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Abstract
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The neuromuscular junction (NMJ) serves as a model for understanding the mechanisms that
determine communication between neurons and their target cells. Disorders of the NMJ can
be either autoimmune or genetic (hereditary). The autoimmune disorder myasthenia gravis
(MQG) is caused by antibodies against the presynaptic nerve terminal or the postsynaptic muscle
membrane, which make up the NMJ. The most common antibodies are directed against the
acetylcholine receptor (AChR) or muscle specific tyrosine kinase (MuSK). An alternative
to expand on preclinical in-vivo methods for studying mechanisms underlying diseases of
neuromuscular transmission is to apply physiologic in-vitro models that would allow tissue-
tissue as well as cell-cell interactions. A system that would allow cell-cell interactions in a
biological fashion is the micro-electrode array (MEA) chip that allows co-culturing of motor
neurons and muscle cells.

The primary hypothesis is that the suggested MEA can be used in creating a reliable model
for healthy and diseased NMJ, allowing for manipulations and treatment assays. The secondary
hypothesis is that small non-coding RNA, so called microRNAs (miRNA) have a specific role
in neuromuscular transmission and in MG.

Study I demonstrated a method of long-term muscle cell culture on the MEA chips, which
allows us to trace the development of muscle cells through the observation of their electrical
activity at subcellular resolution. The maturation of skeletal muscle tissue was accompanied by
a gradual increase in the amplitude and frequency of extracellular individual electrical spikes.
The mature muscle tissue demonstrated the steady electrical activity with synchronized spike
propagation in different directions across the chip.

Study II showed a specific upregulated profile of miRNAs in the muscles of MuSK antibody
seropositive MG mice. Transfection of these miRNAs, miR-1933 and miR-1930, promoted
downregulation of several proteins and further confirmation with qPCR revealed a specific
blocking of IMPA1 and MRPL27, which are involved in intracellular signal transduction and
mitochondrial biogenesis in skeletal muscles.

Study III revealed no correlation between the morphology of skeletal muscle cells and their
electrical activity at an early developmental stage. However, the application of recombinant rat
agrin increased the number of AChRs clusters in the culture of skeletal muscle and promoted
a higher degree of spontaneous activity.
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MuSK Muscle specific tyrosine kinase
Myf5 Myogenic factor 5
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Introduction

The neuromuscular junction

The neuromuscular junction (NMJ) is a cholinergic synapse where motor neu-
rons interact with skeletal muscle fibers in order to regulate their contractile
activity [1, 2]. The NMJ is composed of three zones that are distinguished both
morphologically and functionally: the presynaptic part (motor nerve terminal),
intrasynaptic part (synaptic basal lamina), and postsynaptic part (muscle
membrane) [3] (Figure 1). Disruption of any part of the NMJ results in im-
paired neuromuscular transmission and in turn muscle weakness or even pa-
ralysis. To date, many diseases associated with impaired functionality of the
NMI have been described. Besides the heterogeneous group of congenital my-
asthenic syndromes (CMS) [4], that are associated with mutations in over 30
genes [5], other diseases are caused by an autoimmune attack of the NMJ, in
particular myasthenia gravis (MG) [6]. Development of more specific treat-
ment of such diseases requires a better understanding of the factors that nor-
mally determine the efficacy of NMJ transmission.

Since many decades, animal models have been crucial in determining the
pathogenic role of the mutations and autoantibodies directed against the NMJ
receptors, such as muscle specific tyrosine kinase (MuSK) [7, 8]. Passive
immunization through repeated daily injections of immunoglobulin G (IgG)
from MuSK antibody seropositive MG patients to rodents induce symptoms
similar to human MG. In this case, administration of autoantibodies causes
loss of synaptic function by suppressing the MuSK signaling pathway, which
is essential for postsynaptic membrane differentiation [9].

However, the exact temporal mechanisms of the antibody attack at the NMJ
are more difficult to elucidate in an MG animal model. Further, the phenotype
of human neurodegenerative pathologies cannot be fully recapitulated in an
animal model [10]. Despite the broad application of various in vivo models,
the complex organization of the animal organism can also play a role as a
limiting factor in unraveling the molecular mechanisms involved in the devel-
opment of NMJ pathology. Alternatively, an ex vivo model can represent a
powerful tool to study the role of specific molecules and compounds involved
in functional organization of the NMJ in a defined and controlled system. Ad-
ditionally, the development of ex vivo models significantly contributes to the
reduction of animals used for drug screening in preclinical trials. Further, such
an ex vivo model of the NMJ could in the long run take advantage of



humanized motor neurons and muscle cells in order to better model human
disorders [10].

Presynaptic part

Synaptic vesicle

VGCC

Intrasynaptic
part

Figure 1. Structure of the NMJ and key molecules involved in neuromuscular
transmission as well as in NMJ diseases. Upon the arrival of action potentials,
voltage-gated calcium channels (VGCC) trigger the release of acetylcholine (ACh)
from presynaptic vesicles of the motor neuron terminals. ACh crosses the synaptic
basal lamina and binds to ACh receptors (AChRs), causing conformational changes
that increase the permeability of the channel to cations. This results in depolarization
of the postsynaptic muscle fiber via the opening of voltage-gated sodium channels
(VGSC). ACh is then hydrolyzed by the acetylcholinesterase (AChE) in the intra-
synaptic part. Agrin, released from the motor neuron terminals, binds to the low-
density lipoprotein receptor-related protein4 (Lrp4), stimulating association between
LRP4 and muscle specific tyrosine kinase (MuSK). This leads to increasing MuSK
kinase activity and phosphorylation by tyrosine kinase-7 (Dok-7). The MuSK/Dok?7
signaling complex promote downstream signaling pathway for AChRs aggregation,
which also requires Rapsyn. Adapted from [3].
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Organization and development of the NMJ

Motor neurons regulate skeletal muscle contraction through axons that enter
the skeletal muscles. Axons divide into numerous branches to innervate indi-
vidual muscle fibers. Each group of muscle fibers innervated by branches of
the same motor neuron in the spinal cord is called a motor unit [11]. The motor
axon terminal contains numerous synaptic vesicles, which all store the neuro-
transmitter acetylcholine (ACh) [12]. A fraction of these vesicles forms a read-
ily releasable pool of ACh by docking at specific active zones on the presyn-
aptic membrane. The active zones also contain transmembrane voltage-gated
calcium channels (VGCC) mediating the fusion of synaptic vesicles with the
presynaptic membrane.

Prior to the innervation by motor neuron axons, muscle fibers form primi-
tive clusters of ACh receptors (AChR) in the central region during embryonal
development; this developmental phenomenon is called muscle pre-patterning
[13, 14]. Premature clustering of AChRs plays an important role in guiding
the motor neuron axons. Further maturation of AChRs at the NMJ depends on
factors released from motor neurons growth cones. The glycoprotein agrin is
synthesized in motor neurons in a laminin-binding form, and released into
synaptic basal lamina, where it induces postsynaptic differentiation, including
AChR clustering [15, 16]. Neuronal agrin acts through phosphorylation of
MuSK, which is involved in all aspects of NMJ development. MuSK is re-
quired for the pre-patterning of AChR clusters in embryonic myotubes [13]
and further organization of the adult postsynaptic membrane [17]. However,
agrin activates MuSK via binding to its co-receptor low-density lipoprotein
receptor-related proteind (Lrp4) [18, 19]. Lrp4 is a single-pass transmembrane
protein with an extracellular region containing the binding sites necessary for
assembling receptor complex between MuSK and agrin [20, 21]. Alterna-
tively, MuSK can be activated in an agrin-independent manner by its interac-
tion with the cytoplasmic adaptor downstream of tyrosine kinase-7 (Dok-7)
[22, 23]. Dok-7 is exclusively expressed in skeletal and heart muscle and binds
to the phosphotyrosine-binding site of MuSK [23]. Receptor-associated pro-
tein of the synapse (rapsyn) is another muscle membrane protein expressed
from the early developmental stages, and involved in concentrating and an-
choring of AChRs [24-27]. Rapsyn is associated with AChRs in post-Golgi
vesicles, and is thus thought to play an essential role in directing transport
vesicles to the postsynaptic membrane [28, 29]. Rapsyn binds tightly to
AChRs to form a network with up to three rapsyn dimers contacting the cyto-
plasmic domain of each AChR molecule [30]. Moreover, rapsyn also binds to
dystroglycan [31] and interact with a-actinin and b-catenin, which are im-
portant for stabilizing AChR clusters [32, 33].

11



Whnt signaling at the NMJ

Wnt is a family of cysteine-rich glycoproteins, which are crucial for diverse
developmental processes [34] and that may also contribute to the NMJ for-
mation [35]. The term Wnt derives from of the Drosophila gene wingless (wg)
and the vertebrate gene Int-1 [36]. Wnt binding to Frizzled (Fz) and Lrp5/Lrp6
receptors on the plasma membrane results in the recruitment of the protein
Dishevelled (Dvl) and the initiation of different downstream intracellular
pathways [37-39]. Concerning NMJ, Wnt may signal through the extracellular
cysteine-rich domain (CRD) of MuSK, which is homologous to that in the Fz
receptor [40]. MuSK also interacts intracellularly with Dvl, which regulates
agrin-induced AChR clustering [41]. Deletion of the CRD in mice impairs
NMIJ formation through a drastic decrease in the number of pre-patterned
AChHR clusters [42, 43]. In cultured C2C12 muscle cells, some Wnts can pro-
mote AChR clustering in the absence of agrin (Wnt9a, Wnt9b, Wnt10b,
Wntl1, and Wntl6) or increase the number and size of AChR clusters induced
by agrin (Wnt3) [44-46]. On the contrary, Wnt3a inhibits agrin-induced AChR
clustering through suppression of rapsyn expression [47]. In addition, in mu-
tant mice lacking or overexpressing -catenin, a key mediator of the canonical
Wnt pathway, both pre- and postsynaptic deficiency is observed in muscle
fibers [48-50].

Skeletal muscles

Skeletal muscles make up the most abundant tissue in the body of vertebrates,
accounting for about 40% of the total human body weight [51]. The basic
function of skeletal muscle is contraction, which enables the various move-
ments necessary for physical activity. Skeletal muscles also contribute to the
maintenance of basal energy metabolism, acting as a reservoir for amino acids
or carbohydrates, and generating heat during shivering or physical activity
[51, 52].

Skeletal muscles of mammals are heterogeneous and differ in their contrac-
tile properties. This heterogeneity is determined by several motor units assem-
bling into muscle fibers and that allows each muscle to respond in the best
way to functional requirements, from continuous activity with low intensity
to fast and strong maximum contractions. Several classification schemes have
been developed to describe types of muscle fibers with distinct movement
rates, response to neural inputs, and metabolic processes [53]. Based on ex-
pression of myosin isoforms, velocity of contraction and resistance to fatigue,
skeletal muscle fibers can be broadly classified on slow-twitch fibers (also
called ST or type 1), fast-twitch oxidative-glycolytic fibers (FOG or type 2A),
and fast-twitch glycolytic fibers (FG or type 2X) [54]. The type 2X have been
identified in the muscles of small mammals but not in humans [55]. Fast-
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twitch muscle fibers, usually white, are less dependent on oxidative metabo-
lism and utilize anaerobic pathways. Slow-twitch muscle fibers are fatigue re-
sistant and have a large capillary network with much myoglobin, a red oxy-
gen-binding protein involved in the delivery of oxygen to the mitochondria.
The large amounts of myoglobin provide the characteristic red color to slow-
twitch muscle fibers [52].

Skeletal muscles of mammals possess a high adaptive potential to physio-
logical demands, such as growth or injury. The best known example of such
adaptation is muscle hypertrophy in response to resistance exercise training,
which is generally characterized by an increase in muscle strength and muscle
mass [56-58]. In contrast, acute muscle injuries, muscle disorders, immobili-
zation as well as aging can result in significant muscle atrophy and loss of
function [59, 60]. This in turn may cause severe impairment of everyday ac-
tivities and thus reduced quality of life. In this sense, a better understanding
of the developmental basis of skeletal muscle, their functions and regeneration
process can help to find novel therapies to treat muscle diseases. In contrast,
cardiac and visceral smooth muscles are intrinsically active and do not require
neural initiation of activation. However, these muscles are innervated and their
activity is modulated by nerves and sometimes by humoral factors. These dif-
ferent types of control are broadly classed as voluntary and involuntary [52].

Myogenesis

Development of skeletal muscle, myogenesis, can be divided into several dis-
tinct phases: 1) transformation of multipotent progenitors into myoblasts; 2)
fusion of myoblasts and differentiation into multinucleated primary myotubes;
3) myotubes differentiation into muscle fibers upon innervation and 4) matu-
ration of muscle fibers and their bundling into functional muscles [2, 61-64].

Myogenesis is controlled by a vast network of transcription factors, includ-
ing members of the paired box (Pax) family proteins. The Pax family of tran-
scription factors play key roles during tissue specification and organ develop-
ment [65]. In the context of myogenesis, Pax3 and Pax7 are important up-
stream regulators of muscle formation. Pax3 is expressed in muscle progenitor
cells at the earliest stages of embryogenesis and regulate expression of other
myogenic regulatory factors (MRFs) [66]. MRFs coordinate the activity of
many genes involved in muscle cell differentiation and include four genes:
myogenic factor 5 (Myf5), muscle-specific regulatory factor 4 (MRF4), my-
oblast determination protein (MyoD) and myogenin [67]. Myf5 and MyoD are
critical factors required for skeletal muscle lineage determination in the em-
bryos [68], whereas myogenin is important for the terminal differentiation of
committed myoblasts into muscle fibers [69]. Mrf4 has a dual role acting as a
differentiation gene in postmitotic myoblasts, but it can also determine myo-
genic identity in the absence of Myf5 and MyoD [70].
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Once myogenesis is completed, undifferentiated myogenic cells form a
pool of muscle stem cells residing within the muscle fiber [71]. These cells
are located along the outer boundary of the muscle skeletal membrane like
satellites (Figure 2), and therefore named satellite cells (SCs) [72].

Figure 2. Primary culture of myoblasts stained for muscle specific markers: A.
MyoD1 (red), F-actin (green) and Dapi (blue); B. Desmin (red), F-actin (green) and
Dapi (blue)

Under normal physiological conditions, most SCs remain in a quiescent un-
differentiated state and express the transcription factor Pax7 [73]. Upon acute
muscle injury or in different disease states, quiescent SCs become activated
and re-enter the myogenic cycle, giving rise to a new generation of myoblasts,
which later differentiate into muscle fibers and have the potential to repair
damaged muscle [74, 75]. The myoblasts withdraw from the cell cycle, adopt
a spindle shape, and align with each other, forming a braid, and the fusion
occurs. The possibility to isolate and culture satellite cells obtained from the
muscles of various organisms, including humans, allows creation of in vitro
models for studying neuromuscular diseases.

14



Structure of the mature skeletal muscle

Skeletal muscles consist of elongated muscle cells, also known as muscle fi-
bers, which are highly specialized multinucleated cells surrounded by a cell
membrane, the sarcolemma [76]. The presence of multiple nuclei ensures ad-
equate proteins synthesis and degradation along the entire length of the muscle
fiber [77]. Each muscle fiber contains several hundred to several thousand
myofibrils; each myofibril is in turn composed of many filaments. [78]. These
filaments are partially adjacent to each other and represented by two main va-
rieties: the thin filament and the thick filament. The major constituent of the
thin filament is actin, whereas the main component of the thick filament is
myosin [77]. The highly organized arrangement of these filaments into repeat-
ing contractile structures, called the sarcomere, underlies the striated appear-
ance of skeletal muscle. The sarcomere is a very dynamic structure and re-
quires multiple regulatory proteins bound to myosin and actin filaments (Fig-
ure 3).

Sarcomere

Z-disc Titin M-line Z-disc

Troponin "
complex <€ | Tropomyosin
® + + @ Myosin
Tn-C Tn-T Tn-l (thin filament) (thick filament)

Figure 3. Schematic representation of a skeletal muscle sarcomere. Each titin
molecule (black) extends from the Z-disk (green) to the M-line. Part of the titin mol-
ecules are closely associated with the myosin thick filaments (red). The actin fila-
ments (cyan) are wrapped by tropomyosin (purple). Adapted from [78]

The actin filaments are made up of two chains that form a long double helix.
Tropomyosin molecules are wrapped spirally around this helix [79, 80] and
form regulatory complex with three subunits of troponin: troponin-C (Tn-C),
troponin-T (Tn-T), and troponin-I (Tn-I) [76, 81]. Each of the three troponin
subunits has a unique function: Tn-T binds the troponin components to tropo-
myosin, Tn-I inhibits the interaction between the thick and thin filaments, and
Tn-C contains the binding sites for the Ca*'[81].

The myosin filament is a complex protein molecule, which consists of two
globular heads attached trough a flexible link to a long tail [77]. The flexible
link allows the heads part to form the cross-bridges with the thin filament,
actin. These heads contain an actin-binding site and a catalytic site hydrolyz-
ing adenosine triphosphate (ATP) [81]. Interactions between myosin heads
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and actin are regulated through Ca*" binding to tropomyosin-troponin com-
plex [82, 83]. In low Ca*" conditions, tropomyosin covers the external domain
of actin and blocks the myosin-binding site. In the presence of high calcium
concentration, Tn-C binds calcium and mediates dissociation between Tn-I
and tropomyosin. This leads to a conformational shift of tropomyosin, which
then exposes binding sites on actin for the myosin head domains [84-86].

In addition to proteins directly involved in the contraction process, several
other important proteins are required for the structure and function of sarco-
meres. For instance, the thick filaments contain titin, a giant elastic protein
that act as a framework holding the myosin filaments in the center of the sar-
comere [87]. Nebulin is another filamentous protein that extends along the
thin filament length and playing scaffolding role for actin filaments [87, 88].

At regular intervals, the sarcolemma forms perpendicular invaginations
into the muscle fiber, creating a network of the transverse tubular system (T-
tubules) inside the cell. The T-tubules are adjacent to the sarcoplasmic reticu-
lum (SR), a closed organelle wrapping myofibrils and containing high con-
centrations of Ca”". This two-membrane system regulates rapid changes in
myoplasmic free Ca® concentration. The T-tubule has L-type voltage-sensi-
tive Ca’" channels named dihydropyridine receptors (DHPRs) that are me-
chanically linked to Ca*" channels in the SR named ryanodine receptor (RRs)
[89].

Excitation-contraction coupling and skeletal muscle contraction

In the context of skeletal muscle physiology, the term contraction is associ-
ated with shortening of the muscle fiber, although it actually refers to activa-
tion of the muscle [52]. Excitation-contraction coupling (ECC) refers to the
sequence of events in which depolarization of the sarcolemma leads to a me-
chanical contraction.

The motor neuron receives various signals from the corticospinal pathways,
ranging from the anterior horn of the spinal cord to the motor cortex of the
brain [90]. Excitatory signals results in depolarization of the motor neuron and
the formation of the action potential (AP). APs are rapid transient changes in
membrane potential that results from an increase in ionic conductance of the
cell membrane [91]. The AP can move from one area of the cell membrane to
another and so it can be used to signal between different neurons or their target
cells. The process of neuromuscular transmission includes forwarding APs
from the motor neurons through motor axon terminals to the postsynaptic
membrane of the skeletal muscles [90].

The arrival of the AP to the motor axon terminal opens VGCC,
significantly increasing the concentration of cytoplasmic Ca”" in the vicinity
of the active zones, followed by activation of the molecular machinery
(SNARE family) that orchestrate exocytosis of the synaptic vesicles [92].
Once vesicles fuse with the presynaptic membrane, ACh molecules release
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into the synaptic basal lamina, where they bind to the muscle AChRs, local-
ized at high density in deep junctional folds of the muscle membrane [3]. This
high density of junctional folds ensures reliable neuromuscular transmission.
Together, the multiple ACh quanta released by a neuronal AP open thousands
of AChRs, and the resulting net influx of positive charge causes a local depo-
larization of the postsynaptic membrane, the endplate potential (EPP). The
EPP activates voltage-gated sodium channels (VGSCs), which are highly con-
centrated in the junctional folds [93]. This further creates an influx of Na" ions
and the spread of the AP along the muscle fiber, triggering muscle contraction.
The duration of the EPP is a few milliseconds and is terminated when ACh
becomes degraded by the enzyme acetylcholinesterase (AChE) that is located
in the synaptic basal lamina [3].

The AP propagates not only longitudinally but also radially down to the T-
tubules, depolarization of which leads to conformational changes of the
DHPRs with following activation of RRs and release of Ca’" from the SR into
the cytosol. The released Ca’" can bind to the myofilaments and activate cross-
bridge cycling, before the sarcoplasmic/endoplasmic reticulum Ca’’-ATPase
(SERCA) pumps on the SR membrane remove Ca®" back into the SR. During
the relaxation of skeletal muscle, SERCA pumps remove cytosolic Ca** from
the myofilaments and restore the SR to its resting state [94, 95].

Methods of assessing muscle electrical activity

Skeletal muscle contraction relies on the ability of muscle fibers to generate
the membrane potential by dynamic ion exchange with the extracellular
environment through membrane channels and pumps [96]. For this reason, the
measurement of ion movements is instrumental in investigating skeletal mus-
cle physiology. A wide range of electrophysiological approaches has been ap-
plied to measure changes in membrane potential and current produced by
transmembrane ion movements in excitable tissues such as skeletal muscle
[97-101].

The basis of electrophysiological measurements is the creation of contact
between electrical tissue or electrical cells and an electronic recording unit.
Electrical contact is achieved using an electrode and an electrochemical half-
cell, which consists of a solid (metal) conductor and an electrolyte [102].
Depending on the location of the electrodes relative to the measured object,
the electrophysiological recordings are divided into intracellular or
extracellular.

Intracellular recording involves inserting an electrode into the cell and
measuring voltage and / or current through the cell membrane with respect to
an extracellular reference electrode. The most famous example of intracellular
measurements is the patch-clamp method, which allows for a very accurate
assessment of the electrical activity of a single cell [103]. However, this
method requires sufficient stabilization and tight contact between the
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electrode and the investigated cell and therefore can not be implemented for
clinical electrophysiological studies on nerves and skeletal muscles in hu-
mans.

Clinical electrophysiological assessment requires extracellular recordings
that measure the field potential outside of cells. Measurement of muscle
contraction can be performed by both invasive and noninvasive methods and
is called electromyography (EMG). Surface EMG is the main non-invasive
method in which two electrodes in the form of small round metal disks are
placed on the skin overlying the muscle. This method is very sensitive to
external electromagnetic interference and also to other sources of noise, and
therefore requires stable electrical contact between electrodes and skin [104].
For direct measurement of electrical activity, a variety of transdermal needle
electrodes are available. The most common type is the concentric needle
electrode made of platinum or silver thin wire, and which is mostly insulated,
except at its tip [105]. During measurement, this electrode is inserted into a
muscle and must be used in conjunction with a reference electrode in order to
form a closed electrical circuit. The firing of APs results in the transient
opening of the sodium channels and the influx of sodium ions down its
concentration gradient into the cell. This reduction of positive ions from the
extracellular space near the tip of the recording electrode can be measured as
a negative transient voltage fluctuation with respect to the reference electrode
[106]. These APs in the form of transmembrane ion fluxes are amplified and
displayed on the screen of the oscilloscope and fed through a loudspeaker, so
they can be monitored by ear.

Disorders of the neuromuscular junction
Congenital myasthenic syndromes (CMS)

The heterogeneous disorders caused by mutations in genes coding for proteins
at the NMJ are named congenital myasthenic syndrome (CMS) [3]. To date,
mutations in at least 30 genes related to the development of CMS have been
described [4, 5]. The CMS classification is depending on the location of the
mutant protein and can be as presynaptic, intrasynaptic and postsynaptic [3].
Presynaptic CMS are usually associated with mutations in CHAT, the gene
encoding choline acetyltransferase, responsible for ACh synthesis [107]. The
disease typically causes episodes of hypotonia, bulbar paralysis, and apnea at
birth. Symptomatic treatment involves inhibition of AChE activity and appli-
cation of 3,4-Diaminopyridine, blocking potassium channel efflux in nerve
terminals so that AP duration is increased [108]. The most common form of
postsynaptic CMS is related to mutations in the genes encoding subunits of
the muscle form of nicotinic AChR (~60%) [3]. These mutations can be di-
vided into two major groups: mutations altering the kinetic properties of
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AChRs, and mutations effecting on expression level of AChRs [4]. For in-
stance, mutations of genes encoding rapsyn or MuSK dramatically influence
agrin-MuSK-LRP4-mediated clustering of AChR, which resulted in multiple
and dispersed synaptic contacts over the fiber surface [109-111].

Myasthenia gravis (MG)

Epidemiology and diagnosis

Myasthenia gravis (MG) is an autoimmune disorder characterized by the pres-
ence of antibodies against postsynaptic proteins of the NMJ resulting in weak-
ness and fatigue of skeletal muscles [6, 112]. The muscle fatigue can be local-
ized or generalized, with a tendency of worsening with repetitive muscle use
or physical exercise. The weakness typically affects ocular, bulbar and proxi-
mal extremity muscles, and as a rule with symmetrical location, except of eye
muscles involvement, which is often asymmetric [6]. The prevalence of MG
is 150 to 250 cases per 1 million, with an annual incidence of 8 to 10 cases per
1 million individuals [113].

Serum antibodies affecting the neuromuscular transmission are important
markers in establishing the diagnosis of MG. Approximately 80% of patients
with generalized MG have autoantibodies against the nicotinic AChRs [114,
115]. Antibodies against MuSK are found in around 5-10% of patients with
AChR antibody seronegative MG [116]. LRP4 antibodies are present in ap-
proximately 15% of MG patients who are AChR/MuSK antibody seronegative
[117]. Patients without detectable antibodies against any of these three major
receptors are referred to as seronegative. The ultimate diagnosis of MG is
made by a combination of objective clinical symptoms of muscle fatigue, de-
tectable serum antibodies and signs of disturbed neuromuscular transmission
on neurophysiological examinations (repetitive nerve stimulation and/or sin-
gle fiber electromyography). Individualized treatment depends on antibody
subtype, the disease severity and the age and sex of the patient [118]. In case
of MuSK antibody seropositive (MuSK+) MG, the severity of disease corre-
lates with the titer of serum MuSK antibodies, which can facilitate diagnosis
and probably also improve the treatment of these subgroups of patients [119,
120]. However, the majority of patient belongs to the subgroup of AChR an-
tibody seropositive (AChR+) MG, where no correlation has been shown be-
tween AChR antibody concentration and disease severity [119].

Pathogenic antibodies and treatment in MG

The AChR antibodies mainly belong to the I[gG1 and IgG3 subclasses and can
bind to a variety of epitopes on AChRs. There are three main mechanisms by
which these autoantibodies negatively act on NMJ transmission: 1) blocking
the binding site of AChRs to ACh, thereby preventing neuromuscular trans-
mission; 2) cross-linking AChRs, which induces accelerated internalization
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and degradation of AChRs; and 3) activation of the complement cascade, lead-
ing to damage postsynaptic membrane at the NMJ [6, 114, 121]

MuSK antibodies are produced almost exclusively by regulatory B cells of
IgG4 isotype. The injection of Musk IgG4 antibodies, but not [gG1-3, disrupts
both presynaptic and postsynaptic parts and reduced AChR clustering in the
NMJ [122-124]. The main function of the MuSK antibodies is to disrupt the
interaction between MuSK and Lrp4 [125].

Lrp4 antibodies block the interaction between agrin and LRP4 and thereby
prevent AChR clustering. Moreover, LRP4 antibodies belong to the IgG1 sub-
class and therefore can induce complement-binding [126].

All MG therapies are designed to moderate the disease severity and include
symptomatic drug treatment and immunosuppressive pharmacological treat-
ment [6, 127]. The symptomatic treatment typically consists of AChE inhibi-
tors that render more ACh available at the NMJ, for example pyridostigmine
bromide. Immunosuppressive therapy targets the autoimmune dysregulation
of the disease, and can be divided into chronic or acute treatment. Chronic
therapies include corticosteroids, cyclosporine, azathioprine, which all reduce
the number of available T and B cells. More modern immunosuppressive treat-
ment includes for example Rituximab. Acute treatment has to be initiated in
case of severe disease worsening, in particular so called myasthenic crisis that
results in respiratory muscle weakness and includes plasma exchange and in-
travenous immunoglobulins that quickly reduces the number of circulating
antibodies. For patients with AChR antibodies and those with a thymoma, thy-
mectomy is recommended as treatment due to the involvement of thymus in
directing T cells.

MicroRNAs

There is a great need for reliable objective biomarkers to monitor the disease
course in MG and microRNAs have arisen as potential biomarkers. [128] Mi-
croRNAs (miRNAs) are short non-coding RNA sequences, ~22 nucleotides,
capable of silencing target genes by binding to target messenger RNAs
(mRNAs) which results in post-translational protein inhibition. Therefore,
miRNAs act as negative regulators of gene expression and have been impli-
cated in many biological processes, including development and tissue mainte-
nance [129]. Many miRNAs are ubiquitously expressed in most tissue and cell
types, while others were defined as tissue-specific whose expression is 20-fold
or higher compared with the mean of the other tissues [130]. Therefore, these
circulating extracellular miRNAs that are available for quantitative analysis in
most biofluids such as blood, have emerged as attractive diagnostic and prog-
nostic biomarkers of disease. Circulating miRNAs fulfill the requirements for
biomarkers, as they can be detected and quantified with high sensitivity and
specificity in various biological fluids that are easily accessible through
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routine clinical sampling. Furthermore, the high stability of miRNAs in body
fluids and the relatively low-cost detection methods favor the use of circulat-
ing miRNAs as biomarkers [131, 132].

The role of intracellular miRNAs in skeletal muscle physiology

Muscle-specific miRNAs are called myomiRs and so far eight miRNAs have
been defined to be specifically important in muscle tissue: miR-1, miR-133a,
miR-133b, miR-206, miR-208a, miR-208b, miR-486 and miR-499 [133]. My-
omiRs are expressed in both cardiac and skeletal muscle with the exception of
miR-206, which is skeletal muscle-specific, and miR-208a, which is cardiac
muscle-specific [134]. Several miRNAs can be involved in the maintenance
of satellite cell quiescence. For instance, miR-489 is highly expressed in qui-
escent satellite cells and remarkably downregulated following activation
[135]. Another miRNA, miR-31 maintains quiescence state of satellite cells
by downregulation of Myf5 mRNA. Upon activation of satellite cells, mes-
senger ribonucleoprotein granules collapse, leading to degradation of miR-31
and releasing Myf5 transcripts with following accumulation of the Myf5 pro-
tein and initiation of myogenesis [136].

Moreover, upon muscle injury, the expression of miR-1 and miR-206 is
also remarkably decreased. This reduction correlates with activation of satel-
lite cells and their transition from quiescence to proliferation state. Later, both
miRNAs accelerate myogenic differentiation by suppressing Pax3 and Pax7,
which consequently results in increased activity of MyoD [137, 138]. In con-
trast, miR-133 enhances myoblast proliferation by repressing the serum re-
sponse factor, which is involved in myogenic differentiation and expression
of actin cytoskeleton genes [139-141]. Additionally, miR-221 and miR-222
also promote myoblast proliferation by targeting the cell cycle inhibitor p27
and the differentiation factor myogenin [142]. Moreover, miRNAs can be use-
ful as a novel therapeutic strategy for muscle injury. For instance, simultane-
ous injection of miR-1, miR-206 and miR-133 into skeletal muscle following
injury resulted in the up-regulation of myogenic markers myogenin, MyoD
and Pax7, promote myotube differentiation and significant fibrosis prevention
[143]. Overall, myomiRs are crucial regulators of skeletal muscle physiology
and could be considered as future treatment targets.

Circulating extracellular miRNAs in neuromuscular diseases

In addition to their well-characterized intracellular accumulation, miRNAs
can also be detected in the extracellular space in almost all biofluids. Exosome
mediated transfer of mMRNAs and miRNAs are a novel mechanism of genetic
exchange between cells [144]. Although the exact role of circulating miRNAs
is not yet fully understood, multiple studies have revealed that fluctuations in
the level and composition of extracellular miRNAs may reflect the course of
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different diseases, such as cancer [131]. The imbalance of circulating myo-
miRs has been described in patients with various skeletal muscle disorders.
For example, patients with Duchenne’s muscular dystrophy have elevated se-
rum levels of the myomiRs miR-1, miR-133, miR-206 [145], as well as miR-
208a, 208b, and miR-499 [146]. These findings indicate that circulating miR-
NAs might even be considered as diagnostic tools for detection of skeletal
muscle pathologies. Moreover, circulating miRNAs seem to have a disease-
specific profile in MG [128]. Recent studies in AChR+ MG revealed elevated
levels of the immuno-miRNAs miR-150-5p and miR-21-5p; in particular
miR-150-5p levels were lower in immunosuppressed patients and in patients
with clinical improvement following thymectomy [147, 148]. In the other im-
munological subtype of MG, MuSK+ MG, another profile of circulating miR-
NAs was found, including upregulation of the let-7 family of miRNAs (let-
7a-5p and leg-7f-5p) as well as miR-151-5p and miR-423-3p [149].

In vitro models of skeletal muscles

Multiple skeletal muscle models have been applied for regenerative therapy
[150], fundamental biological research [151] and drug testing [152, 153] as
well as for patients with injured, diseased, and age-related muscle dysfunction
[154, 155]. One of the most important characteristics of skeletal muscles is
their ability to generate contractile force. Thus, artificial skeletal muscle
models should imitate the architecture of native muscles and demonstrate
contraction.

However, non-innervated human skeletal muscle cultures, unlike various
skeletal muscle cells of animal origin, do not exhibit spontaneous contraction
or form differentiated postsynaptic components of NMJ when cultured under
standard conditions in vitro [156, 157]. Skeletal muscle cells of animal origin
display a more advanced level of postsynaptic organization than human cells,
which lack basal lamina [158] and diffusely express AChE [157] and nAChRs
[157, 159]. In contrast, clusters with high concentration of nAChRs are often
present in non-innervated cultured embryonic chick [160], rat [161] and
mouse [162] myotubes. Cultured mouse myotubes display highly developed
nAChR clusters [163] and may contract independently of innervation by
motor neurons [164].

In addition to a variety of primary skeletal muscle cell culture models, a
significant bulk of research has also been done using cell lines, such as the
C2C12 cell line [165]. This cell line is a subclone derived from C2 myoblasts
that were originally developed in 1977 to study muscular dystrophies in vitro
[166]. Since they have a high division rate, homogeneity and are easy to
culture, C2C12 cells provide a robust and reproducible system. Therefore,
C2C12 cells are used for studies of the cell cycle [167], myogenic
differentiation [168, 169] and myomiRs [170]. C2C12 cells fuse into
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multinucleated myotubes when exposed to low-serum medium, express highly
differentiated nAChR clusters [163] and spontaneously contract [171, 172].
However, C2C12 myotubes are generally not suitable for long-term culture
experiments, because they often detach from the cell culture surface after 7 to
10 days due to spontaneous contraction [173, 174]. Moreover, the contractile
proteins present in these cells do not completely mimic muscle fibers in vivo,
since they are usually disorganized and rarely form aligned sarcomeres [175,
176].

Models of MG: experimentally induced autoimmune MG

The main aim of experimental autoimmune MG (EAMG) is to investigate the
pathological mechanisms of the disease and to propose potential new therapies
in order to replace the current unspecific immunosuppressive treatment strat-
egies. Different immunosuppressants are ineffective in some MG patients and
cause a range of side effects. Therefore, new therapeutic approaches are
needed [177].

Animal models for MG

EAMG models are based on active or passive induction of disease primarily
in rodents. These well-established models share many clinical and electro-
physiological features with MG in humans, including the presence of AChR
or MuSK antibodies in serum, reduced postsynaptic response to repetitive
nerve stimulation, and the loss of muscle AChRs [178]. Animals with EAMG
develop muscle weakness and fatigue. Two basic approaches are used to in-
duce antibody-mediated MG in animals. The passive transfer model of MG
involves injection of antibodies derived from patients with MG or from AChR
immunized animals in the chronic phase of EAMG. This does not include any
activation of the animals own immune system. The other strategy, actively
induced EAMG, is induced by injection of purified protein, either AChR,
MuSK or Lrp4 in adjuvant, triggering the production of antibodies to these
receptors [178]. Myasthenic symptoms typically appear after the first or sec-
ond injection of recombinant extracellular domain of MuSK in complete
Freund’s adjuvant (10-30 pg), Mice with MuSK+ MG demonstrate decrease
in body weight, muscle strength and reduced compound motor AP at repetitive
nerve stimulation. These symptoms are due to the fragmentation of the AChR
clusters of the NMJ into multiple small AChR clusters, with the subsequent
loss of AChRs [9].

Cell culture models for MG

Primary muscle cells derived directly from animals or their alternative muscle
cell lines are often used for modeling MG. Cultured myotubes express the
membrane proteins involved in the NMJ development and that also constitute
the objects for antibody mediated attack in MG. Indeed, plasma or IgG from
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MuSK+ MG patients can inhibit the formation of AChR clusters and/or cause
disassembly of pre-existing AChR clusters in cultured myotubes. Moreover,
experiments on cultured muscle cells helps to shed light on postsynaptic
mechanisms in both AChR forms and MuSK antibodies in MG [9].

Multiple studies have focused on the application of various in vitro co-cul-
ture systems in which motor neurons are grown together with muscle cells, in
order to investigate the mechanism of the formation and possible destruction
of the NMJ. The simplest approach is to culture motor neurons on the surface
of muscle cells, leading to the formation of rudimentary NMlJs [179]. How-
ever, such systems do not allow for reconstitution of more physiological con-
ditions, which implies also the spatial separation between muscle tissue and
somas of motor neurons located in the spinal cord. In addition, such conditions
exclude site-specific experimental treatment directed exclusively to the motor
neuron soma or just the axon. Compartmented microfluidic chambers have
been designed to overcome these problems, allowing spatial and physiological
separation between motor neurons and muscle cells [180]. The basic idea of
cell culture in microfluidic systems comprises application of two- or more flu-
idically isolated culture chambers connected by microchannels, the size of
which does not allow cell bodies to enter the adjacent reservoir. At the same
time, neurons are able to direct their axons towards the neighboring chamber
by microchannels in response to the growth factors present there. For instance,
motor neuron cultured in microfluidic system extend axons through the sepa-
rating microchannels to the distal chamber and are capable of inducing AChR
clustering on primary myotubes, and NMJ formation [181].

Microelectrode array: novel muscle model system

In addition to spatial modeling, electrophysiological characterization of NMJs
also contribute to our understanding of pathogenic mechanisms involved in
development of neuromuscular disorders. Besides intracellular recordings us-
ing the patch-clamp technique, which have enabled the study of single cells,
ion channels, as well as cell to cell communication and connectivity, modern
electrophysiology have an advantage in the form of microelectrode arrays ca-
pable now of monitoring the activity of many cells at once. Microelectrode
matrices (MEA) allow studying the physiology of the network since they are
designed for the simultaneous recording of extracellular signals from many
excitable cells. Beginning with application of 30-clectrode arrays for in vitro
extracellular measurement of heart cells [182], the development of MEA tech-
nology has led to the establishment of high-density microelectrodes array chip
with more than 3000 electrodes per mm?, which allows for monitoring elec-
trical activity of large cell network at subcellular resolution [183, 184]. More-
over, MEA technology can be integrated with microfluidic systems to form
multiple compartment MEA-devices [185, 186]. This can significantly im-
prove application of cell culture modeling for study the development and
maintenance of the NMJ, different muscular pathologies and drug screening.
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Aims

The general aim of this PhD project is to develop an NMJ disease model in
vitro, which allows for specific manipulations that are not possible to perform
in vivo.

The proposed projects also aim at providing new insights to the NMJ in
health and disease, for example regarding the regulation of miRNA.

Hypotheses

I.  The primary hypothesis is that the high-density MEA chip can be used
to create a reliable model for diseases of the muscle and NMJ, allow-
ing for detailed manipulations and treatment assays.

II.  The secondary hypothesis is that small non-coding RNA (especially
miRNA) has a specific role in neuromuscular transmission and in
MG.

III.  The third hypothesis is that the muscle fiber diameter positively cor-
relates with muscle AP amplitude and that agrin application induces
AChR clustering and increased electrical activity.
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Methods

Ethics

The animal ethics committee of Uppsala has approved the passive transfer MG
model in mice (Dnr C41/15) as well as collection and culture of motor neurons
and muscle cells from rodents (Dnr C97/15).

Study I

Primary myoblast culture

Primary myoblasts were obtained from the limbs of post-natal day 1-3 mice.
Neonatal pups were sacrificed by decapitation, skin was removed, and all four
limbs were excised and placed into sterile Hanks' Balanced Salt Solution
(HBSS). Muscles were dissected from bones and intensively minced into
small pieces before enzymatic digestion for 1 h in collagenase-dispase solu-
tion supplemented with 2mM CaCl,. Enzymatically digested muscles were
triturated by pipetting with 1 mL plastic tip. After centrifugation, cells were
re-suspended in F-10 based growth medium supplemented with 10% Fetal
Bovine Serum (FBS), 2.5 ng/ml of Fibroblast Growth Factor (FGF) and 1%
penicillin-streptomycin. Cell suspension was pre-plated in non-coated plastic
Petri dishes for 30 minutes. This step reduces the number of non-specific cells,
like fibroblasts. After that, non-adherent cells, including myoblasts, were
plated in collagen-coated T75 flasks. These cells were kept in growth medium
for a few days at 37°C and 5% CO». Upon achieving about 70% confluency
cells were detached using Phosphate-buffered saline (PBS) and 0.05 trypsin-
EDTA and split. In order to purify the myoblast from presence of fibroblasts,
cell culture was pre-plated prior to plating in the new flasks. After enriching
for myoblasts in this manner for about one and a half week, myoblasts were
plated with a density around 250-300k/mL onto high-density microelectrode
array (HD-MEA) chips, which had previously been sterilized and treated with
polyethyleneimine for one hour and mouse laminin for one hour. Cells were
kept in proliferation medium for another two days and then switched to dif-
ferentiation medium (Dulbecco's Modified Eagle Medium (DMEM) contain-
ing 5% horse serum and 1% penicillin-streptomycin).
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High-density Microelectrode Array Chip

The design, fabrication, and characterization of the HD-MEA can be found
elsewhere [187].The relevant features for the present work are as follows: 3.85
x 2.10 mm? array of 26,400 bright Pt working electrodes with a pitch of 17.5
pm; 1024 reconfigurable readout channels; on-chip filtration, amplification
and digitization at 20 kHz, on-chip counter electrode, and 32 stimulation units.

Electrophysiological Recordings

All measurements of the electrical activity of myotubes began a few days after
seeding of cells and were carried out using a series of 26 random
configurations, with 1024 different electrodes per each configuration and for
20-60 seconds.

The electrodes with the largest spikes were selected as electrodes of interest
and were used to create spontaneous triggered profiles. These electrodes of
interest (10-30) remained fixed in all configurations, while the others 1000
channels were directed to random electrodes. From 26 to 32 of these
configurations were created for efficient sampling of the entire chip, lasting
from 20 to 60 seconds each.

Data Analysis

Data analysis was performed in Matlab using custom software. Spike detec-
tion and rudimentary spike sorting were performed offline.

Spike detection and sorting

The spike detection was performed using the amplitude thresholding method
when all spikes exceeding a threshold of six standard deviations were first
identified and isolated and then combined into complex spikes. These spikes
were sorted by using principle component analysis (PCA) in Matlab. Spikes
sorting into several groups was performed based on very similar shapes or
using template matching,.

Triggered spontaneous scans

Triggered spontancous profile was applied in order to find information about
how individual spikes propagate over electrode array within certain time win-
dow. All signals observed over many configurations on an electrode of interest
were sorted out and the most common spike was then chosen. The timing in-
formation associated with this spike were used to find traces from all other
configurations on all of the other electrodes, were then cut out within a chosen
window £2 — 5 ms, with a trigger provided by the spiking of the cell of interest.
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Template matching

Template matching was used to find all the spikes corresponding to the
selected profile and extract optimal time information. After PCA a template
was created for each group by averaging all the spikes observing within the

group.

Spike propagation profiles

Raster plots were converted into histograms by choosing an appropriate bin
width, which could be used to distinguish different adjacent synchronized
spikes from one another, 10-20 ms. These timing propagation profiles were
then spike sorted as before by using the histogram shape as the spike. Results
were examined manually and similar patterns were grouped together. A num-
ber of distinct propagation profiles within a given culture as well as the fre-
quency of each kind of spike.

Jitter analysis

For jitter analysis, the electrode of interest served as the zero point of jitter for
a most common spike, and jitter (standard deviation of timing, measured in
us) was calculated for all other electrodes in all other configurations.

Study II

MuSK+ EAMG model

MuSK+ EAMG was induced in 10 female C57BL6 wild type mice aged 8
weeks by active immunization of 10 ug of recombinant rat MuSK in complete
Freund’s adjuvant (CFA) subcutaneously. The control mice were immunized
with CFA/PBS [123]. The inverted mesh hang-time test was used to measure
of fatiguing weakness [9].

C2C12 muscle cell line

Immortalized C2C12 (ATCC® CRL- 1772™) mouse myoblast cell line was
obtained from ATCC and cultured in growth medium consisting of Dulbecco's
modified Eagle's medium (DMEM, Gibco™, 41966029) supplemented with
10% fetal bovine serum (Gibco™, 26140079), 1% Penicillin—Streptomycin
(Gibco™, 15140122), at 37°C and 8% CO,.

Transfection of C2C12 cells with miRNA mimics

For transfection experiments following mirVana miRNA mimics (all from
Ambion, Life Technologies) were used: mmu-miR-1933-3p (MC15467),
mmu-miR-1930-5p (MC15244), mirVana™ miRNA mimic Negative Control
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No.1 (Cat#: 4464058). C2C12 myoblasts were seeded into 12-well plate at
density 7 x 10* cells/well and grown until approximately 70-80% confluency.
At this point, cells were transfected with miRNA mimics at final concentration
of 25nM using jetPrime® transfection reagent (Polyplus, Cat#: 114-15). The
transfected cells were maintained in growth medium for 48 hours before har-
vesting for total RNA extraction.

MiRNA isolation and expression analysis in mouse muscles

MiRNA from the eight omohyoid muscles was isolated using the miRNeasy
Mini Kit (Qiagen, cat. no. 217004), including enrichment of miRNAs with the
RNeasy MinElute Cleanup Kit (Qiagen, cat. no. 74204), in accordance the
manufacturer’s instructions. Isolated RNA was used to synthesize cDNA us-
ing Universal cDNA Synthesis Kit II (Exiqon #203301, Vedbaek, Denmark)
and the reaction was run in a T100™ Thermal Cycler (Bio-Rad). RT-qPCR
was done on microRNA Ready-to-Use PCR Mouse & Rat Panel I+ (Exiqon),
pre-coated with primers for 752 miRNAs. All miRNAs were assayed in du-
plicates. As quality controls, the interplate calibration (UniSp3) and cDNA
synthesis control (UniSp6) were used. The cDNA reactions were diluted 200x
in ExiLENT SYBR® Green master mix before being applied to the PCR panel
plates. RT-qPCR was run for 40 amplification cycles on the Applied Biosys-
tems 7900HT Fast Real-Time PCR System (Life Technologies). Relative
miRNA expression was quantified using the ACT method [188].

mRNA expression analysis in transfected C2C12 cells

RNA quality, extracted from C2C12 cells, was evaluated using the Agilent
2100 Bioanalyzer system (Agilent Technologies Inc, Palo Alto, CA). Total
RNA (250 ng) was used to generate amplified and biotinylated sense-strand
c¢DNA from the entire expressed genome according to the GeneChip™ WT
PLUS Reagent Kit manual Target Preparation for GeneChip™ Whole Tran-
script (WT) Expression Arrays User Guide (P/N 703174, ThermoFisher Sci-
entific Inc., Life Technologies, Carlsbad, CA, USA) Clariom™ S Arrays
(Clariom™ S Arrays, mouse) were hybridized for 16-18 hours in a 45°C in-
cubator, rotated at 60 rpm. According to the GeneChip™ Expression Wash,
Stain and Scan Manual (PN 702731, ThermoFisher Scientific Inc., Life Tech-
nologies, Carlsbad, CA, USA) the arrays were then washed and stained using
the GeneChip™ Fluidics Station 450 and finally scanned using the
GeneChip™ Scanner 3000 7G. For the purpose of RT-qPCR, cDNA was
made using 1 pg of isolated RNA in a 20 pl reaction mix including 1 pl Su-
perScript III reverse transcriptase (Invitrogen), 1 pl of DTT (0.1M), 0.5 pl of
RNAse inhibitor (RiboGrip RNAse inhibitor, Solis BioDyne) and the reaction
was run in a T100™ Thermal Cycler (Bio-Rad) at 25°C for 5 min, 50°C for
60 min, 70°C for 15 min. Selected target mRNAs [BRCA 1-interacting protein
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1 (Brip1), mitochondrial ribosomal protein L27 (Mrpl27), myosin heavy chain
8 (Myh8), Inositol monophosphatase I (Impal) and autophagy related protein
9b (Atg9b)] were assayed in duplicates. RT-qPCR reactions were carried out
using the HOT FIREPol Eva Green qPCR Supermix (Solis BioDyne). Target
amplification was performed using the 7900HT Fast Real-Time PCR System
(Applied Biosystems). Relative miRNA expression was calculated using the
ACT method [188].

To check the accumulation of the transfected miRNA mimics in C2C12
cells, total RNA was isolated with miRNeasy Mini Kit and cDNA was made
using the Universal cDNA Synthesis Kit II as described above. The accumu-
lation of the transfected miRNA mimics was analyzed with RT-qPCR using
the ExiLENT SYBR® Green master mix and their expression was normalized
to the SNORD68 RNA (Exiqon, cat#203911).

Western Blot analysis

Western blot analysis was performed to assess expression of Impal in cultured
C2C12 myoblasts after transfection with miRNA mimics. Briefly, C2C12
cells seeded on 12-well culture plates were initially transfected with 25nM of
mimics for 24 hours. Additional transfection with the same mimics was per-
formed at a final concentration of 50nM for 48 hours. Cells were washed in
PBS, lyzed in RIPA buffer and collected as lysates for analyzing by SDS-
PAGE and western blotting as described previously[189]. Anti-Impal (Nordic
Biosite, A305-428A-T), anti-actin (Santa Cruz, sc-1616) were used as a pri-
mary for western blotting. Protein expression was detected using the Odyssey
scanner (LI-COR) and the protein signals were quantified using Image Studio
Software (LI-COR)[189]

Statistical analysis

In order to obtain normally distributed data, the data were log-transformed.
An unpaired two-tailed t-test was used to compare miRNA expression be-
tween the EAMG and control groups with a null hypothesis of equal means.
Bonferroni-Holm method was applied for multiple comparison test. Statistical
significance was defined as p < 0.05. The Exiqon GenEx software with un-
paired t-test was used for comparison of miRNA levels between transfected
groups. The raw data from the microarray analysis were normalized in the free
software Expression Console, provided by Affymetrix (http://www.affymet-
rix.com), using the SST-RMA version of the robust multiarray average
(RMA) method. The comparisons performed were miR1930-5p transfected
cells versus negative controls and mir1933-3p transfected cells versus nega-
tive controls. Subsequent analysis of the gene expression data was carried out
in the statistical computing language R (http://www.r-project.org) using pack-
ages available from the Bioconductor project (http://www.bioconductor.org).
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In order to search for differentially expressed genes between the control and
the treatment sample groups an empirical Bayes moderated t-test was applied,
employing the ‘limma’ package (version 3.30.13). To address the problem
with multiple testing, the p-values were adjusted using the method of Benja-
mini and Hochberg.

Study III

Primary myoblast culture

All experiments were approved by the Uppsala Animal Ethical Committee
under animal license C97/15 and follow the guidelines of the Swedish Legis-
lation on Animal Experimentation (Animal Welfare Act SFS 2009:303) and
the European Communities Council Directive (2010/63/EU). A detailed pro-
tocol of the primary muscle cell culture growing on HD-MEA chips was de-
scribed previously, in methods part for the Study I.

Application of neural agrin

Rat recombinant neuronal agrin (R & D systems, 550-AG-100) with a
concentration of 100 pM was applied for 24 h on 4 and 10 days in vitro (DIV)
on three HD-MEA chips, while the other three chips served as a control group.
Daily recordings of the average spike amplitude were carried out up to 26 days
of culture.

Immunostaining and microscopy

Cells were fixed and stain immediately after electrophysiological recordings.
Briefly, after washing step with PBS, cells were fixed in 4% paraformalde-
hyde and permeabilized with 0.25% Triton X-100 in PBS. Unspecific binding
was blocked by incubating cells in 1% BSA in PBS. Cells were then incubated
with primary antibodies overnight at 4°C, washed, and then incubated with
secondary antibodies for 1 h. Series of Z-stack images covering the entire elec-
trode array was performed using a Carl Zeiss Axiolmager or Nikon Eclipse
LVDIA-N microscope. The images were stitched and analyzed with Imagel
plugins or Imaris 8.0 software.

The effect of recombinant rat agrin on clustering of AChRs

Primary myotubes were treated with 100 pM of recombinant rat agrin (R&D
systems, 550-AG-100) on 20 DIV for 24h, and AChRs clusters were labeled
in live cells by specific binding of fluorescently labeled a-Bungarotoxin, 2.5
ug/mL  (Sigma-Aldrich, T0195). Additionally, anti-o-actinin (Abcam,
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ab9465) was stained during immunostaining protocol. Images were acquired
by using 60x oil objective and Nikon Eclipse LVDIA-N fluorescence micro-
scope (Nikon). After deconvolution postprocess in Huygens software, the
number and areas of AChR clusters were analyzed in Imaris software, where
defined threshold parameters for individual AChR cluster were applied for all
others images.

Correlation analysis between electrical activity and
morphological features of skeletal myotube

The thickest parts of individual myotubes growing on HD-MEA chips were
found after scrolling through the Z-stack, and the diameter was measured by
drawing a perpendicular line relative to the direction of the myotube. The
mean value of the myotube diameter was based on three individual measure-
ments. The microphotography of the HD-MEA was integrated into Matlab and
used to identify individual electrodes, match their location and registered elec-
trical activity to the myotubes of interest.

Statistical analysis

Pearson’s correlation analysis was used in order to find a correlation between
the diameter of the myotubes and the individual spikes. Kolmogorov-Smirnov
test was applied for the analysis of AChR cluster distribution between the my-
otubes treated with agrin and control groups. A p-value < 0.05 was considered
significant.
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Results and discussion

Paper I

We cultured primary myoblasts on HD-MEA chips for more than 60 days.
The fusion of myoblasts into myotubes was seen on the second day after
switching to differentiation medium. Within a few days (range from four to
seven days), individual myotubes showed a spontaneous contraction, ob-
served under the microscope. These contractions exhibited great variations of
all gradations: from a rapid shallow tremble to a slow deep pulsation. Some
myotubes contracted with constant frequency, while others followed a certain
pattern: their contractions were interrupted by a sudden break with a rest pe-
riod and further recovery of activity. The first electrical signals in the form of
individual spikes we were able to record on HD-MEA chips near the end of
the second week. In contrast, one of the few groups that used HD-MEA for
the electrophysiological characterization of muscle cells, were able to measure
such signals after three days of cultivation [190]. However, this early obser-
vation of electrical activity of cultured muscle is related to the intracellular
recording performed by 3D-shaped microelectrode platform. Nevertheless, all
our observations are consistent with previous studies about the maturation of
muscle cells in vitro, where fully differentiated myotubes demonstrated well-
organized cross-striations and also were undergo spontaneous contractions
around 14 -20 DIV [191, 192].

It is equally important to explain the nature of spontaneous contractions in
cultured myotubes in the absence of neuronal stimulation. The high frequency
spontaneous electrical activity (> 1 Hz) in mouse myotubes may results from
an interplay between Na“, Ca’" and Ca®’ - activated K" currents [193]. On the
contrary, low frequency (<0.5 Hz) contraction can be induced by activation
AChRs in response to the autocrine release of acetylcholine by myotubes
[194]. Perhaps, simultaneous activity of different ion channels involved in
spontaneous contraction can explain the large variety of spikes registered on
HD-MEA chips (Figure 4). The observed spikes can differ in their amplitude,
frequency, and shapes, which a range from short monophasic positive or mo-
nophasic negative spikes to long multiphasic spikes superimposed on each
other. On the other hand, the simultaneous contraction of several cells located
in close proximity to a given electrode can also lead to recording of overlapped
extracellular currents in the shape of polymorphic spikes.
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Figure 4. Spontaneous spike shapes on different electrodes during a single re-
cording session. Biphasic spike (A and F) starting with a positive peak, was the
most common shape observed during recordings. (B and C) Monophasic positive or
negative spikes. The maturation of myotubes was accompanied by the appearance of
more complicated multiphasic spikes (D and E).

Gradual complication in the variety of recorded signals also correlated with
the dynamics of muscle culture. Initially, individual spikes were observed on
a small number of electrodes, but over time this number increased. Further
maturation of muscle cells was associated with appearance of small isolated
islands of spikes, which slowly organized into much larger spiking areas. Af-
ter about 20 days in culture, the assembled myotubes had effectively formed
into a piece of muscle tissue that contracted at the same rate all across the chip.
At the same time, we observed individual areas with the highest spike am-
plitude, where the AP obviously appeared and spread to neighboring areas.
We used jitter analysis to find the relationship between these neighboring ar-
eas and determine individual muscle units. Unlike healthy innervated muscles
in vivo, where a jitter value of about 20-30 us is considered normal, in our
culture, we observed areas with jitter < 50 us, and with increasing distance
from the selected electrode, jitter also increased to 100—150 ps. In clinical
studies, an increased jitter value above 80—100 us indicates impairment in
neuromuscular transmission [195]. However, in our model, increased jitter
values can be explained by the lack of innervation, which also complicates the
detection of individual muscle units and their more detailed analysis.
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One of the distinguishing advantages of the presented method is the ability
to maintain an actively functioning muscle cell culture for a long period of
time (more than 2 months). This feature is essential for studying neuromuscu-
lar diseases and normal physiology of muscle cells. The viability and devel-
opment of the myotubes culture was assessed by several electrophysiological
parameters. For instance, the number of electrodes capable to detect spikes
gradually increased over time in a linear manner (Paper I, Figure 2A). The
spikes amplitude and their frequency also progressively increased (Paper I,
Figure 2B, 2C). Despite the obvious fluctuations reflecting the functional ac-
tivity of myotubes, all observed parameters eventually reached a steady state.

Muscle cells often experience mechanical stress and demand a constant
flow of nutrients and metabolites to restore their functionality. Perhaps the
renovation process involves a certain state of rest, which can affect the spon-
taneous activity of the muscle culture.

In addition, the muscle cells by their origin require innervation by motor
neurons. The absence of neuronal inputs during embryogenesis leads to de-
generation [196], reduction in the numbers [197] and myotube size [198]. Fur-
thermore, in the absence of innervation, expression of slow myosin heavy
chain is disrupted [195], which affects the phenotype of muscle fibers.
Therefore, the presence of a motor neuron component will determine the
formation of functional NMJs and also contribute to the normal maturation of
muscle fibers. Thus, co-culture muscle cells with motor neurons would repre-
sent a more physiologically relevant model of the healthy and diseased NMJ
that can be used as a platform to assess pharmaceutical treatments.

Paper 11

This study focused on the dysregulation of intracellular miRNAs in skeletal
muscles of the bulbar area, particularly the omohyoid muscle of mice with
MuSK+ EAMG. The omohyoid muscle is clinically involved in the dysphagia
associated with MuSK+ EAMG and MuSK+ MG [199], and was shown to
develop severe pre- and postsynaptic disassembly as a result of the MuSK
attack [123, 200]. A screening of 752 miRNAs was performed on RNA iso-
lated from omohyoid muscles of four MuSK+ EAMG mice, two with moder-
ate weakness and two with severe weakness, and four healthy control mice.
We found that 15 miRNAs were significantly increased and three miRNAs
were significantly decreased in muscles of mice with MuSK+ EAMG com-
pared to controls (Paper II, Table 1 and Figure 1). Two of the most elevated
miRNAs in atrophic muscles of MuSK+ EAMG mice were miR-1933-3p and
miR-1930-5p, and therefore we proposed the hypothesis that these specific
miRNAs can act on the processes involved in the regulation of important skel-
etal muscle proteins. Data analysis of mRNA expression level in the C2C12
cell line transfected with mimics of these miRNAs revealed the significant
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downregulation of expression level for 21 mRNA transfected with miR-1933-
3p and 7 mRNA transfected with miR-1930-5p (Paper II, Tables 2A and 2B).

Programs that predict binding sites for miRNAs showed that 5 of the de-
tected mRNAs contain binding sites for miR-1933-3p: BRCA1-interacting
protein 1 (Bripl), mitochondrial ribosomal protein L27 (Mrpl27), myosin
heavy chain 8 (Myh8), Inositol polyphosphate-5-phosphatase A (Inpp5a) and
Inositol monophosphate I (Impal). Also, stannin (Snn) mRNA, a mitochon-
drial membrane protein, contained binding sites for miR-1930-3p. Interest-
ingly, one mRNA of Atg9b, which was downregulated in by both mimics did
not have predicted miRNA binding sites in all the programs.

Further analysis by RT-qPCR demonstrated significant reduction of the
mRNA expression level of Mrpl27 (p=0.04) and Impal (p=0.02) in miR-
1933-3p transfected C2C12 cells compared to control mimic transfected cells.
Others potential targets mRNAs did not change significantly or had a very low
expression level in C2C12 cells.

According to several databases (www.proteinatlas.org; www.gene-
cards.org) Impal is well-expressed in skeletal muscles; however, there is no
evidence supporting its involvement in any muscle disease. This gene encodes
an enzyme that dephosphorylates myo-inositol monophosphate to generate
free myo-inositol, a precursor of phosphatidylinositol, and is therefore an im-
portant modulator of intracellular signal transduction via the production of the
second messengers myoinositol 1,4,5-trisphosphate and diacylglycerol [201].
This enzyme is inhibited by therapeutic concentrations of lithium to treat bi-
polar disorder [202]. It is known that patients with MG develop skeletal
muscle fatigue and weakness after treatment with lithium [203]. Therefore, a
decrease in the expression of Impal protein due to an increase in miR-1933-
3p level can also lead to similar impairments.

Another interesting target for miR-1933-3p is Mrpl27, which is involved in
mitochondrial translation and organelle biogenesis and maintenance. One pre-
vious report indicated mitochondrial dysfunction in muscles obtained from
MuSK+ EAMG mice, through increased amount of red ragged fibers and sig-
nificantly reduced citrate synthase SDH and NADH-cytochrome c-reductase
enzyme activity [204]. Therefore, we propose that Mrpl27 could be the candi-
date target, and a direct link, to the previously observed mitochondrial dys-
function and muscle atrophy in MuSK+ EAMG [204].
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Figure 5. Expression of the Impal protein. C2C12 cells transfected with control
(Ctrl; n=3), miR-1930-5p (n=3) and miR-1933-3p (n=3) mimics were analyzed for
the Impal protein accumulation. The Impal protein levels were normalized to the
actin protein (Impal/actin) and relative expression is shown below the western blot
images.

Additionally, we wanted to confirm the mRNA data on the protein level
through western blot. Normalization to actin revealed that protein levels of
Impal was reduced by 50% in the C2C12 cells transfected with miR-1933-3p,
whereas Impal levels were comparable between control cells and those trans-
fected with miR-1930-5p (Figure 5).

In conclusion, these data provide a new insight into dysregulated miRNAs
and their intracellular pathways in muscle tissue affected by MuSK + EAMG.

Paper III

In this study, we sought to find the correlation between the morphological
structures of skeletal muscles and their electrical activity as it was predicted
in simulation studies on skeletal muscles in vivo. These studies demonstrated
a direct correlation between the amplitude of the muscle AP and the diameter
of the muscle fiber [205]. Our previous results show that myotubes growing
on HD-MEA chips form a single muscle tissue after approximately three
weeks of culture, which complicates a more detailed analysis of their electrical
activity. Therefore, experiments in this study were performed at earlier devel-
opmental stages (10 DIV) when myotubes already expresses contractile pro-
teins, like alpha-actinin and demonstrate nonsynchronous electrical activity.
The mean value of thickness of individual muscle fibers (n = 179) was 11.04
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+ 3.53 um, whereas the mean value for the myotubes growing in close contact
to each other (n = 65) was 16.63 £+ 3.65 pm. The general maximum thickness
of myotubes was approximately 25 um and the minimum thickness was ap-
proximately 4 um. Data analysis of the electrical activity recorded in areas
with individual muscle fibers, and in areas with a dense appearance of muscle
fibers didn’t reveal any correlation between the thickness and most negative
amplitudes obtained on electrodes of interest in both groups (Fig 6a:
1’=0.01012; p=0.1803 and 6b: r’=0.0235; p=0.5510).

The most likely explanation for the lack of a direct correlation between the
thickness of the myotubes and the spike amplitude is the absence of a neuronal
component in our model and that all measurements were performed at a rela-
tively early stage of development. At the same time, an in vivo studies in mice
showed a heterogeneous relationship between muscle fiber diameter and NMJ
morphology [206].

Figure 6. Amplitude of the muscle AP plotted against thickness of the muscle fi-
ber over that particular electrode.

Formation of AChR clusters as well as other processes involved in postsyn-
aptic differentiation of NMJ are controlled by factors released from axon ter-
minal of motor neurons. However, AChRs already expressed at an early stage
of skeletal muscle development promoting the fusion of myoblasts into myo-
tubes [207, 208] and form embryonic clusters due to autoactivation of MuSK,
regardless of innervation by motor neurons [13, 209]. Treatment with alpha-
bungarotoxin inhibits spontaneous activity in the early stages of myogenesis
and confirm involvement of AChRs at this process. Moreover, the synthesis
and release of an endogenous cholinergic agonist by the myotubes themselves
may underlie the mechanism of autocrine activation of AChRs in the absence
of neuronal stimulation [210]. Taking advantage of our model system to grow
primary myotubes for more than 20 days, we tried to evaluate the contribution
of AChRs to the spontaneous electrical activity in the late stages of develop-
ment. We decided to compensate the absence of neuronal component in our
system by adding recombinant neuronal agrin, which stabilizes AChR to lev-
els characteristic of innervated NMJs [211].
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Data analysis indicated a great variety of AChRs and their clusters in both
groups: from individual small dots uniting into small-sized groups, to
clongated, narrow clusters, and rare formations resembling plaque-like
clusters similar to the shape of an innervated NMJ in vivo (Paper 111, Figure
3). In the control group, the median AChR size was 2.1 um? (CI: 1.0-4.1; min.
0.49 and max. 110.5 pm?), and in the agrin-treated group, the median size was
1.9 pm? (CI: 1.0-4.2; min. 0.002 and max. 97.7 pm?) (p <0.0001). The number
of AChR clusters with an area of <1 um?* was 471 (20%) in the control group
and 894 (25%) in the agrin-treated group. The largest number of clusters in a
percentage ratio was observed in the size range of 1-5 um? and was 1415 clus-
ters (60%) in the control group and 1903 clusters (54%) in the agrin-treated
group (Figure 7-II). These data indicate a significantly larger number of
AChRs and AChR clusters in myotubes treated with neural agrin. At the same
time, the in vivo studies depict an AChR cluster area in the calf muscle the
diaphragm[212], which is significantly higher than most cluster sizes ob-
served in our data.

Figure 7. Quantification analysis of AChR cluster formation in control group
(N=2364) and treated with recombinant rat agrin (N=3548) (I) Quantification of
AChR cluster area size. P<0.0001, CTRL vs. Agrin-24h, Kolmogorov-Smirnov test.
(IT) Percentage distribution of different cluster sizes.

In order to identify a possible effect of neural agrin on spontaneous electrical
activity of myotubes, we performed daily recordings for a total of 26 days.
Three chips were treated with recombinant rat agrin at 4 and 10 DIV, while
others three chips were maintained under standard conditions and used as a
control group. Already on the 4th day of culturing myotubes in differentiation
medium, we observed activity on individual electrodes in both groups.
However, the number of electrodes recording electric activity in the agrin-
treated group increased by 6 DIV compared to the control group, and in some
parts of the activity maps, electrode alignment was observed in parallel lines
(12 DIV), which suggests the development of elongated myotube forms. We
also applied 100 nM ACh to the extracellular solution at 20 DIV to stimulate
the activity of AChRs, but did not observe any difference in electrical activity
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before and after treatment (data not shown). Unfortunately, one of the chips
belonging to the agrin-processed group was unable to connect to the recording
device due to a technical malfunction of the chip and was therefore excluded
from the experiments. At the same time, most of the myotubes cultured on
another HD-MEA chip with agrin-treated myotubes detached from the surface
of the chip on day 22, most likely due to intense contractions, and only a small
fraction continued to show high activity on the right the angle of this chip
(Paper 111, Figure 5). However, myotubes cultured on control chips also began
to show increased activity on the entire array of electrodes at a later stage of
development (24 DIV).

In conclusion, our results indicate the possible involvement of neural agrin
in the spontaneous electrical activity generated by muscle cells in the early
stages of development. However, we did not observe any functional effects of
agrin at a later stage of development.
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Future studies

In the future, we are planning to establish the complete NMJ on the HD-MEA
chip. This NMJ modelling will be completed by co-culturing motor neurons
and muscle cells on the chip. Owing to thousands of densely packed microe-
lectrodes, these arrays offer the potential to access electrical activity of the
NMI at subcellular spatial resolution and, as such, can be used to investigate
functional interplay between pre- and postsynaptic elements during the pro-
cess of formation and disruption of the NMJ. Physical separation of cells
through the application of microfluidic systems also should help to mimic
more closely the physiological conditions. Furthermore, this type of engi-
neered constructs provides easier and more direct manipulations to the cell
culture, such as administration of antibodies or miRNAs in order to better un-
derstand their role in development of neuromuscular degenerative disorders.

Along with the application of well-established animal cell models of ani-
mal origin and cell lines, the introduction of human pluripotent stem cells
(hPSCs) for tissue engineering and complex disease modeling is also expand-
ing. A major advantage of using hPSCs for muscle bioengineering is the abil-
ity to derive different cell types from the same cellular source and to study
molecular pathways involved in NMJ dysfunction. The generation of func-
tional hPSC-derived NMJ models will provide the possibility for the discov-
ery of drug treatments that may improve neuromuscular function and restore
muscle contractility in patients. We also plan to establish hPSC-derived NMJ
model for detail electrophysiological characterization on HD-MEA chips.

As shown by our own and other recent studies, miRNAs can serve not only
as biomarkers indicating the presence of a disease, but also can actively influ-
ence the course of its development. Therefore, we plan to study the effects of
disease specific miRNA on cells on the chip (motor neurons and muscle cells).
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Conclusions

In conclusion, our main findings were the following:
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We were successful in establishing a long-term muscle cell culture on HD-
MEA chips, allowing for tracking of the development extracellular fea-
tures of muscle cells.

The myotube maturation and fusion into mature muscle tissue was accom-
panied by a gradual increase in the amplitude and frequency of individual
electrical spikes.

The contraction activity of mature muscle tissue had common spiking fre-
quency across the chip, with individual spikes arising in different parts of
the culture and propagating in opposite directions at various speeds.

The observed electrical activity of mature muscle fibers is well correlated
with images obtained using fluorescence microscope.

Findings of novel miRNAs that are dysregulated in muscle tissue afflicted
with MuSK+ EAMG, provide insight into the effects of this disease on the
posttranscriptional level.

There is no direct correlation between the amplitudes of MAPs and the
diameter of myotubes in their early developmental stage.

Agrin application seems to enhance the development of aneural myotubes
in increasing the number of AChR clusters and promoting spontaneous
activity at an early developmental stage.
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