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1. Summary

Amyotrophic Lateral Sclerosis (ALS) remains an invariably
fatal disease, in which neuromuscular junction (NMJ) functionality
Is strongly impaired. To this, the aim of this research project was to
develop a series of novel testing tools for a precise assessment of the
altered communication between muscle and nerve in ALS
progression. A novel technique for the in-situ measurement of
murine Tibialis Anterior (TA) NMJ functionality in isotonic
conditions was developed and validated. A novel parameter, named
Isotonic Neurotransmission Failure (INF), was proposed. Results
showed an increase in INF of SOD1%%** mouse TA muscles at the
end-stage of the disease, highlighting, for the first time, an increased
impairment of NMJ functionality in isotonic conditions. An
embedded system for the measurement of 3D engineered skeletal
muscle tissues’ contractility with a non-invasive technique was
proposed. Results showed the capability of the system to not impair
tissue's contractility during the entire growth, and to discriminate
healthy and pathological conditions. Finally, a 3D microfluidic
device was designed and realized to promote the formation of NMJ
between spinal cord-derived neuronal cells and 3D engineered
skeletal muscle. Results showed a good attraction between these two
cells populations, paving the basis for the development of a more
comprehensive 3D NMJ in-vitro model. On the other hand, since
extracellular vesicles (EVs) are involved in ALS pathological
proteins transportation, a series of preliminary experiments with
muscle cells’ populations was carried out, with the final aim of
evaluating the role of SOD1%%*A mice-derived EVs on the novel
experimental models here proposed. Results showed that SOD1%A
mice-derived EVs increased in number during the ALS progression,
and impaired C2C12 cells’ differentiation. In conclusion, a series of
novel testing tools have been developed for a precise assessment of
the NMJ functionality in different models which, of note, can be also
employed to unravel the mechanism behind muscle-nerve
impairments in other neurodegenerative pathologies.
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2. Introduction
2.1 Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis is a fatal neurodegenerative
disease characterized by the progressive loss of motor neurons
(MNS5s) in the brain, brain stem and spinal cord. This motor neurons
degeneration leads to muscle atrophy, weakness, progressive
paralysis and, ultimately death, typically within 2-5 years after
diagnosis [1], [2]. The most common ALS form is the sporadic one
(SALS), with no family linkage and unknow etiology, while the
remaining 5-10 % of cases represents the familial ALS (fALS), with
a pattern of autosomal-dominant inheritance with variance in known
ALS-linked genes [3]. It has to be noted that the two forms, although
different, have similar pathological hallmarks and symptoms,
suggesting that the mechanisms of the progressive
neurodegeneration of cortical and spinal MNs share common
component in SALS and fALS. ALS research has primarily focused
on mechanisms regarding MNs cell death. However, degenerative
processes in skeletal muscle, particularly involving neuromuscular
junctions, have been observed in the early stages of disease
progression [1], [4]. Many studies have supported the “dying-back”
hypothesis, according to which a progressive distal NMJ
degeneration occurs, followed by axonal degeneration and MNs
death [5]. In addition, the generation and characterization of a
specific SOD1%%** mouse model (MLC/SOD1%%%4) revealed that the
muscle-specific expression of mutant SOD1 gene caused
accumulation of reactive oxygen species (ROS), muscle atrophy,
NMIJ displacement and neuron degeneration, in line with “dying-
back” hypothesis [6].

Recent studies have shown common alterations in gene
expression for sporadic and familial ALS forms, highlighting a
possible sharing of the pathogenetic mechanism [7]-[9]. Among
these, the most commonly mutated genes in ALS patients are
Chromosome9 open reading frame 72 (C0orf72), which occurs in
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30-40 % cases of fALS, superoxide dismutase 1 (SOD1), accounting
for 14-23 % of fALS and 1-7 % for SALS, transactive response
DNA-binding protein (TARDBP) and fused in sarcoma (FUS),
which both occur for about 5 % of fALS cases [8], [9]. In particular,
among the familial cases, 20 % is due to mutation in the gene
encoding Cu/Zn superoxide dismutase (SOD1), a homodimeric
metallo-enzyme which catalyzes the dismutation of the toxic
superoxide anion Oz to Oz and H20: [10]. SOD1 is an antioxidant
enzyme involved in the detoxification of reactive oxygen species
(ROS) and it normally reduces oxidative stress by converting
superoxide anions to hydrogen peroxide [11]. More than 100
mutations have been identified in SOD1 gene, which are able to
induce a cytotoxic gain of functions as a result of abnormal
aggregation of misfolded SOD1 protein in MNs and muscles, thus
leading to the generation of free radicals and to a progressive
degeneration and death of MNs [7], [12]. In fact, SOD1-mediated
toxicity is not due to loss of its antioxidative function but to a gain
of one or more toxic properties [13], [14].

Recently, mutations in several genes have been linked to familial
forms of ALS, even if the mechanisms behind this correlation are
still unknown [15]. On the contrary, the mechanisms that link
mutations in the superoxide dismutase gene (SOD1) to ALS have
been extensively studied since 1993, when Rosen et al. [10] reported
a tight genetic linkage between fALS and mutations of Cu/Zn
superoxide dismutase gene. High expression of this altered gene in
the central nervous system (CNS) is associated with a progressive
decline of motor function, as well as degenerative changes and death
of MNs within spinal cord and brainstem, suggesting a relationship
between altered SOD1 activity and motoneurons degeneration [12].

To date, more than 100 mutations in SOD1 gene have been
described in ALS, thus allowing the generation of different animal
models of ALS. Mice over-expressing the mutant forms of SOD1
enzyme (MSOD1 mice) developed a motor neuron disease with all
the clinical features occurring in sporadic and familial forms of
ALS, as progressive motor neurons and neuromuscular junction
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degeneration, weight loss from denervation-induced muscle atrophy
and paralysis [16]. Among all the animal models used to study ALS,
SOD1%%%* mouse is the most commonly employed [13] and it is
based on the expression of high levels of human SOD1 with a
glycine-to-alanine substitution in position 93, developing
neurodegeneration of spinal MNs and progressive motor deficit.
SOD1%%* ALS mouse model carries the mutation in an array of,
approximately, 25 copies of the human transgene, randomly inserted
into mouse chromosome 12 [17].

As regarding the progression of ALS in SOD1%A mice, the
onset of clinical symptoms occurs at 80-90 days, approximately,
while the death occurs at 140-150 days of age [13]. Adult post-natal
age (P80-P120) is considered the symptomatic stage of SOD1%%A
mouse model due to the decline in motor function and MNs cell
death. Therefore, the period prior to 80 days is usually considered as
the presymptomatic phase of disease. Many studies have largely
characterized the early pathogenesis in several muscle types of
SOD1%%A mouse models, by a molecular and functional point of
view. For example, Vinsant et al. [18] demonstrated that in
SOD1%%A mice 20 % of MNs, both central and peripheral,
undergoes degeneration by P60, whereas NMJ innervation in fast
fatigable muscles is reduced of 40 % starting from P30. On the other
hand, Gould et al. [19] showed a reduction in the innervation of
Gastrocnemius muscle fibers of 20 % without any changes in axonal
transport. Soleus muscle showed denervation and muscle atrophy at
around P70, and a drop in motor unit number and muscle force is
not detected until P90 [18]. Hegedus et al. [20], [21] studied the loss
of motor units, and therefore the decrease of maximum tetanic force
in fast-twitch muscles (Tibialis Anterior, medial gastrocnemius,
Extensor Digitorum Longus (EDL)) and slow-twitch muscles
(Soleus) of SOD1%%A mice during the progression of ALS. In
particular, they have demonstrated that fast-twitch muscles undergo
a decrease of the motor unit number and of tetanic force, from 40
days of age to 90 days of age, when symptoms manifest. On the
contrary, slow-twitch muscles display a loss of motor units and a
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decrease in tetanic force at the onset stage, i.e. approximately at 90
days of age. In addition to the force decline, a work by Derave and
colleagues [22] showed that contraction and relaxation rates in EDL
and Soleus muscles slowed with increasing ageing. In both muscles,
however, SOD1%%A mice exhibited improved fatigue resistance and
faster recovery from fatigue than control muscles. Tab. 1
summarizes the effects of ALS progression on fast-twitch and slow-
twitch muscles.

Table 1. Effects of ALS progression on fast-twitch and slow-twitch muscles.

Decrease of Decrease of Degeneration of

motor unit number tetanic force motor neurons

. From 40 to 90 days of From 40 to 90 days From 30 days of age
Fast-twitch muscles
age of age

Slow-twitch muscles From 90 days of age From 90 days of age ~ From 60 days of age

To this, SOD1%%** mouse model has proven to be an invaluable
tool for studying ALS pathogenetic mechanisms, by a molecular and
functional point of view, during disease progression.

2.2 Techniques for the measurement of neuromuscular
junction functionality

The neuromuscular junction is a specialized chemical synapse
with an important role in transmitting and amplifying information
from spinal motor neuron to skeletal muscle [23]. The loss of
connection between muscle and nerve is severely impaired in
several pathological conditions, as aging, muscular dystrophies and
ALS. To this, the measurement of muscle and NMJ functionality
may play a crucial role, with the aim of providing new insights on
the physio-pathological interplay between muscle and nerve, as well
as on the potential alterations directly related to skeletal muscle or
indirectly due to NMJ impairment.
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Muscle and NMJ functionality can be measured through the ex-
vivo and in-situ experimental methodologies. In the first one, to
reproduce, as close as possible, the physiological conditions
supported by the muscle in-vivo, excised muscles are kept in a
temperature-controlled Krebs-Ringer bicarbonate buffer solution
continuously oxygenated for all the duration of the experiments,
while controlled electrical pulses replace action potentials, thus
allowing the release of Ca®* and the resulting contraction of the
muscle. On the contrary, in the in-situ methodology, the innervation,
blood supply and mineral perfusion remain intact for all the duration
of the experiment. NMJ functionality can be measured by
comparing the contractile response of the muscle elicited by direct
stimulation, occurring when electrical pulses are delivered on
muscle membrane, and indirect stimulation, obtained with punctual
stimulation of the nerve [24]. Since the direct stimulation
completely bypasses the neurotransmission signalling, any
differences in the two responses can be attributed to alterations of
NMJ. Changes in contractile kinetics, maximum and specific force
may be measured, even if the most interesting evaluation of NMJ
functionality concerns the capability of transmitting neuronal signal
when subjected to fatigue. Indeed, when the muscle is repeatedly
stimulated to contract, it develops fatigue and the synaptic
transmission is impaired [25]. Different studies have widely
investigated the fatigue of muscle-nerve preparations in isometric
conditions, i.e. the muscle is kept fixed at a constant length [26]-
[29]. For example, Fogarty et al. investigated the neuromuscular
transmission failure of ex-vivo Tibialis Anterior and diaphragm
muscles in a rodent model of hypertonia and in aged rats [26], [27].
They showed that the early-onset hypertonia is strongly associated
with impaired neuromuscular transmission and revealed an altered
NMJ functionality in diaphragm muscles of aged rats at higher
frequency. Personius and Sawyer [28] investigated the extent of
neurotransmission failure in the diaphragm of adult dystrophic madx
mice. They proposed an isometric fatigue protocol in which a single
direct stimulation on muscle membrane was followed by 14 indirect
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stimulations through the nerve, with the aim of stressing NMJ. The
fatigue of synaptic transmission in isometric conditions can be
measured with two specific parameters, namely Neurotransmission
Failure (NF) [24] and Intratrain Fatigue (IF) [30]. Briefly, NF
expresses the difference in force decrease obtained through the
indirect and direct stimulations normalized to that computed through
the direct stimulation during the first contraction, while IF
represents the force decrease within a single pulse train of
stimulation. Similarly, Rizzuto et al [31] measured the NMJ
functionality in soleus and diaphragm muscles excised from
SOD1%%A ALS mouse model, also through the measurement of NF
and IF parameters. Although all these previous studies contributed
to obtain a more comprehensive understanding of NMJ functionality
in different pathological conditions, they were all carried out in
iIsometric conditions. However, the situation that better mimics the
in-vivo muscle dynamic activity is the isotonic one, in which the
muscle is allowed to shorten. Different studies investigated the
isotonic fatigue only for direct stimulation on several muscle types
[32]-[34]. In addition, in all these studies the muscle was repeatedly
stimulated to shorten against a load equal to one-third of its maximal
force (tetanic force), usually known as reference optimal force [35],
[36]. This value was chosen as the best representative of the force at
which the muscle generated its maximum power [35], [37], [38].
However, when testing muscle types from different animal models,
the reference optimal force may significantly differ from the force
at which the muscle really generates its maximum power and,
consequently, significant errors might be introduced in all the
parameters measured during isotonic fatigue protocol.

To this, in this thesis work, an isotonic fatigue protocol was first
developed, in which the tested muscle was able to lift the
experimental optimal force, i.e. the force value at which the muscle
really generated the maximum power, computed through a real-time
measurement of muscle power during the application of the after-
load technique. Subsequently, we proposed a novel experimental
technique, together with an extensive protocol, for the measurement
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of NMJ functionality in isometric and isotonic conditions, with a
particular reference to isotonic fatigue test. To extensively
characterize the fatigue behaviour in isotonic conditions, a novel
parameter, namely Isotonic Neurotransmission Failure, was also
proposed, which computes the difference in shortenings occurred
when stimulating the muscle through the nerve and on the
membrane, normalized to that obtained when stimulating the muscle
on its membrane during the first contraction.

Finally, this experimental technique was applied to evaluate the
NMJ functionality of SOD1%%A mice at the presymptomatic, onset
and end-stage of ALS progression, with the aim of providing new
insights on the pathological interplay between muscle and nerve
with the spreading of the disease.

2.3 Skeletal muscle tissue engineering

Tissue engineering (TE) is a multidisciplinary approach which
involves the combination of living cells with a synthetic bioartificial
or natural support to develop substitutes characterized by structural,
mechanical, and functional properties as close as possible to the in-
vivo tissue [39], [40]. Among all the tissues, skeletal muscle is the
most abundant in the body, representing the 40-50 % of the average
weight [41], and it is associated to several pathological conditions
[42], [43]. The engineering of in-vitro skeletal muscle holds
promises for the treatment of a variety of muscle diseases [44],
including skeletal myopathies, such as muscular dystrophy or spinal
muscular atrophy [45], [46], as well as for the design of in-vitro
models employed for drug screening or investigation of phenomena
regulating disease onset and progression [47]-[49]. The X-MET is
a 3D eX-vivo Muscle Engineered Tissue generated from murine
primary culture without using any scaffold [50], which shows
morphological and functional characteristics close to native skeletal
muscle. X-MET has been characterized for its spontaneous [51] and
electrically induced [50] contractions, as well as for its mechanical
power [52]. Therefore, the development of new technologies to
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assess the contractile functions of in-vitro engineered tissues, also
allowing for embedding a series of measurement sensors, is essential
to improve tissues’ development and might represent a crucial tool
for the study of various neuromuscular and muscular diseases.
Nowadays, many of the methods used for contractile force
measurements are the direct ones, based on the use of a micro-force
transducer coupled with the muscle specimen [53]-[55]. These
methods are invasive, since it is necessary to connect the tissue to
be tested with the transducer each time a measurement is needed,
and their use can introduce some limitations, such as the changes of
the mechanical properties of the specimen. In fact, with this invasive
method, it is possible to measure the mechanical properties of the
specimen only once since it results damaged by the coupling with
the micro-force transducer. To overcome these limitations, non-
invasive devices and techniques, such as the optical ones, have been
recently used for the study of tissues’ biomechanical properties, as
the contractile force. Their working concept is mainly based on the
measurement of a cantilever or post deflection [56]. For example,
Gaitas A. et al. [57] developed a versatile method for the
measurement of contractile forces of cardiac myocytes characterized
by a micro-machined cantilever sensor with an embedded
deflection-sensing element, thus offering unlimited possibilities for
monitoring cardiac contractility in different pathological conditions.
Regarding skeletal muscle contractility, a Si-MEMS (Micro Electro
Mechanical System) device, consisting of a microcantilever and a
base, was designed and fabricated by Shimizu et al. [58] for the
measurement of the active tension generated through electrical
stimulation by skeletal muscle myotubes derived from C2C12 cell
line. As regards the measurement accuracy of this device, to achieve
reliable and reproducible measurements of the active tension of
skeletal muscle tissues, it would be necessary to investigate the
relationship between the number of cultured myotubes and the
active tension. All these methodologies are the most used for the in-
vitro measurement of 3D engineered skeletal muscle tissue, taking
advantages from the non-invasiveness for the tissue as well as the
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possibility to perform continuous monitoring of muscle
contractility. However, they are highly complex to be realized and
they are difficult to be integrated with other measurement systems,
as for example high-resolution microscopy.

Recently, other emerging technologies have been proposed as
an alternative way to perform contractility measurements, such as
the Traction Force Microscopy, traditionally used for the
measurement of the cell contractility [59] and now extended to the
tissue-level [60], and the microelectrodes arrays (MEAS) system
[61], whose working concept is based on the recording of the
bioelectrical signal generated by the culture. These methodologies
are based on a non-invasive approach, and they are compatible with
high-resolution microscopy, but present some limitations. First of
all, they do not provide a direct measurement of the contractile force,
but of the contraction and relaxation velocities curves, where
contractility is usually presented as percentage of the movement
[62]. On this basis, the indirect measurement of contractile force
results affected by the effect of propagation of uncertainty. Other
limitations are inherent to the setup, being compatible only with
specific types of culture (such as those characterized by a low
cellular density [63]) and requiring the entire tissue to be placed in
direct contact with the device [61].

Within this context, in this thesis the development of an
embedded sensor for the continuous monitoring of muscle
engineered tissues’ contractility by using an optical tracking method
was proposed. This sensor was then used, as proof-of-concept, to
measure the contractile force of X-MET, treated with Bovine Serum
Albumin (BSA), for 5 consecutive days, to test its non-invasiveness,
in terms of correct growth, as well as its capability to discriminate
pathological and physiological conditions.

In parallel, tissue engineering approach can also be used to
generate three-dimensional models that well mimic the
physiological conditions of neuromuscular junction. As previously
described, changes in NMJ structure have been detected in several
motor neuron diseases, as spinal muscular atrophy and Amyotrophic
Lateral Sclerosis, suggesting that NMJ could be a relevant
therapeutic target [64]. Two-dimensional (2D) cultures represent the
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most traditional approach, and they are obtained by a layer of
myotubes obtained from myoblasts onto which motor neurons are
uniformly plated. This technical approach allows understanding the
basis of NMJ formation [65]. For example, Frank and Fischbach
[66] showed acetylcholine receptors (AChRs) clustering. In
addition, Ullian et al. [67] revealed the role of Schwann cells on
NMJ formation as well as Guo et al. [68] demonstrated the role of
MNs in enhancing neonatal myosin heavy chain in primary skeletal
muscle cells. Peterson et al. [69] showed the crucial role of the
innervation in muscle regeneration by using organotypic cultures in
collagen substrate of skeletal muscle fibres oriented toward ventral-
root nerve fibres of fetal rodent spinal cord. In addition, Das et al.
[70] performed co-cultures experiments with rat embryonic neurons
and rat primary muscle cultures and their results showed a long-term
survival of the co-culture as well as a maturation of the neonatal
myosin heavy chain and a good immunostaining of NMJ model. In
2014, Chipman et al. [71] used co-cultures of murine embryonic
stem-cell derived MNs and primary chick myotubes to study the role
of neuronal cells’ adhesion molecule to critical assess dysfunction
in NMJ maturation. In 2015, Demestre et al. [72] realized a NMJ
model composed of MNs and myotubes derived from human iPSCs.
However, these 2D systems do not provide information about the
intricate signalling networks that exist between NMJs and the
biological environment [73] and show limitations to perform
functional tests.

To overcome 2D co-cultures, three-dimensional (3D) cell
culture systems have gained increasingly interest in drug discovery
and tissue engineering due to their advantages in providing more
physiologically relevant information and more predictive data for
in-vivo tests, compared to 2D culture systems. However, despite
different engineered muscle tissues have been proposed during the
last decades [50], [74], [75], only a limited number of papers
regarding the integration of motor neurons with a heterogeneous 3D
skeletal muscle construct are reported in the literature. At this point,
it is interesting to note that skeletal muscle interacts with several
components, including the autonomic nerves for pulse transmission,
the vessels for efficient oxygenation, and the embedded regulatory
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and metabolic machinery for maintaining cellular homeostasis [76].
Indeed, only a heterogeneous cell population guarantees
homeostatic processes and allows to better mimic the processes of
vascularization and innervation in-vitro [74]. In 2015, Morimoto et
al. [77] described the generation of three-dimensional free-standing
skeletal muscle fibres obtained from murine C2C12 cells co-
cultured with motor neurons derived from neutrospheres of mouse
neural stem cells, by using PDMS and Matrigel solutions. More
recently, Bakooshli et al. [78] reported a human tissue engineered
NMJ model constituted by primary myoblasts and iPSC-derived
motor neurons. Finally, with the development of tissue engineering,
different systems have been proposed to improve the alignment of
myotubes, as the use of micro-fluidics device or electro-spinning,
with the final aim of increasing the fusion and formation of NMJ. In
2015, Yoshida et al. [79] showed the incorporation of human SMA
motor neurons in conjunction with healthy murine muscle in a
microfluidic system and in 2018, Osaki et al. [80] reported an ALS-
on-a-chip model in which they plated ALS motor neurons and cells
obtained from health human muscle. Another work described the
potential use of a microfluidic platform allowing simultaneous 3D
co-culture of mouse embryonic stem cell (mESC)—derived motor
neurons and skeletal muscle cells using PDMS chambers separated
by flexible pillars that serve to direct neurite outgrowth as well as to
deflect upon muscle contraction [65]. Using optogenetic hiPSC-
induced motor neurons from patients with sporadic ALS, Vila et al.
[81] have quantified neurite outgrowth during the pathogenesis.
However, the NMJ models described in these papers lack the
skeletal muscle complexity, and only few of them proceeded also
with functional evaluation and a specific study of ALS
neurodegenerative disease.

To this, this part of the project aimed at filling the gap that still
exists in the generation of a 3D NMJ model, by developing an
innovative microfluidic device to enhance and promote the
formation of NMJ between X-MET and embryonic mouse spinal
cord-derived cells.
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2.4 Role of extracellular vesicles in Amyotrophic Lateral
Sclerosis

The progression of ALS is mostly mediated by altered
intercellular communication in the spinal cord between neurons and
glial cells [82]. Intercellular communication is an essential hallmark
of multicellular organism, and it can be mediated through direct cell-
cell contact or transfer of secreted molecules, as well as extracellular
vesicles [83]. Extracellular vesicles have become an interesting
research field, since they are known to mediate near and distant
intercellular communication within and between different cell types
and tissues, thus affecting the pathological and physiological
conditions of recipient cells, as observed in metastatic cancer and
neurodegenerative diseases [84]-[87].

EVs are spherical structures, and are mainly classified in
exosomes, microvesicles and apoptotic bodies according to their
biogenesis, size and mechanism of secretion [83], [88]. In detail,
exosomes are formed when multivesicular bodies (MVBs) fuse with
plasma membrane and release vesicles with a size ranging from 50
to 200 nm [83], [89], [90]. Microvesicles originate from the direct
budding of plasma membrane in response to increased calcium
influx and they are larger than exosomes, with a size of 100-1000
nm [91]. Finally, apoptotic bodies are released form apoptotic or
dying cells and are characterized by a size between 500 nm and 2
pum [92]. Extracellular vesicles have been derived from different
body fluids, including blood [93], urine [94], saliva [95] and
cerebrospinal fluid [83], with several isolation and purification
methods.

Functions of EVs in physiological and pathological processes
depend on the ability of EVs to interact with recipient cells in
delivering their cargo of proteins, lipids, RNAs, microRNAs
(miRNAs) and non-coding RNAs, as shown in Fig.1.

After binding to recipient cells, EVs may remain stably
associated with the plasma membrane or dissociate, directly fuse
with the plasma membrane, or be internalized through distinct
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endocytic pathways (Fig. 1). When endocytosed, EVs may
subsequently fuse with the endosomal delimiting membrane or be
targeted to lysosomes for degradation.

Secreting / Recipient
Cell f

Microvesicles 4 Cell
R
- ¢ \ (
= | |

>
MVE Exosomes
Cytosol /

Figure 1. Schematic of EVs transfer content to recipient cell [83].

In the last two decades, extracellular vesicles’ role has been
widely investigated in several neurodegenerative diseases, as
multiple sclerosis, Alzheimer disease (AD) and Amyotrophic
Lateral Sclerosis. For example, Casella G. et al. reported a
significant reduction in tissue damage of multiple sclerosis mouse
model after the injection of EVs engineered to contain the anti-
inflammatory cytokine IL-4 [96]. In AD, it has been demonstrated
that B-amyloid peptides, which are intracellularly generated, were
released into the extracellular space, in association with exosomes
[97]. As regarding ALS, it has been hypothesized that pathological
proteins, as mutant SOD1, FUS and TDP-43, can be transported
through extracellular vesicles [98], highlighting the key role of EVs
in the spreading of the disease. Tab. 2 summarizes the role and
effects of EVs in neurodegenerative diseases.
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Table 2. Role and effects of EVs in neurodegenerative diseases.

Neurodegenerative disease Role/effects of EVs
Multiple sclerosis Reduction in tissue damage after the injection
of EVs containing IL-4
Alzheimer disease EVs as intercellular mediators of B-amyloid
peptides
Amyotrophic Lateral Sclerosis EVs involved in the transportation of ALS

pathological proteins

Despite EVs have been widely investigated when derived from
cell lines and primary cell cultures [98], [99], only few publications
investigated their involvement in ALS development and
progression, whether in patients or animal models. For example,
Sproviero et al. [100] have characterized microvesicles (MVs) and
exosomes (EXOs) derived from sporadic ALS patients’ blood,
demonstrating a different concentrations and size when compared to
healthy controls. In addition, they observed that SALS patients-
derived MVs were significantly enriched in SOD1, TDP-43,
phosphor-TDP-43 and FUS proteins in comparison to controls, thus
suggesting that MVs might play a crucial role in ALS propagation.
In addition, it was demonstrated that central nervous system (CNS)-
derived EVs from SOD1%%A mice at the onset of ALS originated
from astrocytes and neurons and contained abundant misfolded
SOD1 protein [101]. Since ALS is a multisystemic disease, different
studies investigated the role of EVs when derived from primary
muscle cells of ALS patients. Anakor et al. confirmed the
neurotoxicity of vesicles secreted by ALS patients’ myotubes on
recipient motor neurons, astrocytes and myotubes [84]. In particular,
these exosome-like vesicles were able to reduce the survival of
motor neurons and of myotubes and to decrease neurite length and
branching. In agreement with these studies, Le Gall et al. [102]
demonstrated that ALS patients’ muscle derived vesicles were toxic
to motor neurons, which established the skeletal muscle as a
potential source of vesicle-mediated toxicity in ALS. As regarding
the cargo of EVs in terms of microRNAs, it was demonstrated that
myotube-derived exosomes from atrophied muscles were enriched
in miR-29b-3p, which could be efficiently transferred to neuronal
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cells, by inhibiting neuronal differentiation and possibly affecting
the integrity of neuromuscular junction [103]. Moreover, Rizzuti et
al. [104] performed microRNA expression profile analysis of iPSC-
derived motor neurons and related exosomes (EXOs) from familial
ALS patients, demonstrating a down regulation of miR625 in EXOs,
a target of RNA-p21, which mediates neuroinflammation, oxidative
stress and apoptosis.

Taken together, all these findings suggested that EVs derived
from ALS mouse models and patients might play a crucial role in
the progression of the disease. To this, with the future aim of
evaluating the effects of EVs on different models (3D engineered
construct, NMJ model, muscle-nerve preparations), a molecular
characterization of EVs derived from SOD1%%** ALS mouse models
at the presymptomatic, onset and end-stage of the disease was
conducted, with an investigation of their physio-pathological effects
on skeletal muscle C2C12 cell functions.
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3. Aims

Amyotrophic Lateral Sclerosis remains an invariably fatal
disease in absence of any effective therapy. Novel approaches for a
more comprehensive investigation of the impairment in NMJ
functionality are therefore needed. In view of this, the general aim
of my thesis project was to develop and validate novel experimental
tools for a precise assessment of the altered communication between
muscle and nerve in SOD1%%A ALS mouse model during disease
progression. In addition, since it is known that extracellular vesicles
are involved in ALS pathological proteins transportation, as toxic
mediators [84], [102] , a series of experiments to study the effects of
EVs derived from ALS mouse model on muscle cells’ populations
was conducted, with the final aim of evaluating the role of EVs on
the experimental models here proposed.

The experimental plan was designed considering the following
aims:

1. Development of innovative experimental techniques,
devices and testing protocols for the measurement of muscle and
NMJ functionality in ALS progression. A novel technique for the
in-situ measurement of murine Tibialis Anterior NMJ functionality
in isotonic conditions, together with a novel parameter, Isotonic
Neurotransmission Failure, were proposed. An embedded system
for the measurement of 3D engineered skeletal muscle tissues’
contractility with a non-invasive technique was developed. Finally,
a 3D microfluidic device was designed and realized to promote the
formation of NMJ between spinal cord-derived neuronal cells and
3D engineered skeletal muscle.

2. Molecular characterization of EVs derived from SOD1%%A
ALS mouse model. The goal of this part of the project was to
investigate the physio-pathological role of EVs in the modulation of
C2C12 cell line functions.
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4, Results

4.1 Development of techniques, devices and testing
protocols for the measurement of muscle and
neuromuscular junction functionality

41.1. Measurement of SOD1%%A mice neuromuscular
junction functionality in isometric and isotonic
conditions

With the aim of deeply characterizing NMJ functionality in
isotonic conditions, an innovative experimental protocol for isotonic
fatigue was first developed, in which each muscle was tested to
repeatedly shorten against a load equal to the experimental optimal
force rather than to the reference value [105]. To this, a sub-VI
(LabView 2019, NI) for the real-time measurement of the maximum
power generated by the muscle, and therefore of the experimental
optimal force, was developed to be run in parallel of the main
program. Once the Hill’s curve [35] was computed after the
application of the after-load technique, the developed program
estimated the power delivered by the muscle by multiplying the
resistive loads to shortening velocity values over the entire range of
forces. Finally, the experimental optimal force (Fexp) was computed
as the force value corresponding to the maximum power and,
subsequently, employed as the resistive load that the muscle had to
lift during isotonic fatigue test. Fig. 2 shows an example of the
power curves for Tibialis Anterior muscle, stimulated directly,
obtained with two distinct experiments. For both tests, the maximum
power was generated by the muscle at a force level higher than the
reference one, equal to one-third of the corresponding tetanic force
(Fref = 33 % of Fret) (dashed line in Fig. 2). However, whether in one
of the tested muscles the experimental optimal force was quite close
to the reference one (37 %), in the other tested muscle it was
extremely higher than that (44 %).
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Figure 2. Example of power curves for Tibialis Anterior (TA) muscle,
stimulated directly, related to two distinct experiments [105].

Of note, in all the experiments conducted to validate the
technique and compute the errors associated in the wrong use of the
reference optimal force, the force value corresponding to the
maximum power delivered by the TA muscle was higher than the
theoretical one. In particular, the experimental optimal force was, on
average, equal to 39.46 + 1.4 %.

In Fig. 3 it is reported the mean values and standard deviation
(SD) of fatigue time measured for TA muscles tested at
experimental optimal force and for TA muscles tested at reference
force.

2504 *
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Figure 3. Tibialis Anterior muscle fatigue time measured during isotonic fatigue
protocol, when muscles shortened against a load equal to Fexp (black) and to Fret
(grey). Values are mean + SD. *: p-value<0.05 [105].
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As expected, for TA muscles tested at the experimental optimal
force the average fatigue time (72.8 £ 13.4 s) was significantly lower
than the value obtained for the group of muscles tested at the
reference optimal force (141.5 £ 86.9 s), being this reduction of
about 50 %. Interestingly, the fatigue time obtained when testing
muscles to contract against the experimental optimal force showed
a dramatic reduction in the measurement of the variance, whereas
the coefficient of variation (CV) decreased from 61.4 % to 18.4 %
on average.

The sum of isotonic power and work values computed for each
isotonic fatigue trial and normalized to TA muscle weight are shown
in Fig. 4.
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Figure 4. Normalized total mechanical a) power and b) work during the
development of isotonic fatigue. Values are mean + SD [105].

Results related to power and work were in line to what already
found for the fatigue time. A decrease of both power and work was
reported when testing muscles to shorten against the experimental
optimal force, even if not statistically significant. Once again, a huge
reduction of the variance in the measurements was reported, with
CV values lowering from 69.24 % to 33.10 % and from 57.55 % to
24.49 % for power and work, respectively.

On this basis, we developed an innovative experimental
technique, together with a continuous testing protocol, for the in-situ
measurement of SOD1%%3A mice NMJ functionality in isometric and
isotonic conditions, with a particular reference to isotonic fatigue,
when TA muscle was stimulated directly on its membrane and
indirectly through the sciatic nerve [106]. The protocol was
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constituted of five different phases: twitch test in isometric
conditions (1), force-frequency isometric test (2), after-load test in
isotonic conditions (3), isometric fatigue paradigm (4) and isotonic
fatigue test (5). Fig. 5 shows an example of the entire stimulation
protocol with force and shortening values measured for a control TA
muscle.

The muscle was initially held isometric and stimulated
alternatively with four 1 ms single pulses, two delivered directly and
two through the nerve with a rest period of 15 s between each one.
Time to peak (TTP), half relaxation time (1/2RT), maximum value
of force derivative (dF/dt, -dF/dt) and Twitch Force (Frw) were
measured from the direct and indirect twitch responses to
characterize the contractile kinetics of the tested muscle.
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Figure 5. Example of the experimental protocol for the measurement of NMJ
functionality: force (black) and shortening (red) values evoked for 5-month-old
control mouse TA muscle, stimulated alternatively directly and indirectly [106].

After a resting period of 25 s, the muscle was stimulated with a
series of 0.3 s pulse trains at a frequency ranging from 30 Hz to 150
Hz to compute the force-frequency curves for direct and indirect
stimulations. In detail, the TA was subjected to the following
sequence of stimulations: N90 (indirect stimulation through the
nerve at 90 Hz), M60 (direct stimulation on muscle membrane at 60
Hz), N150, M120, N60, M30, N120, M90, N30, M150.This random
order was chosen with the aim of avoiding muscle adaptation. A rest
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time of 180 s was imposed before each stimulation to allow the
muscle to completely recover its contractile capability. The third
phase of the protocol started after a resting interval of 200 s and
consisted in the application of the after-load technique in isotonic
conditions for the measurement of muscle maximum power. A
series of 0.3 s pulse trains at a frequency of 120 Hz was applied to
the muscle through the nerve and on its membrane, simultaneously
controlling the load that TA had to lift. The resistive load values
were in the range of 10 to 80 % of maximum tetanic force, both for
direct and indirect stimulations, in a random order to avoid muscle
adaptation to increasing or decreasing loads. In detail, they were
delivered in the following sequence: N30 (nerve stimulation at 30 %
of resistive load), M60 (muscle membrane stimulation at 60 % of
resistive load), N10, M80, N20, M10, N80, M30, N60, M20. It is
worth noting that the resting times imposed before each stimulation,
and in particular during this heavy stimulating paradigm, were
chosen to guarantee that the muscle was always able to generate a
maximum force comparable (i.e.>90 %) to the unfatigued one.
Indeed, during this phase of the protocol, a resting period of 200 s
was set before each stimulation. Hence, at the end of this phase, the
software was programmed to compute the Hill’s curve [35], the
power-force curve and, therefore, the experimental optimal force
(Fexp), namely the force at which the muscle was able to generate its
maximum power. Indeed, after a resting period of 10 min, in the
fourth part of the protocol the muscle was subjected to a fatigue test
in isometric conditions, aimed at stressing the NMJ functionality
[28]. In particular, the muscle was stimulated on its membrane with
one 0.3 s pulse train at 120 Hz, followed by fourteen 0.3 s pulse
trains at 120 Hz delivered through the nerve, interspersed with 0.7 s
of rest. This sequence was repeated 16 times. In this part of the
protocol, the Neurotransmission Failure and the Intratrain Fatigue
were measured to evaluate the fatigue of synaptic transmission in
isometric conditions, as known in literature [24], [30], [31]. After a
resting interval of 10 min, the experimental protocol ended with the
fatigue test in isotonic conditions, here proposed and developed for
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the first time in literature. With the goal of stressing the junction but
aiming also at the definition of a parameter that could represent the
differences in control and pathological NMJ in an accurate and
repeatable manner, we preliminary performed different tests by
varying the number of pulse trains delivered through the sciatic
nerve and the resting period after each isotonic phase. These
preliminary tests suggested that the optimal isotonic fatigue protocol
was characterized by one 0.3 s pulse train delivered on TA
membrane, followed by three 0.3 s pulse trains applied through the
sciatic nerve, with a resting period of 1.0 s. Indeed, in all the tests
we conducted, the fatigue of synaptic transmission in indirect
stimulation occurred earlier than in direct one. The frequency of the
pulse train was set at 120 Hz for direct and indirect stimulations, and
the muscle was allowed to shorten against a load equal to the
experimental optimal force computed once the after-load phase was
concluded [105]. An example of isotonic fatigue test for a wild-type
TA is reported in Fig. 6. As can be seen, the experimental optimal
force (Fexp) was higher than reference value (Fre), equal to the 33 %
of the tetanic force, both for direct and indirect stimulations. The
fatigue test ended when the muscle was no longer able to shorten
against the resistive load, and the fatigue time (Trat) was measured
as the time necessary to fatigue the specimen. As previously said,
this condition always occurred when stimulating the muscle through
the nerve, as in the example of Fig. 6.

To characterize the NMJ transmission during the isotonic
fatigue protocol, an innovative parameter, similarly to what has been
done for the isometric fatigue [24], was devised, namely Isotonic
Neurotransmission Failure:

NS—-MS
1-MS

INF =

% (1)

where NS and MS are the shortening decreases after nerve and
muscle stimulation and were computed as the difference in
maximum shortening between the first stimulation and the
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subsequent ones, normalized on the maximum shortening generated
at the first stimulation.

0

1L

=100 Force (indirect stimulation)
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Figure 6. Example of isotonic fatigue protocol. Direct stimulation: Fex, = 133.59
mN (36.4 % of Fre); indirect stimulation: Fexy = 147.16 mN (42.8 % of Fre).
The fatigue test ended when the muscle was not able to shorten following the

indirect stimulation [106].

Force (mN)

Shortening (mm)

As regards the nerve stimulation, the INF was computed on the first
pulse train immediately after the direct stimulation on muscle
membrane. INF was computed at two different stages of the isotonic
fatigue phase: in the middle (50 %) and shortly before (80 %) the
end. Indeed, since the isotonic fatigue test ended when the muscle
was no longer able to lift the resistive load, it was not possible to
measure the INF at the end of the test (INF=100 %). To this, to
increase the accuracy of INF it was necessary to determine in
advance the timepoint at which it must be evaluated. Moreover, the
power and work generated by the muscle during the fatigue test were
computed as the sum of the product of the constant load for the
highest shortening velocity and displacement during each direct and
indirect shortening, respectively. Normalized power and work were
obtained dividing maximum power and work by muscle mass,
respectively.

First, this experimental technique and testing protocol were
validated, in terms of measurement accuracy between direct and
indirect stimulations, when computing all the parameters, both in
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iIsometric and isotonic conditions [106]. Tab. 3 summarizes all the
parameters measured during isometric tests. For these parameters,
no statistically significant differences were obtained between the
values measured when the TA muscles were stimulated directly and
through the nerve. In addition, the coefficient of variation (CV)
values measured for the direct and indirect stimulations were in
good accordance with each other. In addition, it was measured a
maximum average value NF equal to 41.21 + 10.21 %, witha CV in
agreement with the literature [107].

Table 3. Isometric test parameters. Kinetics contractile parameters (TTP, 1/2 RT,
dF/dt), Twitch force (Frw), specific Twitch force (Frw/CSA), tetanic force (Fret),
specific tetanic force (Fre/CSA), Intratrain Fatigue of Tibialis Anterior specimens
in Wild-Type mice, stimulated on the muscle and through the nerve. Values are
mean x SD. n=8 [106].

WT muscle WT nerve
TTP (ms) 26.61+7.72 25.91+£5.89
1/2RT (ms) 2351+854 24.59 +6.88
dF/dt (mN/ms) 10.70 + 3.57 11.23+3.80
Frw (MN) 156.20 + 52.05 161.70 + 50.05
Fro/CSA (MN/mm2) 26.18 +9.51 26.93 +9.64
Fret (MN) 465.90 + 125.40 485.90 + 126.30
Fre/ CSA (MN/mm?) 77.64 £27.99 79.88 +22.18
IF (%) 85.03 + 10.46 75.43+11.98

An example of the Hill’s curves and power curves normalized
on muscle mass for a Wild-Type C57/BL6 (WT) TA muscle is
shown in Fig. 7. Fig. 7a points out that the Hill’s curve computed
for the nerve stimulation was almost coincident to the one obtained
for the direct stimulation. As a consequence, the maximum
shortening velocity calculated through the nerve stimulation (47.00
mm/s) was highly close to the one obtained for the direct stimulation
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(46.82 mm/s). In addition, results of the experimental and reference
optimal force values for direct and indirect stimulations were in high
accordance with those above obtained for the direct stimulation on
WT TA muscle. Indeed, the maximum power was generated by the
muscle at a force level higher than the reference one, equal to one-
third of the corresponding tetanic force (Frer = 33 % of Fret), both for
direct and indirect stimulations (Fig. 7b).
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Figure 7. Example of (a) Hill’s curves (F/Frer — V) and (b) normalized power
(F/Fret — PImuscle mass) curves of one WT Tibialis Anterior muscle, for direct
(muscle) and indirect (nerve) stimulations [106].

Tab. 4 reports the mean = SD of the parameters obtained from
the isotonic tests, namely after-load technique and isotonic fatigue
test. For all the measured parameters, the CV obtained stimulating
the specimen through the nerve was in high accordance with the
corresponding one obtained for direct muscle stimulation. To
evaluate the efficacy of the real-time measurement of maximum
power, and therefore the determination of the experimental optimal
force, we reported the measurement of the reference value of the
optimal force for each muscle as one-third of the tetanic force, both
for muscle and nerve stimulations. In accordance with the results
obtained on WT mice TA muscles stimulated only directly [105], in
all the experiments, the force value corresponding to the maximum
power generated by the TA muscle, stimulated directly and
indirectly, was higher than the theoretical one. On average, the
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relative errors computed as the difference between the theoretical
(Frer) and experimental (Fexp) optimal force values normalized to the
theoretical one ((Fret-Fexp)/Fref) resulted equal to 18.21 and 24.25 %,
for the direct and indirect stimulations respectively. Moreover, for
the parameters obtained through the application of the isotonic
fatigue test, no significant differences were reported between the
values measured when stimulating the muscle through the nerve and
on its membrane, as well as the CV computed in the two cases was
in high agreement.

Table 4. Maximum power (Pmax), normalized maximum power (Pmad/m),
maximum shortening velocity (vmax), experimental optimal force (Fexp) and
reference optimal force (Frr) of Tibialis Anterior specimens in Wild-type mice,
measured through the after-load technique for muscle and nerve stimulations.
Total power (Piwt), normalized total power (Pwi/m), total work (Wiot), normalized
total work (W/m) of Tibialis Anterior specimens in Wild-type mice, computed
during the isotonic fatigue test, for muscle and nerve stimulations. Values are
mean + SD. n=8 [106].

WT muscle WT nerve
After-load test
Pmax (MW) 424 +2.08 5.21+2.60
PmadM (MW/g) 84.31+37.10 101.70 + 39.56
Vinax (MM/s) 55.45 + 15.58 59.40 + 18.16
Fexp (MN) 184.40 + 48.66 202.40 + 43.96
Frer (MN) 156.00 + 41.69 162.90 + 42.25
Isotonic fatigue test
Prot (MW) 25.55+12.22 29.32 £11.57
Piot/m (MW/g) 477.48 +170.68 553.64 + 163.24
Wit (MJ) 1.19+054 1.41 £ 0.67
Wio/m (mJ/g) 22.32+7.80 26.65 + 10.55
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With the aim of deeply investigating the synaptic transmission
in isotonic conditions, a novel parameter, called Isotonic
Neurotransmission Failure, was also proposed. Fig. 8 shows an
example of INF curves for TA muscle in WT (a) and SOD1%%A (b)
mice. It is possible to note a different trend of the INF curves
between control and transgenic mice, thus pointing out that for
SOD1%%* TA muscles shortening decrease occurring during nerve
stimulation was higher than the one obtained with muscle membrane
stimulation from the beginning of the electrical stimulation, while
for WT muscle this condition occurred about after half of the fatigue
test.

(a) WT (b) SOD16%34

100
0 T T 1 0 T T T 1
J\_}/ 10 15 J 20 40 60 80

-50 -50

Phase of isotonic stimulation Phase of isotonic stimulation

Figure 8. Example of Isotonic Neurotransmission Failure for TA muscle in WT
(a) and SOD1%%A (b) mice [106].

INF (%)

At this point, it has to be marked that this behaviour was a direct
consequence of the proposed isotonic fatigue protocol, aimed at
revealing impairments in the synaptic transmission, without over-
stressing NMJ. In Fig. 9 it is reported the fatigue time (Tra) and the
Isotonic Neurotransmission Failure computed at 50 and 80 % of the
duration of isotonic fatigue test, for SOD1%%A and WT mice. The
fatigue time in transgenic muscles was significantly higher than the
one measured in control ones, as well as the INF at 50 % and 80 %.

With the aim of studying the NMJ functionality in isotonic
conditions during ALS progression, the in-situ technique was
applied in TA-sciatic nerve preparations of SOD1%%A mice at the
presymptomatic, onset and end-stage of the disease and of age-
matched WT ones.
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Figure 9. Fatigue time (Tea) (2) and Isotonic Neurotransmission Failure at 50 %
(b) and 80 % (c) of isotonic fatigue test. Values are mean + SD. n=7 for WT,
n=5 for SOD1%%A, *: p-value<0.05. **: p-value<0.01 [106].

Fig. 10 shows the mean values and SD of TA muscle mass and
cross-sectional area (CSA) of SOD1%%* mice at the
presymptomatic, onset and end-stage of ALS progression and of
age-matched WT mice. It is possible to note that mass and CSA of
transgenic muscles were significantly lower than control ones, for
all tested stages of ALS progression. Transgenic mice displayed a
similar decrease in muscle mass at the presymptomatic (47 %) and
onset stage (49 %), in comparison to age-matched control
littermates. Consequently, a significant decrease of about 42 % and
44 % resulted in CSA of SOD1%%A mice muscles, at the
presymptomatic and onset stage, respectively, when compared to
age-matched control muscles. In addition, a higher decrease resulted
in SOD1%%A mice TA mass and CSA at the end-stage of the disease,
in comparison to the other disease stages. In particular, transgenic
muscles showed a significant decrease of about 80 % in muscle
mass, which resulted in a significant reduction of 67 % in CSA, in
comparison to age-matched control samples.

The mean values and SD of rate of force production (dF/dt) and
of force relaxation (-dF/dt) are shown in Fig. 11. It is possible to
note that transgenic TA muscles displayed a strong decrease in
contractile kinetics in comparison to control ones, at all tested stages
of ALS progression. TA muscles of SOD1%%*A mice at the
presymptomatic and onset stage reported a significant reduction in
dF/dt in comparison to age-matched WT samples, for both kind of
stimulation.
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Figure 10. a) Muscle mass and b) Cross-sectional area (CSA) for TA muscles of

SOD1%%A mice at presymptomatic, onset and end-stage of ALS progression and

age-matched WT ones. Values are mean £ SD. 9<n<16. ***: p-value>0.0005;
**x%: p-value<0.0001 “SOD1%%4” ys “WT”.

In particular, at the presymptomatic stage, dF/dt is equal to 4.04
+ 1.34 mN/ms and 3.68 £ 1.44 mN/ms in transgenic muscles, for
direct and indirect stimulation, respectively, while it is equal to 8.37
+ 3.51 mN/ms and 8.93 = 3.97 mN/ms in age-matched control
muscles, for direct and indirect stimulations, respectively. On the
other hand, at the onset stage, dF/dt is 4.04 = 1.19 mN/ms and 3.82
+ 1.29 mN/ms in SOD1%%A mice muscles, for direct and indirect
stimulations, respectively, and it is equal to 9.77 £ 3.13 mN/ms and
11.55 + 3.54 mN/ms in age-matched WT mice, for direct and
indirect stimulations, respectively. At the end-stage of the disease,
transgenic muscles showed a significant slowdown in dF/dt with a
decrease of about 75 % when compared to control ones, when
stimulated both on muscle membrane and through the nerve. In
addition, a significant increase of dF/dt for control muscles at the
presymptomatic stage is reported when stimulated indirectly in
comparison to the onset and end-stage of the disease. Of note, a
significant increase of dF/dt is reported for the direct stimulation in
control mice between the presymptomatic and end-stage. On the
other hand, a slight decrease of dF/dt is reported for SOD1%%A mice
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muscles during ALS progression, for both stimulations, even if not
statistically significant.
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Figure 11. a) Rate of force production (dF/dt) and b) Rate of force relaxation
(- dF/dt) for TA muscles of SOD1%%*4 mice at presymptomatic, onset and end-
stage of ALS progression and age-matched WT ones. Values are mean + SD. m
is for muscle (direct stimulation), n is for nerve (indirect stimulation). 9<n<16.
**: n<0.005, ***: p<0.0005, ****: p<0.0001, “SOD1%A ys WT”; #: p<0.05,
##: p<0.005, “WT presymptomatic” vs “WT onset” and “WT presymptomatic
vs “WT end-stage”.

’

Moreover, 3-way ANOVA revealed no significant differences
in dF/dt between direct and indirect stimulations for transgenic
muscle, even if at the presymptomatic stage a decrease in dF/dt was
found when stimulated indirectly through the nerve and directly on
membrane. Similar results were obtained for the rate of force
relaxation (-dF/dt), as shown in Fig. 11b.

Fig. 12 shows the mean value and SD of tetanic force (Fret) and
specific tetanic force (Fret/CSA) of transgenic and control muscle
during ALS disease. As shown in Fig. 12a, for all tested ages,
transgenic muscles generated a tetanic force lower than the one
developed by control samples, both for direct and indirect
stimulation. At the presymptomatic stage, tetanic force developed
by SOD1C%A mice displayed a significant decrease of about 37 %
for muscle stimulation and 49 % for nerve stimulation, when
compared to age-matched WT littermates. Similarly, at the onset,
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tetanic force generated by transgenic muscles showed a decrease of
60 % for direct stimulation and 66 % for indirect one, on average, in
comparison to control samples. Moreover, at the end-stage a higher
decrease in tetanic force generated by SOD1%%A mice was observed
in comparison to WT samples, both for direct and indirect
stimulation. Transgenic muscles developed a maximum force 71 %
and 76 % lower to control muscles for direct and indirect
stimulations, respectively. Of note, a decrease in maximum force of
about 17 % and 8 % was reported in SOD1%%** mice muscles when
stimulated indirectly in comparison to the direct stimulation at the
presymptomatic and onset stage of the disease, respectively

@ Presymptomatic ~ Onset End-stage (b)

Presymptomatic Onset End-stage

200

150
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Tetanic Force (mN)
n
]
1

0= =
= 50Dy =8 sop1'm Em soD1PM W
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Bl WTm B WIm @@ WIm
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Figure 12. a) Tetanic force and b) Specific tetanic force for TA muscles of
SOD1%%A mice at presymptomatic, onset and end-stage of ALS progression and
age-matched WT ones. Values are mean + SD. m is for muscle (direct
stimulation), n is for nerve (indirect stimulation). 9<n<16. *: p<0.05, ***:
p<0.001, ****: p<0.0001, “SOD 1%~ ys “WT”. #: p<0.05, ##: p<0.005, for
WT “presymptomatic” vs “onset”; +: p<0.05, +++: p<0.001, for SOD16%A

CLINT3

“presymptomatic” vs “onset”, “onset” vs “end-stage”.

. In addition, SOD1%%** mice displayed a significant reduction
in tetanic force during ALS progression, both for direct and indirect
stimulations.
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As shown in Fig. 12b, a significant reduction was obtained in
specific tetanic force, about 60 %, generated by SOD1%%** mice TA
muscles at disease onset, when stimulated indirectly, in comparison
with age-matched WT ones.

Fig. 13 shows force-frequency curves, normalized on the tetanic
force, at the presymptomatic, onset and end-stage of the disease,
both for direct and indirect stimulation. It is possible to note that
transgenic muscles were able to generate their maximum force at
lower stimulation frequencies in comparison to control muscles,
both for direct and indirect stimulation, regardless of ALS disease
stage.

Muscle stimulation Nerve stimulation
— 100+ Presymploma[ic| ‘Prcs_vmptomalic|
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@ GI3A G93A
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Figure 13. Force-frequency curves normalized on the tetanic force for TA
muscles of SOD1%%4 and WT mice at presymptomatic, onset and end-stage of
ALS progression, for direct and indirect stimulations. Values are mean. 9<n<16.

For the after-load test, Fig. 14 shows the Hill’s and power-force
curves of TA muscles of SOD1%%A mice at presymptomatic, onset
and end-stage of disease and age-matched WT mice, both for muscle
and nerve stimulation. For direct and indirect stimulations,
shortening velocity and power of transgenic muscles were lower
when compared to control samples, for all resistive loads and ages.
Indeed, the maximum shortening velocity of TA muscles of
transgenic and control mice, both for direct and indirect stimulation,
is reported in Fig. 15.
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Figure 14. a) Hill’s curves and b) power-force curves for TA muscles of
SOD1%%*A mice at presymptomatic, onset and end-stage of ALS progression and
age-matched WT ones, when muscle is stimulated directly and indirectly. m is
for muscle (direct stimulation), n is for nerve (indirect stimulation). Values are
mean. 9<n<16.

As previously described, SOD1%%** mice TA muscles generated
a maximum velocity significantly lower than the one of WT
littermates with the progression of ALS, both for direct and indirect
stimulation. In particular, at the presymptomatic stage, SOD1%%%
mice muscles displayed a significant decrease of 45 %, on average,
in maximum velocity in comparison to age-matched WT ones, when
muscle was stimulated indirectly. At the onset and end-stage,
maximum shortening of transgenic muscles significantly decreased
when compared to control samples, both for direct and indirect
stimulations. On the contrary, WT mice muscles reported a
significant increase of maximum velocity with the progression of
the disease, when muscle was stimulated directly and indirectly. As
regarding the evaluation of the experimental optimal force, in all the
experiments performed, the maximum power was generated by TA
muscles of SOD1%%** and WT mice at a force level higher than the
reference one (33 %), both for direct and indirect stimulations (data
not shown). Of note, in some experiments the experimental optimal
force was quite close to the reference one (~37 %), while in other
ones it resulted extremely higher than the reference one (~ 44%).
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Figure 15. Maximum shortening velocity for TA muscles of SOD16% and WT
mice at presymptomatic, onset and end-stage of ALS progression. Values are
mean = SD. m is for muscle (direct stimulation), n is for nerve (indirect
stimulation). 9<n<16. **: p-value<0.005, ***: p<0.001, ****: p<0.0001,
“SOD1%%A” yvs “WT”; #: p<0.05, for WT “presymptomatic” vs “end-stage” and
“onset” vs “end-stage”.

For isometric fatigue phase, Fig. 16 shows the
Neurotransmission Failure curves for each phase of stimulation and
the maximum NF value for SOD1%%*4 and WT mice TA muscles at
the presymptomatic, onset and end-stage of the disease. NF values
increased with isometric fatigue phases, both for SOD1%%4 and WT
mice muscles, thus reaching a plateau at around the 11" phase of the
test. At the onset stage, NF values were lower for SOD1%%*4 model
in comparison with WT ones. In fact, the extent of
neurotransmission failure was higher for WT mice, in comparison
to transgenic ones, even if not statistically significant, as shown in
Fig. 16d. On the other hand, at the presymptomatic and end-stage,
SOD1%%A mice displayed higher maximum value of NF, not
statistically significant, when compared to those of WT samples.
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Figure 16. Neurotransmission failure curves computed for SOD1%% and WT
mice TA muscles at the presymptomatic (a), onset (b) and end-stage (c) of the
disease progression. d) Maximum value of NF. Values are mean + SEM.

9<n<l6.

Fig. 17 shows the Intratrain Fatigue values for each phase of
isometric fatigue protocol, for transgenic and control muscles during
disease progression. At all tested ages, we obtained that IF decreased
with the fatigue protocol for SOD1%%** and WT mice. In accordance
with NF values, at the onset stage, IF values were significantly lower
for WT mice muscles than for SOD1°%4 ones, while at the other
stages, there were no significant differences between transgenic and

control muscles.
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Figure 17. Intratrain Fatigue curves computed for SOD1°%A and WT mice TA
muscles at the presymptomatic (a), onset (b) and end-stage (c) of the disease
progression. Values are mean = SEM. 9<n<16. *: p-value<0.05.

As regarding isotonic fatigue test, Fig. 18 shows an example of
power and work curves for TA muscles of SOD1%%** mice at the
presymptomatic, onset and end-stage of the disease and of age-
matched WT ones. It is possible to note that the trend of isotonic
power and work is very different between transgenic and control
muscles, both for direct and indirect stimulations, at all tested ages.

In particular, in the first phases of isotonic protocol, control
mice muscles were able to generate higher values of power and
work, in comparison with transgenic ones, thus fatiguing earlier than
SOD1C%A samples. On the contrary, SOD1%%A mice muscles
generated lower values of power, compared to control ones, thus
maintaining power for more time. For example, at the onset stage,
WT muscle was no longer able to shorten against the resistive load
when stimulated indirectly after 10 phases of stimulation (i.e. 16 s),
while for SOD1%%A muscle this occurred after 127 phases (i.e. 203
s) of stimulation, as shown in Fig. 18b and 18e.
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Figure 18. Example of power and work curves for TA muscles of SOD1%%4 at
presymptomatic, onset and end-stage and of age-matched WT samples. m is for
muscle (direct stimulation), n is for nerve (indirect stimulation). Values are
mean.

Fig. 19 reports the mean values and SD of fatigue time and INF
at 80 % of isotonic fatigue test computed for TA muscles of
SOD15%%A mice at presymptomatic, onset and end-stage of ALS and
of age-matched WT ones. At all tested stages of ALS, control
samples fatigued earlier than transgenic ones, even if not
significantly, in accordance with power and work curves showed
above (Fig. 19a). However, even if SOD1%%A mice muscles
displayed a greater resistance to fatigue, they underwent a bigger
impairment in the synaptic transmission, in comparison with control
samples, as shown in Fig. 19b. In particular, SOD1%%** muscles
showed a significant increase of about 30 % in INF at the end-stage,
in comparison with age-matched WT samples.
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Figure 19. a) Fatigue time and b) Isotonic Neurotransmission Failure for TA
muscles of SOD1%%4 and WT mice at presymptomatic, onset and end-stage.
Values are mean £ SD. 3<n<6. **: p-value<0.01.

4.1.2. 3D embedded system for the measurement of
engineered skeletal muscle contractile force

An embedded sensor for the measurement of ex-vivo engineered
muscle tissue’s (X-MET [50]) contractility during its growth by
using an optical tracking method was designed and realized, as
shown in Fig. 20 [108]. Typically, the muscle engineered tissue
growths between two fixed pins, and the idea behind the
development of the measurement system was based on the
possibility to measure the calibrated deflection of one of the two
pins, which was therefore designed with specific dimensions and
compliance. The sensor was realized in plexiglass and stainless steel
to allow for the sterilization by ultraviolet (UV) light. The
dimensions of the entire device were set at 50x45x8 mm to be placed
in a 90 mm Petri dish to allow for the contractility monitoring during
the entire growing phase of the tissue in the incubator. The sensor
was composed of a central groove with dimensions of 40x20x4 mm
coated with silicon (Sylgard 184, Dow Corning) to allow for the
accommodation of the X-MET.
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Figure 20. Schematic of the sensor (top view) for the measurement of X-MET
contractile force [108].

In detail, one of its ends was pinned to the silicone substrate,
while the other end was linked to the calibrated pin held horizontally
by a specific support. Indeed, the base concept of the measurement
system was to let the tissue continuously growth within this device,
and then take advantage of an optical tracking algorithm to measure
the deflection of the compliant pin during tissue contraction,
whether this was spontaneous or obtained through electrical
stimulation. Of note, this procedure avoided to detach the tissue
from the supporting pin to link it to the force transducer. The
dimensions and the mechanical properties of the elastic pin were
chosen according to theoretical considerations [109]. In details, the
behaviour of the elastic pin was approximated to that of a cantilever
subjected to bending. Considering a circular pin with a radius of
R=0.15 mm and a Young modulus of E=169 GPa (from datasheet),
we designed the length of the elastic pin L to have a deflection of its
tip in the range 5-50 um according to the following equation:

_ 3EI

k=— ()
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where | is the moment of inertia for a circular pin and k is the
elastic constant, given from the ratio between the force developed
by the tissue and the pin tip displacement. Of note, the range 5-50
um was chosen taking into consideration the force values usually
generated by these tissues during spontaneous contraction and
electrical stimulation [52] and those expected to be generated by the
treated samples when inducing to simulate an aged
microenvironment, as suggested by the literature [110], [111]. The
needs of the optical tracking method were also taken into
consideration, on the basis of different validation tests performed in
our previous works [109], [112]. The elastic constant resulted k=20
N/m for a pin length of L=22.7 mm.

Fig. 21 shows the linear regression test performed for the
calibration of the elastic pin. The experimental value of the elastic
constant, computed as the curve slope, was equal to 19.51 N/m, a
value close to the theoric one (20 N/m), with a determination
coefficient (R?) equal to 0.992.

1100+

1000

900+

800

700

600+

Force (pN)

500+

400+

200+

1004 .

T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55

Displacement (um)

Figure 21. Linear regression for the force values measured by the micro-force
transducer during the pin calibration procedure. Values are mean + SD [108].

For the evaluation of the Region of Interest (ROI) positioning,
and therefore for the measurement of X-MET contractile force by
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the optical tracking method [112], the relative percentage errors
were first computed among the 15 nodes of the central ROl (ROI C)
for the two tested displacements. The relative error was equal to 2.24
+ 0.33 % and 1.81 + 1.18 %, for a nominal displacement of 5 um
and 10 um, respectively. Indeed, the relative error was always lower
than 4 % and the highest value occurred for the smallest nominal
displacement of 5 pum. Moreover, for both displacements, the
relative error values were positive, thus pointing out that the optical
tracking algorithm overestimated the displacement of the nodes of
the central ROI.

Fig. 22 shows the mean values and SD of the errors relative to
the displacement measured for the central ROI for all the tested
positions of the ROI and for the two nominal displacements. The
trend of the relative error was very similar for the two displacement
conditions, as a function of the ROI positioning along the elastic pin.

a) Displacement 5 pm b) Displacement 10 pm

Relative error (%)
Relative error (%)

& ~ W ] L ] o (] ~ 2 &l L3 ] o
Q.O\ Q.Q\ q.o\ ’ qs"\ Q.O\

Figure 22. Relative percentage error for all the ROI positionings along the
elastic pin, for a nominal displacement of 5 um (a) and 10 um (b). Values are
mean £ SD. n=5 [112].

A good correspondence of the relative error sign for the tested
ROI positionings between the two displacements was also reported,
except for ROI 2 and ROI 5 in which, however, the average errors
were close to zero but with high value of SD. The lower errors were
obtained for the highest displacement of 10 um, while for 5 um the
mean values and the standard deviations increased for all the
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different positionings of the ROI. In particular, the optical tracking
algorithm provided the highest relative error for ROl 4 when a
nominal displacement of 5 um was imposed, and it is equal to -3.72
+ 296 %. On the contrary, when the ROI was placed in
correspondence of ROI 5, the lowest relative error was obtained
(0.33 £ 0.84 %).

Tab. 5 summarizes all the parameters measured during the
twitch test for both control and treated X-METSs across the five days
of acquisition. One-way ANOVA revealed that the specific twitch
force (Frw/CSA) developed by the treated X-METs was
significantly affected by the day factor, and the Tuckey’s multiple
comparison tests revealed a significant decrease of force at day 2,
day 3 and day 4 in comparison with day 0.

Table 5. Kinetics contractile parameters (TTP and 1/2RT) and specific twitch
force (Frw/CSA\) in control and treated X-METs for the five days of acquisition.
Values are mean £ SD. n=5 for control X-MET, n=4 for treated X-MET. **: p-
value<0.01, ***: p-value<0.001 vs. treated X-METSs. *: p-value<0.05 vs. day 0
[108].

TTP (ms) 1/2RT (ms) Frw/CSA (mN/mm?)

Control Treated Control Treated Control Treated

DayO0  40.7+89 42550 59.3+182 575%12.6 0.7£05 05+0.3

Dayl 340+£80 322+19 70.0+94 450+166 16077 0.3+0.3

Day2 473+132 350+166 7201168 70.0+188 0.8+0.6 01+01"

Day3 41.3+107 50.0 64.7+16.4 73.3 11+05™ 00+01°

Day4 37.7+182 13.3 64.0+17.5 16.7 13+05™ 01+£01°

On the contrary, no significant alterations in TTP, 1/2RT and
specific twitch force across the five testing days in control group
were found. In addition, two-way ANOVA showed that both the day
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and treatment factors significantly affected the specific twitch force.
Post-hoc tests also highlighted a significant difference between the
control and treated X-METSs on day 1, day 3 and day 4.

The maximum specific tetanic force of control and treated X-
METs along the five days is shown in Fig. 23. No significant
differences in the tetanic specific force developed by control X-
METs across the five days were found. On the contrary, one-way
ANOVA applied to the treated group revealed a significant
influence of the day factor on the maximum specific force. The two-
way ANOVA revealed that only the factor treatment significantly
affected the maximum specific force. Fisher’s multiple comparison
test also showed significant decreases in the maximum specific
tetanic forces developed by the treated X-METs when comparing
with those developed by the control specimens for all the testing
day, except for the initial one.

81 mm Control X-MET

Treated X-MET
74

Jiii[

Figure 23. Maximum specific tetanic force developed by control and treated X-
METs along the five days of experiment. Values are mean = SD. n=5. **: p-
value<0.01. ***: p-value<0.001. ****: p-value<0.0001 [108].

w

Maximum Specific Tetanic Force (m.\l/mmz)
W .

This latter point also confirmed that the treated specimens were
as good as the untreated ones before the beginning of the treatment.
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4.1.3. 3D microfluidic device for the formation of
neuromuscular junction

As concerning the potential of the X-MET to be used for the
generation of a 3D neuromuscular junction model, preliminary data
demonstrated the presence of Ach-receptor f1 (AChR- B1) and B2
(AChR-B2) along the X-MET’s structure, as shown in Fig. 24. In
particular, one-way ANOVA test revealed the significant presence
of Ach-B1 on the three-dimensional construct after 15 days in
Differentiation Medium (DM), as shown in Fig. 24.

AChR- B1 AChR- B2
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Figure 24. RT-PCR for AChR-B1 and AChR-B2 comparing 2D primary culture
cells and 3D X-MET after 7 and 15 days in Differentiation Medium (DM).
Values are mean + SD.*: p-value<0.05.

In addition, preliminary co-cultures between X-MET (after 15
days in DM) and a murine embryonic spinal cord explant showed a
good attraction between the two components. Immunofluorescence
analysis showed a good co-localization of spinal cord and myosin
cells (Fig. 25A and 25B), as well as of Smi-32 with Myosin Heavy
Chain proteins to evaluate the presence of adult neurons and the
incorporation on engineered skeletal muscle (Fig. 25C). In view of
this, RT-PCR analysis revealed the significant up-regulation of
mature AChRs (AChR-¢) on the X-MET structure co-cultured with
the ventral spinal cord explant (Fig. 25D).
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Figure 25. A), B) Immunofluorescence analysis for MyHC, GFP and Hoechst
expression on cross section of X-MET after 10 days in co-culture with murine
emrbyonic spinal cord explant. C) Immunofluorescence analysis performed on
cross section of X-MET-Spinal cord explant for Smi-32 and Hoechst. D) RT-
PCR for AChR subunits in X-MET and co-cultured X-MET. ***: p-
value<0.001. n=3.

By using a commercial two-dimensional (2D) microfluidic
device for the formation of NMJ, co-culture experiments with spinal
cord-derived cells and the 2D population of X-MET revealed a good
connection between the two compartments (Fig. 26a) and that the
60 % of neurofilaments outgrowth along the microchannels (Fig.
26b).

On this basis, we designed and realized a three-dimensional
microfluidic device to promote the formation of NMJ between X-
MET and mouse embryonic spinal cord primary culture. It was
realized by photolithography and a polydimethylsiloxane (PDMS)
stamp was used to generate the chambers required for the
accommodation of the X-MET and spinal cord cells (Fig. 27a).
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compartmentalized PDMS chambers of 2D microfluidic device separated by
functional microgrooves. Magnification 20X (a) and 40X (b).

The device was designed as two distinct compartments
connected by a series of microchannels. The first compartment was
composed by a pair of circular chambers for spinal cord-derived
cells culture connected through a central groove, and the second one
was made of a rectangular chamber for muscle engineered tissue
placement.
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Figure 27. a) Schematic (top view) and b) picture of the 3D microfluidic device
for the formation of NMJ between X-MET and neuronal cells.

. The microchannels between the two compartments acted as a
mechanical filter, allowing the transfer of neuritic processes towards
the other side of the device, excluding cell bodies of dimensions
higher than those of microchannels. The resulting design allowed
motor neuronal cells and muscle engineered tissue to grow in two
different chambers, being connected only by the axons formed in the
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microchannels. All the dimensions were defined according to those
of 2D and 3D commercial and custom-made microfluidic devices
[113], [114]. The entire structure was realized in silicone with a
dimension of 30 mm x 20 mm x 5 mm for length, height and depth,
respectively. The two chambers for neuronal cells culture were
modelled as a cylinder of radius and height equal to 2.2 mm and 5
mm, respectively. The lateral and central grooves were realized with
a depth of 0.1 mm, starting from the bottom of the device. In
particular, the central groove was 1.5 mm wide and 7 mm long. The
entire microgroove barrier was 1.57 mm wide, 300 um long and 5
pm high and it was composed by 40 microchannels of 10 pum wide,
distant from each other 30 um. Finally, the chamber for muscle
engineered tissue culture was modelled with the following
dimensions: 20 mm of length, 5 mm of height and 5 mm of depth,
to allow the muscle engineered tissue to be pinned inside.

Fig. 28 shows an immunofluorescence analysis of a co-culture
obtained with a prototype of the microfluidic device. GFP* mouse
was used for both X-MET and murine embryonic spinal cord cells
and the picture was taken after 10 days of co-culture. Results
demonstrated that 4 neurofilaments reached the 90% of
microchannels’ length.

Figure 28. Immunofluorescence analysis for GFP* spinal cord-derived cells (left
compartment) and X-MET (right compartment). Magnification 10X.
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With the aim of promoting as much as possible the outgrowth
of neurofilaments along the microchannels, we considered the
electrical stimulation on neuronal cells. First, a simulation of electric
field distribution on the 3D microfluidic device was performed to
obtain the best electrodes’ configuration [115] by using CST Studio
Suite 2019 software. Fig. 29 shows the results of the simulation tests
of electric field intensity generated by cylindrical pin electrodes (a),
O-ring electrodes (b) and cylindrical disc electrodes (c) along the
central groove of 3D microfluidic device for the tested values of
radius, position in the neuronal chambers and applied voltage.

For all the types of electrodes, the magnitude of the electric field
increased with the applied potential and the trend of the mean values
was very similar for all the tested positions as a function of pin
dimensions and voltage tested. For cylindrical pin electrodes (Fig.
29a), 2-way ANOVA revealed that the electrodes placed on the
internal position were able to generate an electric field significantly
higher than that generated by the pin located on all the other
positions, for both radii and all voltage intensities. Moreover, for all
the positions and potentials investigated, the electric field generated
by the 0.3 mm radius electrodes was significantly higher than that
delivered by the pin with a radius of 0.2 mm. On the other hand, no
significant differences were revealed in the electric field generated
by the electrodes located on high-centre and external of neuronal
chambers for both radii and for all the potential intensities. The
maximum electrical field induced along the central groove of the
microfluidic device, when applying a potential of 8 V, was 184.70
+0.90 V/m and 186 + 0.92 VV/m for 0.2 mm and 0.3 mm pin radius,
respectively. On this basis, the best condition that allowed to induce
the highest electric field was represented by the pin electrodes of 0.3
mm radius, located symmetrically on the internal position of the
neuronal chambers, with a voltage of 8 V.
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Figure 29. Electric field intensity generated by a pair of cylindrical pin
electrodes (a), O-ring electrodes (b) and cylindrical disc electrodes (c) along the
central groove of the 3D microfluidic device, by varying the size, the position in

the neuronal chambers and the applied potential. Values are mean * SD. a)
*Hx*: p-value < 0.0001 “R=0.2 mm” vs “R=0.3 mm”. ++++: p-value < 0.0001
vs “Internal”. b), ¢) ****: p-value < 0.0001 “Rexx=2.1 mm, Rin=1.7" vs “Rext=1.5
mm, Rin=1.1 mm”. ++++: p-value < 0.0001 “R=2.1 mm” vs “R=1 mm” [115].

As shown in Fig. 29b and 29c, a voltage of 8 V was able to
induce the maximum electric field, equal to 172.22 + 0.94 V/m and
175.93 + 0.90 V/m for O-ring and cylindrical disc electrodes,
respectively, when they were placed at half height of neuronal
chambers. In view of this, the optimal electrode configuration able
to induce the highest electric field along the central groove without
damaging neuronal cells was represented by 0.3 mm cylindrical pin
electrodes, located symmetrically on the internal position, with a
voltage of 8 V.

The electric field distribution along the 3D microfluidic device
simulated for the best electrodes configuration is shown in Fig. 30.
It is possible to note that the electric field propagated symmetrically
with maximum values closer to the electrodes, thus attenuating from
the end of the lateral channels. Interestingly, the electric field was
almost constant along the central groove, with a coefficient of
variation (CV) lower than 0.5 %.
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Figure 30. Simulation of the electric field distribution over the entire
microfluidic device for the optimal electrodes' configuration [115].

With the aim of promoting NMJ formation in the 3D
microfluidic device by using electrical stimulation on neuronal cells,
spinal cord-derived cells were first stimulated with the best
electrodes’ configuration in Petri dishes of 35 mm. Results of
electrical stimulation (ES) protocol are shown in Fig. 31, in terms of
mean values and SD of number of nuclei and neurofilaments’
elongation. One hour of electrical stimulation significantly
increased the number of nuclei of around 280 % and 163 % in
comparison with control conditions, for 24 and 48 hours after ES,
respectively. In parallel, 24 hours later the end of ES,
neurofilaments’ length increased in comparison to control samples,
for all the tested conditions. On the contrary, 48 hours later the ES
axons’ elongation decreased in comparison to control condition,
even if the differences were not statistically significant, both for 1
hour and 2 hours of stimulation.

Fig. 32 shows the confocal microscopy analysis of a pilot
experiment of co-culture between X-MET and GFP* mouse spinal
cord-derived cells in the 3D microfluidic device, performed 10 days
after the ES on neuronal cells. Due to the conformation of the device,
it was not possible to clearly observe the X-MET (right side) at the
microscopy.
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Figure 31. a) Number of nuclei and b) Neurofilaments' length of spinal cord-
derived cells after electrical stimulation of 1 hour and 2 hours, 24 and 48 hours
later the end of ES protocol. Values are mean £ SD. 3<n<10. **: p-value<0.05.

However, results showed that ES yielded to an increase of most
neurofilaments’, allowing them to cross the microchannels and to
reach the right side of the 3D device. Of note, on the basis of these
results a new device will be designed to overcome this “optical”
issue, by decreasing its wide to avoid as much as possible the
penumbra zone resulted at the microscopy.

Transmission

Figure 32. Immunofluorescence analysis for GFP* spinal cord-derived cells (left
compartment) and X-MET (right compartment). Red dashed line represents the
X-MET. Scale bar 50 pm. Magnification 10X.
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4.2 Molecular characterization and functional effects of
SOD165%A mouse extracellular vesicles on C2C12 cell
line

4.2.1.  Number of SOD1%%A mouse extracellular vesicles

The mean values and standard deviation (SD) of the number of
EVs derived from SOD1°%*A mice sera at the presymptomatic, onset
and end-stage of ALS progression and from age-matched Wild Type
C57/BL6 (WT) mice ones, normalized on the maximum value of the
age-matched WT samples, are shown in Fig. 33. For the
presymptomatic and onset stages of ALS progression, a significant
difference in the number of EVs was reported in SOD1%%** mice, in
comparison with age-matched WT littermates.
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Figure 33. Normalized number of EVs in SOD1°%*A mice at presymptomatic,
onset and end-stage of ALS and in age-matched WT mice. Values are mean +
SD. 3<n<6. *: p-value<0.05; **: p-value<0.01.

While at the presymptomatic and onset stage of ALS, SOD16%A
mice displayed a significant decrease in the number of EVs of 78 %
and 54 %, on average, in comparison with age-matched WT
samples, at the end-stage the normalized number of EV's was higher
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(+60 %), even if not statistically significant, in transgenic mice in
comparison to WT samples.

422. Uptake of SODI1%%A mice-derived extracellular
vesicles by C2C12 cell line

Fig. 34 shows the confocal microscopy analysis performed on
C2C12 cells in proliferation after being treated for 6 hours with
CFSE" EVs derived from SOD1°% mice at presymptomatic, onset
and end-stage and from age-matched WT samples.

Presymptomatic Onset End-stage

+ WT-EVs

+ SOD1G3A-EVs

CFSE
HOECHST

Figure 34. Confocal microscopy analysis of C2C12 cells in proliferation treated
for 6 hours with CFSE* EVs derived from SOD1%%4 mice (+SOD1%%A-EVs) at
presymptomatic, onset and end-stage and from age-matched WT littermates
(+WT-EVs). Nuclei were stained with Hoechst (blue). Scale bar: 20 um.
Magnification 40X.

As shown in Fig. 34, it is possible to note a different efficiency
of fusion among EVs collected from transgenic and control mice,
except for the presymptomatic stage. Indeed, this qualitative data
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was largely supported by the mean fluorescence intensity (MFI)
analysis of CFSE™ C2C12 cells in proliferation after 6 hours of
treatment with CFSE™ EVs derived from transgenic and control mice
at the three different ALS stages, shown in Fig. 35. While at the
presymptomatic stage, no significant differences were revealed in
MFI between cells treated with control and transgenic-derived EVs
(Fig. 35a), at the onset and end-stage of ALS, a significant
difference in the MFI was reported between proliferating cells
treated with EVs derived from SOD1%%* and WT mice (Fig. 35b,
35c). In particular, at the onset of ALS, SOD1°%*A mice-derived EVs
were able to fuse to target cells with a significant higher efficiency
(+40 %) in comparison to control samples. On the other hand, at the
end-stage of the disease, transgenic mice-derived EVs displayed a
significant decrease of 36 %, on average, in MFI, when compared to
control mice-derived EVs.
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Figure 35. Mean Fluorescence Intensity (MFI) quantification of CFSE* C2C12
cells in proliferation after 6 hours of treatment with CFSE* EVs derived from
SOD1%%%A mice at presymptomatic (a), onset (b) and end-stage (c) of ALS
progression and from age-matched WT littermates. Values are mean + SD.
10<n<20. ***: p-value<0.0005; ****: p-value<0.0001.

Similarly, the uptake of CFSE* EVs derived from SOD16%4
mice at presymptomatic, onset and end-stage and from age-matched
WT mice by C2C12 cells completely differentiated in myotubes,
after 6 hours of treatment, was evaluated. Confocal microscopy
analysis and MFI analysis of C2C12 cells completely differentiated
in myotubes treated for 6 hours with CFSE™ EVs derived from
SOD1%%A mice sera at presymptomatic, onset and end-stage and
from age-matched WT samples are shown in Fig. 36. By MFI
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analysis, after 6 hours of treatment WT mice-derived EVs were able
to fuse to the target cell with a higher efficiency in comparison with
SOD15%%A mice-derived EVs at the presymptomatic, onset and end-
stage of ALS progression. In particular, at the onset stage, it was
obtained a significant decrease of about 34 % in MFI of SOD1%%A
mice-derived EVs, when compared to WT ones.
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Figure 36. a) Confocal microscopy analysis of C2C12 cells completely
differentiated in myotubes treated for 6 hours with CFSE* EVs derived from
SOD1%% mice (+SOD1C%%A-EVs) at presymptomatic, onset and end-stage of
ALS progression and from age-matched WT littermates (+WT-EVs). Nuclei

were stained with Hoechst (blue) and differentiated myotubes with MF20 (red).
Scale bar: 20 pm. Magnification 40X. b) Mean Fluorescence Intensity (MFI)
quantification of CFSE* C2C12 cells completely differentiated in myotubes after
6 hours of treatment with CFSE* EVs derived from SOD1%%** mice
(+SOD1%%A-EVs) at presymptomatic, onset and end-stage of ALS progression
and from age-matched WT littermates (+WT-EVSs). Values are mean + SD.
5<n<58. ****: p-value<0.0001.
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4.2.3. Functional effects of SOD1%%A mice-derived
extracellular vesicles on C2C12 cell line

Fig. 37 shows the mean and SD of the differentiation index
computed for Day 2 of the myogenic differentiation process of
C2C12 cells treated with EVs derived from SOD1%%A mice at the
presymptomatic, onset and end-stage of ALS progression and from
age-matched WT littermates. At the presymptomatic and onset stage
of ALS progression, no significant differences were obtained
between control and treated C2C12 cells, both with transgenic and
control mice-derived EVs (Fig. 37a and 37b). However, a trend
toward lower values in the differentiation index was obtained for
treated cells, in comparison to control ones. On the contrary, we
obtained a significant decrease in the differentiation index, of about
35 %, for C2C12 cells treated with SOD1¢%** and WT mice-derived

EVs (Fig. 37c), when compared to control cells, at the end-stage of
the disease.
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Figure 37. Differentiation index computed at Day 2 of the myogenic
differentiation process of C2C12 cells treated with SOD1%%*A mice-derived EVs
(+SOD1C%A-EVs) and WT mice-derived EVs (+WT-EVs) at the
presymptomatic (a), onset (b) and end-stage (c) of ALS progression. “CTR” is
for control cells. Values are mean + SD. 3<n<14. ***: p-value<0.001.

The mean values and SD of the fusion index computed for Day
4 of the myogenic differentiation process of C2C12 cells treated
with EVs derived from SOD1%%A mice at the presymptomatic, onset
and end-stage of ALS progression and from age-matched WT mice
are shown in Fig. 38. At the presymptomatic stage, one-way
ANOVA revealed a significant decrease in the fusion index for
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C2C12 cells treated with transgenic mice-derived EVSs, in
comparison to cells treated with control mice-derived EVs (Fig.
38a). On the other hand, at the onset and end-stage of ALS
progression no significant differences were found in the fusion index
between control and treated cells as well as between cells treated
with control and transgenic mice-derived EVSs, as shown in Fig. 38b
and 38c. However, the fusion index of treated cells was lower, even
if not statistically significant, when compared to the one of control
cells, both for the onset and the end-stage of ALS.
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Figure 38. Fusion index computed for Day 4 of the myogenic differentiation
process of C2C12 cells treated with SOD1%%°A mice-derived EVs (+SOD16%A-
EVs) and WT mice-derived EVs (+WT-EVs) at the presymptomatic (a), onset
(b) and end-stage (c) of ALS progression. CTR is for control cells. Values are
mean * SD. 2<n<11. **: p-value<0.005.

Fig. 39 shows the mean + SD of the differentiation index for
Day 4 of the myogenic differentiation process of C2C12 cells treated
with EVs derived from SOD1%%A mice at the presymptomatic, onset
and end-stage of ALS progression and from age-matched WT mice.
At the presymptomatic stage of ALS progression, treated cells with
transgenic and control mice-derived EVs reported a decrease, not
statistically significant, in the differentiation index, when compared
to control cells, as shown in Fig. 39a. Moreover, the differentiation
index of cells treated with SOD1°%*A mice-derived EVs was lower
than that of WT mice-derived EVs, displaying a decrease of about
34 %. Similarly, at the onset stage, one-way ANOVA revealed no
significant differences in the differentiation index between control
and treated cells, both for transgenic and control mice-derived EVs.
However, a decrease in the differentiation index was reported in
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treated cells when compared to the control condition as well as
between cells treated with SOD1°%A and WT mice-derived
extracellular vesicles. On the contrary, one-way ANOVA reported a
significant decrease, of about 32 %, in the differentiation index of
cells treated with SOD1°%* mice-derived EVs when compared to
control cells, at the end-stage of ALS. In parallel, cells treated with
EVs derived from transgenic mice displayed a decrease, not
statistically significant, in the differentiation index, in comparison
to cells treated with control mice-derived EVs.
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Figure 39. Differentiation index computed for Day 4 of the myogenic
differentiation process of C2C12 cells treated with SOD1°%A mice-derived EVs
(+SOD1%%A-EVs) and WT mice-derived EVs (+WT-EVs) at the
presymptomatic (a), onset (b) and end-stage (c) of ALS progression. CTR is for
control cells. Values are mean + SD. 2<n<11. *: p-value<0.05.
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5. Discussion

The general aim of my PhD project was to develop novel
measurement techniques, experimental devices and testing
protocols for a more precise assessment of the altered
communication between muscle and nerve in Amyotrophic Lateral
Sclerosis progression.

An innovative experimental technique, together with a
continuous testing protocol, for the in-situ measurement of muscle
and NMJ functionality in isometric and isotonic conditions, with
particular reference to isotonic fatigue, were developed. As
regarding the development of isotonic fatigue protocol [105], the
results pointed out that the reference value of the optimal force
proposed in literature as resistive load to be imposed during isotonic
fatigue phase underestimated the real optimal force. At this point, it
has to be noted that even if the real-time measurement of muscle
maximum power, and therefore of the experimental optimal force,
resulted in an increase in the test duration and in the control software
complexity, it was necessary to highly enhance the measurement
accuracy of all the parameters related to isotonic fatigue. When
testing the muscles only through direct stimulation, for example, the
coefficient of variation for the fatigue time decreased from 61.4% to
18.4% when experimental optimal force was employed. In
particular, the reduction in the variance, and therefore in the CV, of
all the isotonic fatigue parameters, when muscle was tested at the
experimental optimal force rather than at the reference value, was
due to the fact that at the experimental optimal force the muscle
developed its real maximum power, and not a power that could be
quite close but also very different from this maximum value. On this
basis, a novel experimental technique and testing protocol for the
measurement of NMJ functionality in isometric and isotonic
conditions were developed based on the contractile response evoked
by direct stimulation on muscle membrane and indirect one through
the nerve [106]. Results strongly confirmed the measurement
accuracy in terms of average value and coefficient of variation of all
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the isometric and isotonic parameters measured through the nerve
stimulation in comparison with the corresponding values obtained
for muscle membrane stimulation. This testing protocol was then
applied on Tibialis Anterior-sciatic nerve preparations of SOD1%%A
mice at the presymptomatic, onset and end-stage of ALS. SOD1%%A
mice TA muscles were characterized by a progressive slowdown of
contractile kinetics during pathology progression, highlighting a
significant defect in their contractile response, when stimulated on
the membrane and through the sciatic nerve. No differences were
found in the tetanic force generated by TA muscles of transgenic
mice when stimulated directly and indirectly, even if it is known a
dismantling of NMJ during ALS disease [8]. However, since the
contractile response of the muscle was measured both for direct and
indirect stimulations, it is possible that the damage at muscular
levels might strongly hide the impairment of NMJ functionality.
Isotonic fatigue test results pointed out a different response of
transgenic and control muscles. SOD1%%** mice developed power
and work in a different way than control muscle and, as a
consequence, fatigue time in transgenic muscles was higher than
control ones, probably correlated to energy management by
mitochondria [116]. The Isotonic Neurotransmission Failure, a
parameter here proposed to capture NMJ impairment in isotonic
conditions, computed at 80% of isotonic fatigue test resulted
significantly higher in SOD1%%** mice at the end-stage in
comparison to age-matched WT samples, pointing out that, even if
the transgenic muscles showed a greater resistance to fatigue, they
underwent a bigger impairment in the synaptic transmission. These
results also confirmed the complexity of the mechanism behind the
resistance to fatigue, as progressive failure of NMJ functionality and
the consequent energy management by mitochondria in ALS.
Finally, it worth nothing that the technique and testing protocol here
proposed may be applied to other mouse models, contributing to
unravel new mechanism behind several other neurogenerative
diseases.
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With the aim of measuring engineered skeletal muscle
contractility, as the X-MET [50], an innovative sensor based on the
detection of the displacement of an elastic pin, caused by the 3D
engineered skeletal tissue’s contraction, through an optical tracking
method [108] was developed. The sensor was designed to be easily
integrated with an optical setup, thus also performing continuous
measurement for long period, and with a system for tissue electrical
stimulation. The sensor was characterized testing control X-METSs,
and the experimental results confirmed that it was able to accurately
measure the tissue contraction without affect tissue’s growth and
maturation. In parallel, the sensor was used to measure, as proof-of-
concept of its capability to detect contractile alterations, the force
response in a particular physio-pathological condition, the
“accelerated aging”. The results clearly showed that the sensor was
also able to discriminate alterations in the force developed by the
tissues treated to simulate an aged microenvironment.

With the aim of developing a 3D model of neuromuscular
junction, we designed and realized a device to couple the X-MET
and embryonic spinal cord primary culture. Based on the results
obtained studying the bi-dimensional (2D) communication between
the 2D population of the X-MET and spinal-cord derived cells, a
microfluidic device was designed ad hoc to enhance the fusion and
formation of NMJ. The device allowed the two populations to grow
in two different chambers, being connected only by the axons
formed in the microchannels, to have a spatio-temporal control over
the cells and cells’ migration. Electrical stimulation on neuronal
cells in the 3D microfluidic device was able to promote the
elongation of neurofilaments’ along all the length of the
microchannels, even if it was not possible to observe the X-MET in
the microscopy, due to the conformation of the device. To this, a
new configuration of the device might be useful to allow, as much
as possible, the in-vitro connection between the two compartments.

It is known that extracellular vesicles are involved in ALS
pathological proteins transportation, as toxic mediators. However,
EVs have been widely investigated when derived from cell lines and
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primary cell cultures [98], [99], only few studies investigated their
involvement in ALS development and progression, whether in
animal models or patients [100], [101]. In view of this, a molecular
characterization of EVs derived from serum of SOD1%%A ALS
mouse models at the three different disease stages, i.e. the
presymptomatic, onset and end-stage of ALS, was performed to
study the physio-pathological role of EVs in the modulation of cell
functions, with the future aim of evaluating the effects of EVs on the
different models here proposed. The increasing number of
circulating EVs in SOD1%%A mice during ALS progression
suggested that they might represent a direct effect of the disease,
rather than play a role in its pathogenesis. With the aim of
mimicking as much as possible the in-vivo condition of circulating
EVs in SOD1%%A mouse plasma, we treated skeletal muscle C2C12
cell line with a fixed volume of EVs, thus maintaining the different
number of EVs. As regards proliferating myoblasts, at the onset of
the pathology, SOD1%%A mice-derived EVs had a higher capability
of fusion on myoblasts, in comparison to WT-mice derived EVs,
while at the end-stage their capability significantly decreased. Even
if the number of EVs increased during ALS progression, their
capability of fusion on myoblasts seemed not to be correlated with
the disease spreading. These results suggested that the fusion of EVs
on skeletal muscle cells was not random but seemed to be mediated
by specific membrane receptors of the target cells. In addition, since
ALS is a multisystemic disease, it is possible to note that the target
of SOD1%%*A mice-derived EVs might be neuronal-specific, as
reported in literature [84], [102]. To this, further experiments are
required to evaluate the uptake of SOD1%%*A mice derived-EVs by
neuronal cells. At all stages of ALS progression, SOD1%** mice-
derived EVs had a lower capability to fuse into myotubes, in
comparison to WT ones. At this point, it has to be noted that EVs
can fuse to the target cells by endocytosis or by directly fusing with
the plasma membrane, thus releasing their cargo [83]. Experimental
results suggested that the preferential way of fusion to myotubes
could be by endocytosis, even if it could be not excluded that EVs
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fuse to myotubes by realising their cargo. However, since myotubes
are syncytial aggregates, we might have not been able to observe
this type of fusion by immunofluorescence analysis, due to the
exposure time. As regarding the functional effects of EVs on C2C12
cells’ differentiation process, at Day 2, control and transgenic mice-
derived EVs had a similar effect on C2C12 cells’ differentiation, in
terms of differentiation index values. However, only when treating
the cells with EVs obtained from SOD1%%A mice at the end-stage
and age-matched WT mice, a significant decrease in the
differentiation index was reported, when compared to untreated
cells. These results suggested that the EVs affected C2C12 cells’
differentiation in the early stages of this myogenic process. As a
consequence, at the end of the differentiation process, treated cells
displayed a reduction in the fusion and differentiation index, in
comparison to control cells, being lower the number of myotubes
and of nuclei for each myotube. However, in this case EVs derived
from SOD15%%A mice had a higher effect in the impairment of cells’
differentiation, even if not statistically significant, in comparison to
EVs derived from control littermates. This outcome suggested the
potential role of EVs derived from SOD1%%*A mice in the
impairment of C2C12 cells differentiation process during ALS
progression. Of note, it is possible to hypothesize that these effects
might be due to the transfer of toxic elements to the myogenic
differentiation process. To this, a deeper analysis of EVs cargo, and
more specifically of differentiation markers, might represent a
crucial tool for understanding the physio-pathological role of EVs
in cells’ differentiation process.
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6. Materials and methods
6.1 Animals

All experiments were conducted within the animal welfare
regulations and guidelines of the Italian National Law D.L.
04/03/2014, n.26, about the use of animals for research. Both female
and male, SOD1%%A mice at the presymptomatic (about 75 days of
age), onset (about 90 days of age) and end-stage (about 145 days of
age) of ALS progression and age-matched Wild Type C57/BL6 ones
were employed in this project.

6.2 Development of techniques, devices and testing
protocols for the measurement of muscle and
neuromuscular junction functionality

With the aim of measuring muscle and neuromuscular junction
functionality, a series of novel testing tools were developed for a
more precise assessment of the altered communication between
muscle and nerve in ALS progression. In detail, a novel technique
for the in-situ measurement of murine TA NMJ functionality in
isotonic conditions was proposed together with an innovative
parameter, INF. Moreover, an embedded sensor for the
measurement of engineered skeletal muscle tissue contractile force
with a non-invasive technique was designed and realized. Finally, a
3D microfluidic device was developed to promote the formation of
NMJ between spinal-cord derived cells and 3D engineered skeletal
muscle.

6.2.1.  In-situ methodology and experimental protocol for
neuromuscular junction functionality measurement

With the aim of studying the neuromuscular junction
functionality of SOD1%%A mice at the pre-symptomatic, onset and
end-stage of the disease in isometric and isotonic conditions, a series
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of preliminary studies, by employing the in-situ technique, was
conducted to evaluate the reduction in the errors of the parameters
characterizing isotonic contraction by testing the Tibialis Anterior
muscle to shorten against a load equal to the experimental value
(Fexp) [105], i.e. the force at which the muscle developed the
maximum power, rather than the reference optimal force (Frer)
always considered equal to 1/3 of the maximum generated force, as
suggested by the literature to date [35]. A proper placing of the
electrodes and an extensive testing protocol, by also proposing a
novel parameter, Isotonic Neurotransmission Failure, to properly
capture the impairments in neurotransmission during isotonic
fatigue were devised too [106].

For all these purposes, the experimental procedure was based
on the in-situ methodology. In detail, before the beginning of the
experiment, the mouse to be tested was anesthetized with an
intraperitoneal injection of Ketamina Cloridrato (Ketalar) and,
during the experiment, a supplemental dose was given if necessary.
The skin of the left hind limb muscle was removed, and the TA was
identified. Its tendon was cut a few millimetres far from the end of
the muscle, taking care not to include the tendon of Extensor
Digitorum Longus muscle in the surgical isolation. The surrounding
muscles were removed to expose the sciatic nerve. The mouse was
placed on a temperature-controlled plate (37 = 1 °C), the hind limb
was inserted in a clamp to immobilize it as much as possible, and
the foot was scotch-taped to the platform. During the test, the
exposed tissues were kept moist by periodic application of mineral
oil [29]. The experimental set-up is shown in Fig. 40. The TA tendon
was tied with a 0.16 mm diameter nylon wire slip knot as close to
the muscle attachment as possible and connected to the level-arm of
a dual-mode actuator/transducer system (305C-LR, Aurora
Scientific), as shown in Fig. 40b. In particular, the level-arm could
be controlled either in force or in position mode, allowing to
continuously switch between isometric and isotonic stimulation.

Muscle contractility was evoked by two pairs of stranded
stainless wire electrodes (AS632 Cooner Wire): for indirect
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stimulation the electrodes were placed close to the sciatic nerve,
while for the direct one they were inserted laterally just under TA
muscle surface, as shown in Fig. 40b. Electrical square pulses of
about 7 mA for nerve stimulation and 5 mA for muscle one were
generated by two electrical pulse stimulators (701C Aurora
Scientific) with a width of 1 ms [29].

(a) (b)

Actuator/Transducer
ASI 305C-LR.

Figure 40. Schematic of the (a) experimental set-up and of the (b) electrodes
positioning for direct and indirect stimulations. Tibialis Anterior muscle is in
red, sciatic nerve is grey [106].

The actuator/transducer and the pulse stimulators were
controlled by a custom-made software developed in LabVIEW 2019
(National Instruments) using a data acquisition board (PCle-6363X,
National Instruments). This software allowed for choosing all the
stimulation parameters while simultaneously acquiring muscle
shortening, force, time derivative of force, shortening velocity and
pulse sequence for post-processing. Data were acquired with an
acquisition frequency of 20 kHz for single pulse stimulation and 1
kHz for all pulse train stimulations. Indeed, during single pulse
stimulations different parameters related to the “time” were
computed, as TTP (Time to Peak) and 1/2RT (Half Relaxation
Time), and a higher frequency was needed to increase measurement
accuracy of this variable. For the remaining parts of the protocol, the
parameters of interest were only related to the force and
displacement amplitude, and a high accuracy on the measurement of
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time was not necessary. A digital oscilloscope (Tektronix
DP02014B) was included in the experimental set-up for the real-
time visualization of force and length. The optimal initial length was
obtained by subjecting the muscle to a series of single pulses to find
out the maximum twitch force [31]. At the end of the experiment,
the mouse was sacrificed by cervical dislocation to minimize
suffering. TA muscle length (Lo) and mass were measured for data
normalization through an analog caliper, with an accuracy of 0.05
mm, and a Pioneer precision scale (Ohaus, Parsippany, NJ), with an
accuracy of 0.1 mg. Muscle cross- sectional area (CSA) was
estimated as reported:

m
Lf*d

CSA =

(3)

where m is the muscle mass, Lt is the optimal fiber length and d is
the density of mammalian skeletal muscle, which is 1.06 mg/mm?
[117]. In particular, Lt is obtained as the product between L, and the
fiber length to the tibialis length ration, which is equal to 0.6, as
reported in literature [117].

To evaluate the errors introduced by testing TA muscle at the
reference optimal force (Frer) rather than at the experimental value
(Fexp), fifteen 3-month-old WT mice were used, and two groups of
muscles were subjected to the same experimental protocol, except
for the isotonic fatigue phase. The numerosity of the two groups was
chosen according to the sample size equation, which considers the
z-score, the confidence interval and the margin of error. In
particular, group 1 was constituted by 8 muscles stimulated to
shorten against the experimental optimal force, while group 2, made
up of 7 muscles, lifted the reference optimal force. Initially, single
pulses were delivered to the muscle to measure the contractile
kinetics parameters (Twitch force, rate of force production and of
force relaxation, Time to peak, Half relaxation time). To obtain the
tetanic force, the muscle was subjected to several pulse trains at
different frequencies. Then, the third phase of the protocol consisted
in the application of the after-load technique for the real-time
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measurement of muscle maximum power and, therefore, of
experimental optimal force (the force at which the muscle developed
the maximum power). Finally, the TA muscle was subjected to the
isotonic fatigue protocol, as previously described. The fatigue time,
measured as the time necessary to reach the 10 % of the maximum
shortening value, the power and work generated by the muscle
during the fatigue test, computed as the sum of the product of the
constant load both for the highest shortening velocity and for the
displacement during each shortening, were measured [105].

Neuromuscular junction functionality of SOD1%%** mice was
then evaluated through the in-situ methodology by comparing
muscle contractile response elicited by direct stimulation on TA
muscle membrane and indirect one through the sciatic nerve. Ten 5-
month-old WT mice were employed to assess the precise sequences
and resting times of the testing protocol for the measurement of
isometric and isotonic parameters of muscle and NMJ functionality.
To deeply characterize the NMJ in isometric and isotonic
conditions, with a particular reference to isotonic fatigue, a
continuous extensive testing protocol was developed to measure the
synaptic transmission alterations between TA muscle and sciatic
nerve [106]. Subsequently, to validate the proposing technique,
eight 5-month-old WT mice were used to compute all the parameters
proposed in the experimental protocol and five 5-month-old
SOD1%%A mice were then used to compute the Isotonic
Neurotransmission Failure. Finally, SOD1%%* mice at the pre-
symptomatic, onset and end-stage of the disease and age-matched
WT ones, with a number of samples ranging from 9 to 16, were used
to evaluate the impairment in the neurotransmission in isometric and
isotonic conditions during the disease progression, with a particular
reference to isotonic fatigue.

As regards the real-time measurement of muscle maximum
power, muscle tetanic force (Fwt) was determined from the force-
frequency curve, for direct and indirect stimulations, and it was then
employed to obtain the values of resistive loads to be imposed
during the after-load test in isotonic conditions. The Hill’s curve
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[35], representing the relationship between muscle force (F) and
shortening velocity (v), was computed interpolating the
experimental data by using the ‘Nonlinear Curve Fit’ VI (LabView
2019, NI), on the hyperbolic equation:

(F+a)x(v+b)=c (4)

where a, b, ¢ are positive constant values. In addition to the
interpolation on the 5 experimental points, the curve was forced to
pass through the point (v = 0; F = Fet). Then the program estimated
the power delivered by the muscle and, therefore, the experimental
optimal force, both for direct and indirect stimulations. In addition,
the Neurotransmission Failure was computed as:

Q)

where the force reductions in indirect (F) and direct (MF)
stimulations were computed as the difference between maximum
forces developed by the muscle at the first stimulation and at the
others, normalized on the tetanic force generated at the first
stimulation. The Intratrain Fatigue was computed as the ratio
between the force generated by the muscle at the end of the pulse
train and the maximum force generated during the same pulse train,
in percent. As for the indirect stimulation, the NF and the IF values
were computed on the first pulse train immediately after the direct
stimulation.

6.2.2. Embedded sensor design for engineered tissue
contractility force measurement

A sensor for the measurement of ex-vivo engineered tissue
contractile force during its growth was designed and realized, by
using an optical tracking method [108]. The case concept of the
sensor was based on the measurement of the deflection of a flexible
pin, designed with specific dimensions and compliance.
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Once the sensor was realized, the elastic pin was calibrated to
compute the experimental elastic constant k. One end of the elastic
pin was fixed to a linear actuator with a resolution of 0.10 um
(Zaber, NA11B16-T4) and the other end, at the desired length (22.7
mm), was connected to a micro-force transducer with a resolution of
1 uN (Kronex, AE801). The elastic pin was subjected to six different
known displacements by the linear actuator, namely 5 um, 10 um,
20 um, 30 um, 40 um and 50 pum. This range of displacements was
chosen as that expected from the force range reported for a
theoretical elastic constant of 20 N/m [50], [52]. The duration of the
displacement signals was set at 2 s, and each test was repeated 10
times. A custom-made software developed in LabVIEW 2019
allowed the synchronization between the linear actuator
displacement and the force signal acquisition.

As regarding the experimental set-up, the X-MET was used as
3D muscle engineered tissue, which was obtained according to a
protocol similar to the one illustrated by Carosio et al. [50]. Briefly,
a heterogeneous cell population was obtained by the isolation of
skeletal muscle from the hind limbs of a wild-type mice (WT) with
a process of mechanical and enzymatic digestion (gentleMACS
Octo Dissociator, MiltenyiBiotec). After 5-6 days in culture, the
cells were induced to differentiate using a differentiation medium
and after 2-3 days the cellular monolayer was delaminated by
moving a tip around the peripheral area of the dish. To allow the
complete remodelling of the X-MET in a self-organized cylindrical
structure, the delaminated monolayer was clamped in a silicone-
coated dish and maintained for three days. After this period, the
specimens were clamped in the proposed sensor.

Differentiation medium (DM), constituted of Dulbecco's
Modified Eagle Medium (DMEM), 5 % horse serum, 25 mM
HEPES, 4 mM L-glutamine, 0.1 %  gentamicin,
penicillin/streptomycin, was used for the growth and the
maintenance of the X-MET in culture. After demonstrating that the
developed embedded sensor did not affect the correct growth of the
X-MET, we tested the ability of the sensor to capture alterations in
force contractility of muscle engineered tissues treated with Bovine
Serum Albumin (BSA), known to mimic an aged microenvironment
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[118], [119]. In view of this, four different X-METSs were cultured
in DMEM only enriched of 1 % BSA from the day they were placed
in the novel sensor. The contractile properties of the specimens were
measured for five consecutive days. This duration was chosen for
two main reasons. At first, the ‘accelerated aging’ induced with the
treatment was preliminary demonstrated yield to unresponsive X-
METSs after three days in culture. Second, we wanted to demonstrate
the capability of our sensor to measure the contractility of the control
X-METs and to verify the correct growth and maturation of the
tissues over a longer period. Moreover, the embedded sensor was
designed to be easily integrated with other technical facilities, as a
stereomicroscope and a set-up for tissue electrical stimulation. X-
MET contractility was evoked by a pair of platinum electrodes,
placed parallel to the tissue, and connected to a pulse stimulator
(Aurora Scientific 701C) (Fig. 41). The entire sensor was placed
under a stereomicroscope (NIKON SMZ 800) equipped with a high
frequency camera (Basler aca2040-180km) for image acquisition
and an illuminator (Photonic PL-3000) was employed to adjust the
image contrast for the post-processing correlation of the images. For
the entire duration of the test, the tissue was maintained at a
temperature of 37 °C + 0.3 °C by using a temperature control plate
(Okolabs.r.1., H401).

The stimulation protocol was constituted by one twitch test and
four unfused/fused tetanic stimulations, in isometric conditions, to
measure tissue contractile kinetics and force frequency relationship,
respectively. All the stimulation parameters were chosen according
to those used in our previous works [50]-[52] and similar to those
found in the literature [120]. The current intensity of a single pulse
was set to 400 mA for both twitch test and tetanic stimulations. The
twitch response was obtained with a 1 ms single pulse stimulation.
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Figure 41. Picture of the sensor with the two platinum electrodes placed parallel
to the X-MET [108].

These parameters were shown to elicit the maximum twitch
force (Frw) of the X-MET [50] in a standard supramaximal way (i.e.
+50 % of the maximum current value eliciting maximum twitch
force). The four tetanic stimulations were delivered in a random
order, namely at 60 Hz, 20 Hz, 40 Hz and 80 Hz, to avoid tissue
adaptation to increasing or decreasing frequencies, with 1 ms pulse
trains of a duration of 0.8 s. A resting time of 60 s was allowed
before the first train stimulation, and 120 s of rest before the
following ones. These values were chosen accordingly to a series of
preliminary experiments aimed at evaluating the minimum resting
time necessary to avoid tissue fatigue [29], [33], [121]. Time to peak
(TTP) and half relaxation time (1/2RT) were measured from the
twitch response to characterize the contractile kinetics of the tested
X-METs. The active force generated during the twitch test and the
tetanic stimulation was measured and divided by the tissue average
cross-sectional area (CSA) to compute the specific force. To this,
before each test, an image of the entire tissue was acquired to
calculate the cross-sectional area, for all the acquisition days. Each
image was then processed with an ad hoc program developed in
Matlab 2021, based on the evaluation of the grey levels and,
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therefore, of the average diameter of the X-MET. The force-
frequency curve was then obtained for control and treated X-METSs.

The displacement of the elastic pin, caused by the X-MET
contraction, was measured by an optical tracking method. The
algorithm was developed in LabVIEW 2019 using ‘IMAQ Optical
Flow’” VI, which is based on the computation of the change in
location of a set of points between two consecutive images [Ref
38,45]. For all the experimental tests, a region of interest (ROI) of
40x15 pixels was selected on the pin in correspondence with the
engineered muscle tissue with the longer side parallel to the pin axis
and divided in 15 nodes [112]. However, it is important to consider
that the irregular surface pattern of the X-MET could cause an
inhomogeneous speckle on the same, as well as the illuminator can
induce an inhomogeneous image contrast. For these reasons, it was
not always possible to select a ROl in the centre of the axis between
the elastic pin and the X-MET. Therefore, the errors introduced in
the correlation algorithm by varying the positioning of the ROI from
the central one were evaluated [112]. To do this, the elastic pin was
subjected to known displacement by using a linear actuator (Zaber
NA11B16-T4) with a resolution of 0.01 um provided by a stepper
motor controller (Zaber X-MCB?2) (Fig. 42a). One end of the elastic
pin was fixed and the other one was pushed by the linear actuator at
a length of L= 22.7 mm. The pin was subjected to sinusoidal
displacements of two different peak-to-peak amplitudes equal to 5
pm and 10 pum and with a frequency of 10 Hz. These parameters
were chosen as better representative of the contractile kinetics of the
muscle engineered tissue analyzed in preliminary experiments. The
duration of the displacement signals was set at 3 s and the images
were acquired by a high frequency camera (Basler acA2040-180km)
mounted on a stereomicroscope (NIKON SMZ 800).

The images were acquired at 300 fps, with an optical
magnification of 2X and with a resolution of 1020x300 pixels. This
combination of acquisition parameters resulted to be the optimal
working condition of the tracking algorithm, in terms of accuracy in
capturing the actual movement of the pin [109].

Pag. 79



Flavia Forconi

a)

1. Linear actuator
2. Controller

0,om: Nominal displacement

ROI C

ROI1 ROI2 RQIS

Figure 42. a) Experimental setup for ROI positioning evaluation. b) Image of the
linear actuator and the elastic pin. Magnification of 2X, 1020x300 pixels. ¢) ROI
positionings around the central one [112].

A custom-made software developed in LabView2019 allowed
to set all the displacement parameters, such as the waveform, peak-
to-peak amplitude, frequency and duration of the linear actuator
movement, and also to synchronize the displacement with the image
acquisition. The acquired images were then processed with the
optical tracking algorithm to compute the displacement of the pin in
different regions of interest (ROISs) to evaluate the effects of the ROI
positioning compared to the central one (Fig. 42b, 42¢). For all tests,
we selected a ROI of 40x15 pixels divided into a fixed and regular
grid of square elements and we analysed 15 nodes. Fig. 42¢ shows
all the analysed ROIs: the central ROI was selected on the pin in
correspondence with the motor axis, while the other ROIs were
moved from the central ROl of the following (x, y) pixel
coordinates: (-50, 8), (0, 8) and (50, 8) respectively for ROI 1, ROI
2 and ROI 3 and (-50, -8), (0, -8) and (50, -8) respectively for ROI
4, ROI 5 and ROI 6.

The error due to a wrong ROI positioning on the force
measurements was evaluated for the six selected ROIs around the
central one, for two displacement amplitudes, and for each of these
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combinations 5 repetitions were performed. At first, we computed
the relative percentage error introduced using the central ROI (ROI
C), calculated as follow:

SmeasROI c 5nom
8T€lR01 c Snom * 100 (6)

Where Speasp,, o 1S the displacement measured by the tracking

algorithm for the ROI C and §,,,,, is the nominal displacement
imposed by the linear actuator. This is the systematic error of the
tracking algorithm and will be then compensated during
measurements. Subsequently, the relative percentage error
computed for the other six ROIs with respect to ROl C was
calculated as follow:

_ SmeasROIX ~
€relrorx — s

1)

TEPROIC 4 100 (7)

measrpoj C

WhEre 8,eqsp,, 1S the displacement measured by the tracking

algorithm for the six ROI analysed. These displacements were
calculated as the average of the peak-to-peak amplitude for the 20
acquired periods.

It is important to note that all the displacement values obtained
from the experimental tests were therefore corrected to compensate
these errors.

The displacements obtained from the tracking algorithm were
then converted in force values by multiplying them for the
experimental elastic constant, and finally divided by the CSA to
obtain the specific forces:

Omeas*k

Fspecific = T csaA 8)

where Smeas is the displacement, along the y direction, measured by
the tracking algorithm and k is the experimental elastic constant
obtained through the elastic pin calibration.
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6.2.3.  Development of neuromuscular junction microfluidic
device and electrical stimulation protocol

With the aim of promoting the formation of NMJ between the
3D engineered muscle models, as the X-MET, and neuronal cells,
we designed and realized an innovative 3D microfluidic device. To
accomplish this aim, we initially characterized the interaction
between mouse spinal cord primary culture and the bidimensional
population of the X-MET, namely primary culture obtained using
muscle tissue harvested from mouse hind limbs, through a
commercial 2D microfluidic device (Microfluidic Neuron Device,
Xona Reasercher Protocol) for the formation of NMJ. Subsequently,
we developed an innovative device to enhance the fusion and the
formation of NMJ between mouse spinal cord primary culture and
the X-MET.

To characterize the interaction between mouse embryonic spinal
cord primary culture and the 2D population of X-MET as well as to
investigate the potential role of the X-MET to be used for the
generation of the 3D NMJ model, a RT-PCR was first performed for
acetylcholine receptors (AChRs) B1 and B2 comparing 2D and 3D
X-MET after 7 and 15 days in Differentiation Medium (DM). In
addition, we conducted preliminary co-cultures between the X-MET
and the mouse embryonic spinal cord primary cultures, by
explanting the spinal cord from a WT mouse. Finally, we performed
immunofluorescence analysis on cross-section of X-MET-Spinal
cord explant for Smi-32 and Myosin Heavy Chain (MyHC) after 10
days of co-culture. Hoechst was used for nuclear staining. To fully
confirm the role of the X-MET for the generation of a 3D NMJ
model, we evaluated the presence of mature subunits of AChRs,
namely AChR- € and AChR- ¥, by performing a RT-PCR in X-MET
and X-MET co-cultured with E15.5 ventral spinal cord-derived from
WT mice [122]. We chose to use the ventral portion of the spinal
cord since it contains motor neurons responsible of skeletal muscle
innervation.
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The commercial microfluidic device (Neuronal Microfluidic
Device, Xona Researcher Protocol) for NMJ formation consisted of
two chambers connected by a microgroove barrier of 3 um in height,
which acted as a ‘filter’, allowing the passage of neuritic processes
into the axonal side but not of cell bodies. Once obtained the 2D X-
MET, the extraction of spinal cord from UBC/GFP mice was
computed, and the Neural Tissue dissociation kit (Miltenyi Biotech)
was used to obtain the motor neurons culture. Neural tissue from
embryo spinal cord (animal age < P7) were dissociated into single-
cell suspension by combining mechanical dissociation with
enzymatic degradation of the extracellular matrix. After the
digestion phase, the samples will be resuspended in Neurobasal
Medium supplemented by 2 % of Fetal Bovine Serum (FBS), 1 %
Horse Serum (HS), 1 % of penicillin/streptomycin, 1 % of I-
glutamine and 2 % B-27 supplement. Cells were placed on the
axonal side of the microfluidic device, coated with Poly-L-Lysine.

On the basis of the results obtained with the 2D co-cultures, the
3D microfluidic device was developed to enhance the fusion and the
formation of NMJ between X-MET and embryonic spinal cord-
derived cells. First, the spinal cord-derived cells were plated in the
nerve compartment of the device and, approximately after 7 days,
the X-MET was pinned inside the device.

In parallel, to promote the formation of NMJ in 3D microfluidic
device, a preliminary simulation study was conducted to analyse the
electric field distribution in the 3D device for the design of different
electrode systems [115]. The device was modelled in CST Studio
Suite 2019, a software which is a general-purpose electromagnetic
simulator based on the Finite Integration Technique (FIT) [123], that
provides a spatial discretization to various electromagnetic
problems, starting from the Maxwell’s equations. For the simulation
tests, the dielectric constant values reported in the literature for the
different materials composing the device were considered. In
particular, the entire device structure was simulated with the
dielectric constant of the silicon, equal to £=11.9 F/m. The neuronal
chambers, the lateral and central grooves and the microgroove
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barrier were modelled with the dielectric constant of the Neurobasal
Medium used for neuronal cells culture, equal to €,=80 F/m [124].
On the other hand, the muscle engineered tissue chamber was
modelled with the dielectric constant of Dulbecco’s Modified Eagle
Medium (DMEM) with fetal bovine serum, used for muscle tissue
culture, corresponding to em=77.59 F/m [125].

The electric field simulations were generated by the potential
applied on the surface of two electrodes, placed symmetrically in the
two neuronal chambers. To find out the optimal electrode
configuration that could properly stimulate the neurites in the
microchannels without affecting neuronal cells in the culture
chambers, different simulation tests were performed by varying the
electrode type, the position in the neuronal chambers, the size and
the applied voltage intensity. All the tested electrodes were built as
perfect electric conductors (PEC), as required by the software. Of
note, the electrodes for muscle and/or nerve stimulation are usually
realized in platinum, which could be considered a perfect electric
conductor [126].

Initially, pin electrodes of cylindrical shape were tested, by
varying four specific positions, namely high-centre, low-centre,
internal and external in the neuronal chambers, as shown in Fig. 43a,
and two different values of the radius (0.2 mm and 0.3 mm).
Moreover, three voltage intensities (2 V, 4 V and 8 V) were tested
according to preliminary results showing that potential values of 16
V and 32 V induced an electric field on the bottom of the neuronal
chambers of 6.36 kV/m and 12.71 kV/m, respectively, thus resulting
critical for cells survival. Subsequently, the electric field generated
by two electrodes with a ring shape (O-ring) [127] was simulated,
testing three voltage intensities and two positions in the neuronal
chambers. In detail, they were placed on the top (h=5 mm) and at
half height (h=2.5 mm) of the neuronal chambers, as shown in Fig.
43b. Two dimensions of the electrodes were varied: the first one was
characterized by an external radius of 2.1 mm and internal radius of
1.7 mm, while the second one by a radius of 1.5 mm and 1.1 mm,
respectively, for the external and the internal dimension.
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Figure 43. Schematic of the electrodes' positioning in the neuronal chambers. a)
Device (top view) for cylindrical pin electrodes' positioning. b) Device (lateral
view) for O-ring and cylindrical disc electrodes' positioning [115].

Finally, a couple of cylindrical disc electrodes 1 mm high was
tested for their electric field distribution, by varying the position in
the neuronal chambers (top and half height), the geometry (2.1 mm
and 1 mm of radius) and the voltage intensities (Fig. 43b).

As described before, mouse embryonic spinal cord-derived
cells were plated in Petri dish of 35 mm of diameter and stimulated
with pin electrodes of 0.3 mm of radius, by applying 1 ms square
wave pulses of 5 V at a frequency of 1 Hz, starting from the 7" day
of culture. Two different durations of the electrical stimulation (ES)
were investigated, 1 hour and 2 hours, by fixing the cells with 4%
paraformaldehyde (PFA) after 24 and 48 hours the end of the ES
protocol. At the end of the experiment, 5 Fields Of View (FOV)
were acquired for each Petri dishes and analysed the images with
Imagel software to compute the number of nuclei and the axons’
elongation.

As regarding the electrical stimulation of neuronal cells plated
in the 3D microfluidic device, embryonic spinal cord cells obtained
from GFP* C57/BL6 mouse were first seeded at a density of 50000
cells/chamber in the 3D microfluidic device, and, after two days, X-
MET, generated from WT mouse, was pinned in the rectangular
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chamber of the device. Spinal cord-derived cells were stimulated 24
hours later with pin electrodes of 0.3 mm of radius, by applying 1
ms square wave pulses of 5V at a frequency of 1 Hz, for 30 minutes.
With the aim of promoting, as much as possible, the elongation of
neurofilaments’ along the microchannels, cells were stimulated 96
hours later, by applying the same electrical stimulation protocol.
After two weeks, neuronal chambers were gently washed 2 times
with PBS, fixed with 4 % paraformaldehyde (PFA) for 10 min for
consequent fluorescent microscopy analysis.

6.3 Molecular characterization and functional effects of
SOD1%%A mouse extracellular vesicles on C2C12 cell
line

6.3.1. Extracellular vesicles isolation from mouse serum

Extracellular vesicles were isolated from SOD1%%** and WT
mice blood serum, with a number of samples ranging from 3 to 6 for
all tested stages of ALS, as described in literature with minor
modification [128], [129]. Briefly, mouse was anesthetized with
Ketamina Cloridrato (Ketalar), and then blood was collected from
the sternum and placed at room temperature (RT) for about 1 h to
allow complete coagulation. The blood was then centrifugated at
10000 rpm for 2 min at RT to collect the serum [130]. EVs were
isolated from mouse serum by using ExoQuick KIT (SBI, System
Biosciences, Palo Alto, CA), according to the manufacturer’s
instructions. Finally, EVs were suspended in 100 pl of PBS and
stored at +4 °C.

6.3.2.  Staining
According to the manufacturer’s instructions, mouse blood EVs

were stained with 1 mM Carboxyfluorescein succinimidyl ester
(CFSE) (Life Technologies-ThermoFisher, CA) membrane-
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permeable dye, whose succinimidyl group binds to intracellular
lysine residues and other free primary amines, producing green
fluorescence.

6.3.3.  Flowcytometric analysis

To visualize EVs derived from SOD1%%”A mice at the
presymptomatic, onset and end-stage of the disease and from age-
matched WT mice, a flowcytometric analysis was performed (Fig.
44). In detail, we used nanobeads (Sperotech) with known size of
0.5, 0.7 and 1.3 um to create a gate, with a size lower than 1 pum,
where it was expected to find the EVs. As described in the previous
paragraph, they were stained with CFSE dye, to point out the green
cytoplasm, and used the fluorescent signal to distinguish them from
the background noise. Moreover, we added an equal amount of
CountBright™ Absolute Counting Beads (Life technologies,
ThermoFisher), equal to 1000, to each sample, to analyse the same
volume of EVs, equal to 20 pl. EVs were analysed with FACS LSR
FORTESSA X-20 (BD PharMigen, BD Biosciences, San Jose, CA)
and data were obtained by using the FACS DIVA 8.0 software (BD
PharMigen, BD Biosciences).

i EV gate
0.5 o | &
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SSC-A
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Figure 44. Schematic of the flowcytometric analysis for the visualization of
EVs.

6.3.4. C2C12 cell line culture

C2C12 skeletal muscle cell line was obtained from Fondazione
Santa Lucia (Rome, Italy). In detail, they were seeded at a density
of 7500 cells/well in 24-well plates and were maintained as

Pag. 87



Flavia Forconi

proliferating myoblasts in Dulbecco’s Modified Medium (DMEM-
high glucose, w/o sodium pyruvate) supplemented by 10 % of Fetal
Bovine Serum (FBS), 1 % of penicillin/streptomycin and 2 % of I-
glutamine until a confluence of 70-80 % was reached. To induce
myoblasts’ fusion, confluent cultures were switched (Day 0) to the
differentiation medium Dulbecco’s Modified Medium (DMEM-
high glucose, w/o sodium pyruvate) supplemented by 2 % of Horse
serum (HS), 1 % of penicillin/streptomycin and 2 % of I-glutamine).
C2C12 cells grown at 37 °C in a humidified 5 % CO2 95 % O air
atmosphere, and differentiated for 5 days (Day 4), as reported in
literature [131].

6.3.5. Uptake of mouse blood extracellular vesicles by
myoblasts and myotubes

To evaluate the uptake of mouse blood EVs by C2C12
proliferating cells and by completely differentiated myotubes,
CFSE™ EVs were first collected. Thereafter, 5 pl/well of labelled
EVs were added to proliferating myoblasts and to completely
differentiated myotubes (Day 4), and incubated for 6 hours at 5 %
C0O2 95 % O at 37 °C. Subsequently, wells were gently washed 2
times with PBS, fixed with 4 % paraformaldehyde (PFA) for 10 min
for consequent confocal microscopy analysis.

6.3.6. Evaluation of the functional effects of mouse blood
extracellular vesicles on C2C12 cell line

To evaluate the functional effects of mouse blood EVs on
C2C12 cells during the myogenic differentiation process, cells were
treated with EVs derived from SOD1%%A mice at the pre-
symptomatic, onset and end-stage of the disease and from age-
matched WT mice. In detail, when the growth medium was shifted
to the differentiation one (Day 0), C2C12 cells were treated by
adding 5 ul of EVs to each well of the 24-wells plate. To fully
characterize their effects on the differentiation process, the C2C12

Pag 88



PhD in Morphogenesis and Tissue Engineering

cells were stopped in the middle (Day 2) and at the end (Day 4) of
the myogenic process to perform confocal microscopy analysis.

6.3.7.  Immunolabeling and confocal microscopy analysis

After the treatment with mouse blood EVs, wells were gently
washed 2 times with PBS, fixed with 4 % paraformaldehyde (PFA)
for 10 min and blocked for 20 min with 1 % BSA and 0.2 % Triton-
X in PBS. Then, wells were incubated for 45 min at RT in 1 % Goat
Serum in CMF. To evaluate the uptake of CFSE® EVs by
proliferating C2C12 cells, immunofluorescence analysis was
performed. Hoechst was used for nuclear staining. On the other
hand, to evaluate the uptake of CFSE* EVs by myotubes and the
functional effects of EVs by C2C12 cells during the differentiation
process, MF20 and Hoechst were employed for myosin and nuclear
staining, respectively. Briefly, MF20 primary antibody diluted in 1.5
% Goat Serum in CMF was added to the wells and incubated
overnight at 4° C. The wells were washed thrice with 1 % BSA and
0.2 % Triton-X in PBS. Alexa568 secondary antibody and Hoechst
1:1000 diluted in 1.5 % Goat Serum in CMF were added to the wells
for 45 min at RT. The confocal microscopy analysis was then
performed on a Zeiss LSM 900 laser-scanning confocal microscope.
As regards the evaluation of uptake of CFSE* EVs, for proliferating
C2C12 cells a Field of View (FOV) was acquired for each well using
a 40x oil-immersion objective, while for differentiated myotubes,
consequent images were acquired for each well using a 40x oil-
immersion objective and a step-size of 0.5 um. The mean
fluorescent intensity (MFI) of CFSE was measured using ImageJ
software on the digital images acquired for each sample. On the
other hand, to evaluate the functional effects of EVs on C2C12 cells
during the differentiation process, two FOVs were acquired for each
well with a 20x objective at Day 2 and 10x objective and at Day 4,
respectively. For each sample, with the aim of evaluating the effects
of EVs after two days of myogenic differentiation, we calculated the
number of nuclei, the number of MF20™ cells and the differentiation
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index, as the ratio between the number of MF20* cells and the
number of nuclei, by using the ImageJ software [132]. On the other
hand, for Day 4, we computed the fusion index, as the ratio between
the number of myotubes and the number of nuclei, and the
differentiation index, as the ratio between the number of nuclei per
myotubes and the number of nuclei, by using ImageJ software [132].

6.4 Statistical analysis

For the development of techniques, experimental devices and
testing protocols of the muscle and neuromuscular junction
functionality, statistical differences were evaluated by using
different tests. For the evaluation of the errors introduced by testing
muscle to lift the reference optimal force rather than the
experimental one, differences in fatigue time, mechanical work and
power of the muscles tested at the experimental and reference
optimal force were evaluated with un-paired Student’s t-test.
Differences in all the parameters computed for direct and indirect
stimulations in WT animals were evaluated with unpaired Student’s
t-test, as well as differences in the parameters computed for WT and
SOD1%%A mice during fatigue test, namely INF at 50%, INF at 80%
and Tra. The distribution of all these parameters was parametric. For
the measurement of NMJ functionality in SOD1%%4 mice during
Amyotrophic Lateral Sclerosis, we referred to Analysis of Variance
to identity any significant differences between the means of tested
groups, since a continuous outcome on the basis of categorical
variables was studied. Differences in muscle mass, CSA, Intratrain
Fatigue, Neurotransmission failure, fatigue time and Isotonic
Neurotransmission Failure were evaluated with two-way ANOVA
using the factors animal strain and disease stage as fixed ones. We
used three-way ANOVA, followed by multiple comparisons, to
analyse differences in contractile kinetics parameters (dF/dt, -dF/dt),
tetanic force, specific tetanic force and maximum velocity using the
factors animal strain, disease stage and type of stimulation as fixed
ones. As regarding the development of the 3D embedded system for
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the measurement of engineered skeletal muscle contractile force, the
linear relationship between the force measured by the micro-force
transducer and the displacements imposed by the linear actuator was
assessed by linear regression with p-value fixed at 0.05, with
reference to the average value of the measured force across the 10
repetitions for each displacement in input. One-way ANOVA,
followed by multiple comparison, was performed to look for
differences in all the measured parameters across the five days, i.e.
assuming the day as the fixed factor, for the un-treated group and for
the specific twitch force and the maximum tetanic force for the
treated group. Two-way ANOVA was performed assuming the day
and the treatment as fixed factors, followed by a multiple
comparison test to look for differences in the specific force at all the
tested frequencies, including twitch test. Of note, three treated
tissues “almost died” during the “accelerated aging” treatment, and
their generated force was therefore null for the remaining testing
days. For these samples, it was not possible to measure TTP and
1/2RT on day 3 and day 4. For the development of 3D microfluidic
device, one-way ANOVA test was used to find differences in
Acetylcholine receptors 1 and P2, while differences in
Acetylcholine receptors ¥ and € were evaluated with Student’s t-test.
For the evaluation of the electric field intensity along the
microfluidic device for the best electrodes’ configuration, two-way
ANOVA tests were performed, assuming pin position and pin radius
as fixed factors, for each applied voltage, followed by multiple
comparisons tests to look for differences in the electric field values.
One-way ANOVA was used to evaluate differences in the number
of nuclei and neurofilaments’ length after the electrical stimulation
considering the electrical stimulation as fixed factor.

For the molecular characterization and functional effects of
SOD1%%A mouse EVs on C2C12 cell line, differences in the
normalized number of EVs and mean fluorescence intensity (MFI),
both for C2C12 proliferating cells and completely differentiated
myotubes, were evaluated with Mann-Whitney test. The distribution
of these parameters was not parametric. In addition, differences in
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the differentiation index and fusion index were computed though
one-way ANOVA considering the treatment as fixed factor.

Generally, for two-way and three-way ANOVA, the
distribution of the analysed parameters was not parametric.

Statistical analysis was performed with GraphPad 8.0 and
differences were considered significantly when p-value was lower
than 0.05. Values are generally expressed as mean + SD, except for
NF and IF whose values are expressed as mean + SEM.
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9. Point by point response to the reviewers

Reviewer #1

The thesis deals with innovative techniques, measurement
devices, and procedures for the measurement of muscle and
neuromuscular junction (MNJ) functionality in Amyotrophic
Lateral Sclerosis (ALS). The developed models could be transferred
also to diverse neurodegenerative pathologies. In particular, the
candidate developed and validated a technique for the in-situ
measurement of murine Tibialis Anterior (TA) NMJ functionality,
introducing the Isotonic Neurotransmission Failure (INF)
parameter, which increases at the end-stage of the disease, meaning
that the NMJ functionality is more impaired in isotonic conditions.
She also proposed a non-invasive system to measure the 3D
engineered skeletal muscle tissues contractility, capable to
discriminate between healthy and pathological conditions. Finally,
she designed and realized a 3D microfluidic device to promote the
formation of NMJ between spinal cord-derived neuronal cells and
3D engineered skeletal muscle, resulted useful for the development
of a more comprehensive 3D NMJ in-vitro model. The candidate
also performed experiments with muscle cells populations to
evaluate the role of SOD1G93A mice-derived extracellular vesicles
(EVs) - involved in ALS pathological proteins transportation — on
the proposed models; these EVs increase during the disease
progression, impairing cells differentiation. The thesis is generally
written quite well and the English is fluent; however, thoroughly re-
reading the text could help in the correction of eventual typos or
grammatical errors, as well as in improving the use of punctuation,
hence enhancing the thesis readability. Some considerations: - The
candidate presents an overview of the pathology and, after having
presented her studies aims, reports the results. | would suggest
reconsidering the index organization, since presenting the results at
first and the materials and methods after could be misleading for the
reader. However, it is more a matter of style. - A spacing should be
always present between a number and related measurement unit. -
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Regarding the acronym, please spell them out only once, when used
for the first time. Also, a section dedicated to acronyms explanation
could be added at the beginning of the thesis. - When referring to an
article, even if (co-)authored by the candidate, please be sure to
rephrase the content, in order to decrease the similarity score. The
contextualization in the literature background is quite complete;
however, some references should be added, as reported more in
detail in the following comments. Moreover, please check the
references format, since not all the citations seem to be complete
(e.g. see Ref. 115).

I would like to deeply thank the reviewer for his appreciation,
suggestions and comments.

Some specific comments and suggestions are provided below in
order to help the candidate to improve the quality of the manuscript.

- Page 8, last line: the acronym NMJ should not be spelled out
here, since it has been previously used. Please check and
explain it only when used for the first time. It is advisable to
check this aspect for all the acronyms used in the thesis.

Done.

- Page 9: it could be used to add a figure indicating the
different types of muscles interested in the early
pathogenesis, for the sake of clarity. Also a table
summarizing the different effects of ALS on muscles and
motor units could be added, together with the related
bibliographic references.

I would like to thank the reviewer for this suggestion. It has to be
noted that the different types of muscles interested in the early
pathogenesis of ALS progression are a constantly developing
research topic. For this reason, according to the studies already
presented in literature on Tibialis Anterior or EDL, | added the
requested table (Tab. 1) to summarize the different effects of ALS
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on muscles and motor units at the end of paragraph 2.1 of
Introduction section.

- Page 12: is it possible to quantify the “significant errors”
present in isotonic fatigue protocols? It would be interesting
to add this information.

Yes, it concerns what we analysed for a conference paper [F.
Forconi et al., IEEE Medical Measurements and Applications,
MeMeA 2020 - Conference Proceedings, 2020]. In particular, we
demonstrated that when the muscle was allowed to shorten against
the experimental optimal force rather than the reference value, the
coefficient of variation (CV) of all isotonic fatigue parameters
strongly decreased. For example, the coefficient of variation (CV)
for the fatigue time decreased from 61.4% to 18.4% when
experimental optimal force was employed.

- Page 14: it would be interesting to add a brief consideration
on the measurement accuracy of the methods described from
literature.

Thank you for this suggestion. As regarding the Si-MEMS device
developed by Shimizu et al. [K. Shimizu et al.,, Biomed.
Microdevices, 2010], to achieve reliable and reproducible
measurements of the active tension of skeletal muscle tissues, it
would be necessary to investigate the relationship between the
number of cultured myotubes and the active tension. As regarding
the Traction Force Microscopy, this system does not provide a direct
measurement of the engineered skeletal muscle contractile force, but
of the contraction and relaxation velocities curves, where
contractility is usually presented as a percentage of the movement.
To this, the indirect measurement of contractile force results
affected by the effect of propagation of uncertainty. These
considerations on the measurement accuracy of the proposed
devices were added.
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- Page 17: the second paragraph repeats a concept already
reported at the end of page 16. Please rephrase it or consider
deleting one of the two items.

Done.

- Pages 18-19: it could be useful to add a table summarizing
the findings on EVs role in neurodegenerative diseases from
literature.

Thank you for this suggestion. The role and effects of EVs in
neurodegenerative diseases were summarizes in Tab. 2 in paragraph
2.4 of Introduction section.

- Chapter 4 (page 22): as mentioned above, the title “Results”
could be misleading, since the reader expects to read first
Materials and Methods section, then Results. Please evaluate
to modify it to fix this possible issue for readability, or,
alternatively, to move this Section (and related Discussion,
Chapter 5) after M&M one. As a further alternative,
Materials and Methods section and Results section for each
research item presented in the thesis could be placed in a
same section. However, as already said, it is more a matter
of style.

Thanks for this suggestion. However, the thesis was written
according to a template provided by the MIT PhD course.

- Figg. 3-4: it would be interesting to try to justify the
reduction in the variance when muscles are tested at the
optimal experimental force.

Thank you for this comment. The reduction in the variance when
muscle was tested at the experimental optimal force rather than at
the reference value was due to the fact that at the experimental
optimal force the muscle developed its real maximum power, and
not a power that could be quite close but also very different from
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this maximum value. Indeed, by testing control mice to lift a load
equal to the experimental optimal force during isotonic fatigue
protocol, their behaviour was quite similar and, therefore, the
variance of all the parameters measured in isotonic fatigue protocol
strongly decreased. This consideration was added in the Discussion
section.

- Fig. 5: it could be useful to number the 5 phases labels, for
the sake of readability.

Done, | modified the figure number 5 by adding labels to each phase
of the stimulation protocol.

- Page 27: please homogenise the number of digits when
expressing the duration of pulse trains/resting periods.

Done.

- Fig. 6: please improve the readability of the text in this
figure.

Done, the format was increased.

- Pag. 31: for the sake of clarity, it could be useful to report
the equation related to the computation of relative error in
the force determination.

Done, the requested equation was added.

- Fig. 20: it could be interesting to report also a picture of the
developed sensor.

Thank you for this comment. A picture of the embedded sensor is
already present in paragraph 6.2.2. of Materials and Methods section
(Fig. 41).
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- Page 53: for the sake of clarity, it should be specified how
simulations were performed (e.g. which software was
used?).

| added the information of the software used for the electric field
propagation simulation. Of note, a more detailed description is
present in Materials and Methods section (paragraph 6.2.3.).

- Page 57: a brief description of a possible option to overcome
the encountered issue could be interesting.

The idea of the new device configuration would be to decrease the
wide of the device to avoid as much as possible the penumbra zone
resulted by using confocal microscopy. This information was added
at the end of the paragraph.

- Fig. 36: please consider placing the subfigure b at the bottom
of subfigure a, in order to improve readability.

Fig. 36 was modified to improve its readability.

- Chapter 6: please consider moving this section before
Results (Chapter 4), for the same motivations exposed
above.

Thanks for this suggestion. However, the thesis was written
according to a template provided by the MIT PhD course.

- Section 6.2: a brief introduction could be added before
starting with the first subparagraph (i.e. 6.2.1).

A brief introduction of section 6.2 was added by explaining the
techniques, testing protocols and devices proposed before their
explanation in the specific materials and methods paragraphs.

- Page 71: for the sake of clarity, it could be useful to report a
scheme of the whole measurement setup used for the
measurement of NMJ functionality.
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The schematic of the experimental set-up for the measurement of
muscle and NMJ functionality was added in Fig. 40 as subfigure a.

- Page 72: the choice of the two groups numerosity should be
justified. Moreover, it could be useful to add a table
reporting the computed parameters and their description, for
the sake of clarity.

The numerosity of the two groups was chosen according to the
sample size equation, which considers the z-score, the confidence
interval and the margin of error. Moreover, the measured parameters
were already descripted in paragraph 4.1.1 of Results section.

- Page 74: a proper reference should be added in relation to
the choice of the displacement range.

The displacement range was chosen as that expected from the force
generated by the X-MET reported in Carosio et al. and Pisu et al.
Indeed, these two references were added at the end of the paragraph.

- Fig. 42: the subfigure ¢ should be enlarged (or reported as a
separate figure) for the sake of readability and to better
understand what described at pages 79-80.

The subfigure ¢ was enlarged to increase its readability.

- Section 6.2.3: a scheme of the proposed 3D microfluidic
device could be added for ease of readability.

The schematic of the proposed 3D microfluidic device is represented
in Fig. 27 in 4.1.3. section of Results section.

- Section 6.3.3: it could be useful to add a figure showing the
detection of EVs through flowcytometric analysis.

A figure showing the flowcytometric analysis for the visualization
of EVs was added as Fig. 44.
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- Section 6.3.4: please add proper references to the last
sentence of this paragraph.

A reference [M. Conceicdo et al., Biomaterials, 2021] was added at
the end of the paragraph.

- Section 6.3.7: an example of figure related to microscope
confocal analysis could be added for the sake of clarity.

Figures related to confocal microscopy analysis are already present
in Results section, where the results obtaining by using EVs to treat
C2C12 cells are showed.

- Section 6.4: proper references should be added for each
statistical method that is mentioned in this section.
Moreover, something about the normality of the distribution
of the considered variables should be stated.

As regarding the un-paired Student’s t-test, it requires a parametric
distribution of the variables, previously verified, while Mann-
Whitney test is a non-parametric t-test, previously verified. For 2
and 3-way ANOVA, the distribution of the considered variables is
not parametric. These considerations were added in 6.4 section of
Materials and methods section.

Reviewer #2

Overall, the thesis is a very nice example of combining engineering
skills with biological skills. Having a similar background (many
years ago...), I really appreciated this transversal approach to
address the biological questions. The force measurements done both
through the nerve as well as directly on the muscle are a very elegant
way to determine key aspects of NMJ functionality. Also, the in-
depth analysis of muscle functionality, not just limited to force
production, but also analysing velocity and power curves, make this
a very strong thesis in muscle physiology. The ALS model of the
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SOD mice always leave me wondering how representative it is. This
is confirmed by the functional evaluations, which show a very
significant muscle phenotype already in what is defined as a pre-
symptomatic phase. The critical role of muscle in this pathology is
clearly show by the fact that direct muscle stimulation shows already
very significant decreases. Something that would have been a nice
addition to this thesis would be some muscle histology at the
different times (either H&E, or if one has more time some electron
microscopy). This would link the functional deficits to potential
histological alterations observed in the tissue. While I clearly liked
the overall thesis, there are some minor changes | would suggest:

First, | would like to deeply thank the reviewer for his appreciation
and suggestions. Of note, the experimental results of NMJ
functionality will be deeply validate by a biological point of view
through molecular and histological analysis at the different stages of
ALS progression.

- In some cases, new concepts are not introduced clearly
enough, for example CFSE-positive vesicles. CFSE is not
introduced, nor is it explained what it binds. This should be
changed. The same is true for the 'treated' group in the X-
MET...what is the treatment? What is the accelerated aging
mentioned?

Thanks for these suggestions. The CFSE (Carboxyfluorescein
succinimidyl ester) is a membrane-permeable fluorescent dye. As
the dye diffuses into the cell, its succinimidyl group covalently binds
to intracellular lysine residues and other free primary amines,
producing green fluorescence. This information was added in
paragraph 6.3.2 of Materials and Methods section. As regards the
treatment of the X-MET, it was described in the paragraph 6.2.2. of
Materials and Methods section. In particular, X-MET is maintained
in culture in differentiation medium, constituted of DMEM high
glucose, 5% horse serum, 4mM L-glutamine, 0,1% gentamicin,
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penicillin/streptomycin. Historically, serum and others addition
factors have been used by default as a crucial component of cell
culture medium, as a supplier of complex biological molecules such
as hormones, growth factors, attachment factors and numerous
nutrients that enable cell growth, proliferation and differentiation
(Geoffrey L. Francis, Cytotechnology, 2010) .To assess whether our
system is able to capture alterations in the contractile force of the
three-dimensional construct, we cultured X-MET in a serum-free
medium enriched with bovine serum albumin (BSA). As the main
protein of several sera, such as fetal bovine serum or horse serum,
albumin has been indicated as the most important factor associated
with successful attempts to maintain cells in the absence of serum.
Epidemiological studies indicate that age-related decline of muscle
mass and strength (sarcopenia) is associated with decreased levels
of growth factors. Based on this evidence, we wondered whether the
X-MET’s morpho-functional properties could be impinged by
reduced levels of growth factors and whether this culture conditions
mimic the aged microenvironment.

- Some phrases are not clear, for example: Page 59: "As
shown in Fig. 34, it is possible to note a different efficiency
of fusion among EVs collected from transgenic and control
mice, except for the presymptomatic stage.". Where can one
see different fusion efficiency? More in general, how can
one see a change in a dynamic process like fusion in a single
image?

The different fusion efficiency of EVs to proliferating myoblasts
after 6 hours of treatment, as well as to completely differentiated
myotubes, can be seen through the computation of Mean
Fluorescence Intensity (MFI) on images acquired at confocal
microscopy. In particular, when the CFSE™ EVs fuse to the
myoblasts by realising their cargo, the cell cytoplasm turns to green.
At this point, if the cell cytoplasm results greener than another, it is
due to the fact that more EVs fuses to the first cell, in comparison to

Pag 120



PhD in Morphogenesis and Tissue Engineering

the other. Therefore, in our case, by confocal microscopy analysis,
it was possible to note a different efficiency of fusion among EVs
collected from transgenic to control mice, except for the
presymptomatic stage.

- Figure 33 in a way shows that the number of vesicles is not
a critical factor in the phenotype observed in the SOD mice
as muscle function is strongly impaired at all stages,
however vesicle content/number is quite different in late
stage disease. Figure 39b: is the decrease in the wt+EV group
vs. control group not significant? If it is, why is this?

The decrease of the differentiation index is not statistically
significant between cells treated with WT mice-derived EVs and
untreated cells.
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