-GFAP (BD Biosciences,
Cat#610566, RRID: AB_397916, 1:100). Then, samples were washed in 0.3%
Triton in PBS three times for 5min and incubated with pre-diluted
biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) and
with RT.U. VECTASTAIN Elite ABC Reagent (Vector Laboratories) for 30 min
at room temperature in a humidity chamber, respectively. Samples were
then washed in 0.3% Triton X100 in PBS for 5min and exposed to a
solution of 1% DAB, 0.3% H,0, in PBS. Nuclei were counterstained with
Mayer's hematoxylin (Bio-Optica), dehydrated with increasing concentra-
tion of ethanol (70%, 95%, 100%) and xylene, and coverslipped with
Entellan (Merck, Cat# 1.079.600.500).

For the analysis of GFAP by immunohistochemistry on the spinal cord,
sections were counterstained with cresyl violet staining, dehydrated with
the same procedure above and coverslipped with BrightMount (Aqueous
Mounting Medium for Fluorescent Staining, Abcam, Cat#ab103746).

For neuronal or muscle fiber staining, spinal cord and muscle sections
were stained with cresyl violet or hematoxylin/eosin, respectively.

For quantification of the number of GFAP positive cells, muscle fibers
diameter distribution, CNL and F4/80 positive cells, n>3 equally spaced
sections of the spinal cord or GM were analyzed and quantified by
operators blind to the treatment using an Olympus BH2 microscope and
Olympus CAST GRID software.

Immunofluorescence

After antigen retrieval procedure as described above, sections were incubated
with 10% NGS in PBS-0.3% Triton for 1h at room temperature and then
overnight at 4°C with an appropriate combination of one of the following
antibodies diluted in 1% NGS in PBS and 0.3% Triton. For spinal cord staining:
rabbit polyclonal anti-Gli1 (Abcam, Cat#ab49314, RRID: AB_880198, 1:100);
mouse monoclonal anti-NeuN (Millipore, Cat#MAB377, RRID: AB_2298772,
1:100); mouse monoclonal anti-GFAP (BD Biosciences, Cat# 610566, RRID:
AB_397916, 1:500); goat polyclonal anti-AlIF1/IBA1 (Novus, Cat# NB100-1028,
RRID: AB_521594, 1:100); rabbit polyclonal anti-SYP (Santa Cruz Biotechnology,
Cat#sc-9116, RRID: AB_2199007, 1:50); rabbit monoclonal anti-P-Stat3 (Cell
signaling Technology, Cat# 9145, RRID: AB_2491009, 1:200). For muscle
staining: mouse monoclonal anti-PAX7 (Abcam, Cat# ab199010, RRID: N.A,
1:250); rat monoclonal anti-F4/80 (Bio-Rad, Cat# MCA497R, RRID: AB_323279,
1:50); mouse monoclonal anti-iNOS (Santa Cruz Biotechnology, Cat# sc-7271,
RRID: AB_627810, 1:50); rabbit polyclonal anti-ARG1 (Santa Cruz Biotechnol-
ogy, Cat# sc-20150, RRID: AB_2958955, 1:50); mouse monoclonal anti-DRP1
(BD Biosciences, Cat# 611112, RRID: AB_398423, 1:100). Samples were then
washed and incubated for 1h at room temperature with appropriate
secondary antibodies diluted 1:1000 in 1% NGS in PBS and 0.3% Triton:
donkey anti-goat (Alexa Fluor 488, ThermoFisher Scientific, Cat#A-11055, RRID:
AB_2534102 or Alexa Fluor 546, ThermoFisher Scientific, Cat#A-11056, RRID:
AB_142628); goat polyclonal anti-rabbit (Alexa Fluor 488, Molecular Probes,
Cat#A-11008, RRID: AB_143165; Alexa Fluor 546, Molecular Probes, Cat# A-
11010, RRID: AB_2534077; Alexa Fluor 647, ThermoFisher Scientific, Cat#A-
21244, RRID: AB_2535812); goat polyclonal anti-mouse (Alexa Fluor 488,
ThermoFisher Scientific, Cat# A-11001, RRID: AB_2534069; Alexa Fluor 546,
Molecular Probes, Cat#A-11003, RRID: AB_141370; Alexa Fluor 647, Thermo-
Fisher Scientific, Cat# A-21235, RRID: AB_2535804); goat anti-rat (Alexa Fluor
488, Molecular Probes, Cat# A-11006, RRID: AB_141373). Nuclei were
counterstained with DAPI 1:1000 in PBS. Slides were coverslipped with
BrightMount (Abcam, Cat#ab103746).

For quantification of Gli1 fluorescence intensity (Fl), Gli1 nuclear Fl, iNOS
Fl, Arg1 Fl, and mitochondrial length n>5 regions of interest per n>
3 sections per animal were analyzed and quantified by operators blinded
to the treatment using ImageJ v. 2.1.0/1.53c (Fiji) software.

Flow cytometry
Flow cytometry analysis was performed on fresh tissues. Isolated spinal
cords were kept in a cold IMDM medium supplemented with 5% FBS, 1%
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GlutaMAX, and 1% pen/strep and mechanically minced. Samples were
then enzymatically digested at 37 °C for 30 min with a cocktail of 2 mg/ml
collagenase IV, 0.2 mg/ml dispase, and 0.1 mg/ml DNase | in supplemented
IMDM. Then, the cell suspension was homogenized by passaging through
40 um cell strainers using 10 ml of supplemented IMDM for sample. For
myelin removal, the suspension was mixed with 90% isotonic Percoll
diluted in PBS 10x and then centrifuged for 20 min at 800xg. Cell pellet
was resuspended in cold buffer (MACS BSA diluted in autoMACS rinsing
solution) and centrifuged twice at 4°C for 5min at 300g, resuspending
pellet with cold buffer and flow cytometry staining buffer respectively,
obtaining 1,000,000 cells/100 ul/sample. Samples were finally incubated for
15 min at 4 °C with the following monoclonal antibodies: anti-mouse CD45
(Miltenyi Biotech, Cat#130-110-802, RRID: AB_2658222), CD11b (Miltenyi
Biotech, Cat#130-113-803, RRID: AB_2819369), F4/80 (Biolegend,
Cat#123118, RRID: AB_893477), Ly-6G (Miltenyi Biotech, Cat#130-117-500,
RRID: AB_2727967), CCR2 (Miltenyi Biotech, Cat#130-117-548, RRID:
AB_2727981), CX3CR1 (Biolegend, Cat#149006, RRID: AB_2564315),
CD206 (Biolegend, Cat#141717, RRID: AB_2562232), and CD80 (Miltenyi
Biotech, Cat#130-116-462, RRID: AB_2727559) antibodies.

In all experiments, viobility fixable dye (Miltenyi Biotech, Cat#130-109-816)
was used to label dead cells. Data were collected on a MACSQuant Analyzer
(Miltenyi Biotech) and analyzed using Flowlogic software (Miltenyi Biotech).

Data analysis was performed as described elsewhere [49, 50]. Briefly, it
was based on a multi-step bioinformatics approach: (1) reading FCS data;
(2) building a self-organizing map (SOM) for clustering; (3) performing a
dimensionality reduction through principal component analysis (PCA) and
uniform manifold approximation and projection (UMAP); (4) perform a
supervised identification of each cluster; (5) performing a statistical analysis
on the abundance of each population according to their origin (ANOVA).
Besides the characterization of the myeloid compartment, the unsuper-
vised clustering algorithm identified two different lymphocytes clusters:
one with strong positivity for HLA-DR, that we identified as B cells and a
second one that includes residual T and NK cells (T/NK) which cannot be
separated with the current markers panel.

Tissue preparation and HPLC analysis of metabolites

All animals of the three groups (controls, CTB-Sap vehicle, and CTB-Sap
clobetasol) underwent the same surgical procedure to remove spinal cord
and GMs. Once removed, tissues were immediately immersed in liquid
nitrogen, weighed and deproteinized by homogenization in ice-cold HPLC-
grade CH3CN + 10 mM KH,PO, pH 7.40 (3:1; v-v), using an Ultra-Turrax
(Janke and Kunkel, Staufen, Germany) at 24,000 rom/min for 90 s [51-55].
Following centrifugation at 20,690xg for 10 min at 4 °C, clear supernatants
were supplemented with HPLC-grade chloroform, vigorously agitated and
centrifuged for 5 min in a top-bench centrifuge at the maximal speed. The
upper aqueous phase was used for the HPLC analyses of metabolites. The
simultaneous separation and quantification of high-energy phosphates,
oxidized and reduced nicotinic coenzymes, purines, pyrimidines, antiox-
idants, oxidative/nitrosative stress biomarkers and N-acetylaspartate (NAA)
was performed as described in detail elsewhere. Amino acids (AA) and
amino group-containing compounds (AGCC) were separated and quanti-
fied according to chromatographic conditions previously set up in our
laboratory. In both cases, the HPLC apparatus consisted of a Spectra
System P4000 pump, connected to a Hypersil C-18 250 x 4.6 mm, 5um
particle size column (provided with its own guard column) and to a highly
sensitive UV6000 LP diode array detector equipped with a 5 cm light path
flow cell (ThermoFisher Scientific, Rodano, Milano, Italy). Overall, the two
analyses allowed measuring the concentrations of 61 water-soluble low
molecular weight compounds in tissue extracts, thanks to the comparisons
with appropriate ultrapure standard mixtures with known concentrations.

Principal components analysis

Principal components analysis (PCA) was performed on spinal cord and GMs
metabolites data. Explained variances and the quality of representation of the
variables on the factor map expressed as square cosine (Cos2) are shown. PCA
is expressed as a biplot of variables and key-colored arrows representing each
variable are also shown. Analyses were carried out using the RStudio software
(Version 1.0.153, for Mac), fitted with corr plot, FactoMineR, and Factoextra
packages for computing and visualizing PCA diagrams.

Human gene expression
For human ALS data, we used the NCBI Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/) to select n =10 healthy and
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n =10 ALS patients cervical spinal cord transcriptome dataset (GSE26927)
analyzing the expression levels of n =6 selected genes (i.e. PTCH1, SMO,
SHH, GLI2, GLI1, and GLI3). Mesh terms “Spinal Cord”, “ALS” and “Human”
were used to identify potential datasets of interest. The dataset selected
was downloaded and analyzed using MultiExperiment Viewer (MeV)
software. Statistical analysis was performed using GraphPad Prism software
version 5.00 for Mac and MeV software. Interaction network of SHH
signaling pathway was obtained using String (https:/string-db.org/) online
tool for gene ontology and KEGG enrichment analysis.

Quantification and statistical analysis

The sample size for each experiment is reported in figure legends. No
statistical methods were used to predetermine sample sizes, but our
sample sizes were similar to those reported in previous publications
[15, 18, 48, 56]. Mice were randomly assigned to experimental groups. No
data points or animals were excluded from the analysis. For statistical
analyses, a two-tailed unpaired Student’s t-test was used for comparison of
n = 2 groups. For comparison of n = 3 groups, one-way or two-way analysis
of variance (ANOVA), or repeated-measures ANOVA with Holm-Sidak post-
hoc test for multiple comparisons were used where appropriate. Data are
presented as the meanz+standard error of the mean (SEM) unless
otherwise stated. Data analysis was performed using GraphPad Prism
software version 5.00 or RStudio software version 1.0.153. A value of p <
0.05 was considered statistically significant and symbols used to indicate
statistical differences are described in figure legends.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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CONCLUDING REMARKS

Non autonomous cells have a key role in exacerbating the neurotoxic milieu that leads to
MNs death and then to paralysis in ALS, as a final result (Van Harten, Phatnani et al. 2021).
Among these, glial cells (i.e. astrocytes and microglia), which physiologically ensure and
maintain homeostatic conditions within the central nervous system, consequentially
influencing also neuronal activity, are demonstrated to be involved in sustaining
neuroinflammation and neurotoxicity in several neurological disorders (Van Harten,
Phatnani et al. 2021) (Clarke and Patani 2020) (Glass, Saijo et al. 2010).

To better clarify the neuro-glial crosstalk in human ALS and in an experimental model of
selective motoneuronal depletion (CTB-Sap model), we investigated the expression of the
main hemichannel-forming astroglial connexin involved in cell-to cell communication, which
is connexin 43 (Cx43) (Vicario, Zappala et al. 2017) (Vicario and Parenti 2022). Particularly,
in human sporadic ALS transcriptome of central nervous system dataset we found reactive
astrogliosis and Cx43 upregulation positively correlated each other. We then moved to
assess Cx43 signal in CTB-Sap model. A first characterization of the model demonstrated
to be able to induce a depletion of about 50% of MNs, which is reflected in impaired
locomotion and findings of typical electromyographic denervation signs similar to ALS
patients (i.e. fibrillations, positive sharps waves and fasciculations) (de Carvalho, Dengler et
al. 2008), suggesting that such model may be useful to reproduce and study motoneuronal
loss effects for neurodegenerative diseases and ALS. Pathophysiological analysis of the
resident glial cell population in motoneuron depleted spinal cord revealed astrogliosis,
coupled with Cx43 increased levels, sign of increased astrocyte-astrocyte and astrocytes-
microglia communication, which also entails the exchange of toxic molecules and
metabolites. These results suggest the hypothesis that glial population among spared MNs
responds to the lesion increasing Cx43-based cell-to cell communication, which may
contribute to generate a toxic circuit affecting neuronal survival.

We then moved to study the Shh signaling pathway, for its role in sustaining/supporting
neuroplasticity and for its known disruption in neurodegenerative diseases as mentioned
before.

We verified the involvement of Shh signaling pathway in ALS patients’ transcriptomes and
we found that there was an overall downregulation of the pathway, with a significant
reduction of players of the pathway, such the Shh receptor Patch and the nuclear effector
Gli1, but without observing significant variations of the coreceptor Smo, suggesting that if
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Smo remains unchanged, it may be considered among druggable targets for ALS and for
neuronal loss diseases in general. Such phenomenon prompted us to evaluate Shh pathway
in our motoneuron depleted CTB-Sap model, and its potential modulation using clobetasol,
which activates the canonical Shh pathway acting as a Smo agonist. Next, clobetasol effects
were analyzed by functional, pathophysiological, and metabolic point of view. Thus, we
treated CTB-Sap lesioned mice weekly with clobetasol, starting from 7 days post lesion (dpl),
when mice showed a peak of impaired motor symptoms, up to 42 dpl, when lesion effects
are still behaviorally stable and visible. What we found was that clobetasol was able to revert
such motor impairment as early as the first week post treatment and the improvement
persisted till the end of the experimental time. This functional recovery was coupled with
reduced electromyographic signs of muscle denervation and recovered cholinergic
transmission at neuromuscular junction level, suggesting that clobetasol is able to
ameliorate behavioral impairment promoting muscle reinnervation.

As the proportion of depleted MNs did not change, confirming the efficacy of the neurotoxic
lesion in both CTB-Sap and CTB-Sap-clobetasol treated mice, we moved to the study of the
spinal pathophysiology to link such phenomenon to possible plastic and compensatory
changes among spared MNs in the site of the lesion.

We first found that the overall downregulation of Shh pathway in spinal resident population
after CTB-Sap lesion, detected as a reduced nuclear Gli1 translocation, with a significant
reduction in astrocytes, was reverted by clobetasol, which increased nuclear Gli1 in both
neurons and astrocytes; we also noticed that clobetasol promoted newly form synapses
among spared MNs, that collectively indicates that clobetasol supports the onset of spinal
cord plasticity through Shh pathway upregulation.

Moreover, the analysis of spinal metabolites in CTB-Sap and CTB-Sap-clobetasol treated
groups, showed mainly a significant modulation of metabolites involved in glycolysis and
tricarboxylic acid cycle (i.e. lysine, tryptophan, isoleucine and arginine) and a significant
reversion to near normal levels of hypoxanthine and xanthine following clobetasol treatment.
Of note, we noticed that motoneuronal loss induced downregulation of inhibitory
neurotransmitters, such as GABA and glycine, whereas the excitatory glutamate-based
neurotransmission did not change as compared to healthy control group, meaning that a
same quantity of glutamate, acting on a reduced proportion of MNs in CTB-Sap lesioned
mice, in this manner leads to overstimulation and then to excitotoxic effects, those also

amplified by impaired inhibitory GABA and glycine circuitries; in this context, clobetasol
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treatment was found to increase both GABA and glycine levels, thus promoting a rebalance
of neuronal transmission.

Furthermore, we moved to characterize the phenotype of spinal immune cells resident in
the spinal cord, and what we found was that in CTB-Sap lesioned spinal cord, motoneuronal
loss induced reactive astrocytes among the neighboring MNs left, with a concomitant
increase of polarized microglia (CD206" and CD80%), highlighting a pro-inflammatory
response. In this context, clobetasol treatment showed immunomodulatory and anti-
inflammatory effects, reverting astrocytes phenotype and microglia polarization, but also
inducing an overall downregulation of B and T NK lymphocytes.

We then assessed the impact of motoneuronal loss on muscle. The study of muscular
physiopathology revealed atrophy, reduced fiber dimension and increased percentage of
centrally located nuclei, this last indicating an attempt of the muscle to regenerate upon
lesion. Clobetasol, instead, enhanced muscle repair and regenerative mechanisms
reestablishing muscular morphology and microenvironment, as confirmed by increased
muscle fiber dimension, increased Pax7*cells (indicating proliferative events), together with
a significant increase of the proportion of anti-inflammatory infiltrating macrophages (F4/80
and Arg1 double positive) into denervated and clobetasol treated muscle.

We then focused on the characterization of the metabolic profile of the muscle to find some
evidence about muscle energy state and wellness. We mainly found that denervation
affected muscle metabolism, leading to a significant accumulation of IMP, hypoxanthine and
xanthine, and uric acid, with a concomitant downregulation of malonil-CoA levels, which
collectively indicate an alteration of purine metabolism, which concurs to amplify the
unfavorable microenvironment by the production of reactive oxygen species, and a disrupt
of fatty acid metabolism. This condition was reverted by clobetasol promoting a metabolic
shift. Moreover, metabolic imbalance of CTB-Sap muscle was also confirmed by the
alteration of both mitochondrial morphology and function, as we found that denervation
induced mitochondrial fission and also accumulation of energetic substrates
monophosphates, at the expense of triphosphates with a reduction of ATP, coupled with
accumulation of glycosylated UDP-derivates and predominance of a reduced mitochondrial
redox potential. Such effects were once again reverted by clobetasol treatment, which
restored mitochondrial fithess and metabolism. Taken all these findings together, we claim
that clobetasol has multi-system effects acting simultaneously in spinal cord and cell muscle,
and through the canonical Shh signaling pathway activation, the immunomodulation, and
the metabolic rebalancing, leads to neuromuscular plasticity and compensatory
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mechanisms that together facilitate functional recovery upon motoneuronal loss-induced
motor impairment. For all these reasons, considering also that clobetasol is an approved
drug, it may be suggested to be used as a repositioning drug for a translational use in

denervating and neurodegenerative disease approaches such ALS.
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