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Chapter I. The peripheral nervous system 

 

I.1. Overview 
 

The nervous system is the complex organization which enables the interaction of human body with 

the external world. It consists in two parts: the central nervous system (CNS) and the peripheral 

nervous system (PNS) (Figure1).  

 

Figure 1 Human Central and Peripheral Nervous Systems [From: (OpenStax College 2013)]. 

 

The central nervous system is composed of the brain and the spinal cord, protected by the cranium 

and the vertebral column, respectively. It receives and integrates stimuli coming from the outer and 

the inner space and elaborates an appropriated response. The peripheral nervous system is made up 

of nerve fibers and ganglia. Anatomically, it is organized in an afferent arm, or sensory division, which 

conducts the information from receptors to CNS, and an efferent arm, or motor division, transferring 
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the central orders to the effector organs. Afferent neural cell bodies are located in dorsal root ganglia 

and afferent nerve fibers enter into spinal cord through dorsal roots. On the contrary ventral roots 

consist predominantly of efferent motor fibers, whose cell bodies are located in grey matter of spinal 

cord. Dorsal and ventral roots form spinal nerves which carry sensory and motor information 

between the spinal cord and the body. In the human body, there are 31 pairs of spinal nerves: eight 

cervical, twelve thoracic, five lumbar, five sacral nerves and one coccygeal nerve pair. 

Moreover, peripheral nervous system, can be functionally divided in somatic nervous system and 

autonomic nervous system (Figure 2).  

Somatic nervous system (SNS) represents the voluntary division. It is composed by a motor and a 

sensory component. The somatic sensory neurons are involved in mechanoreception, thermoception 

and nociception at skin, glands, or internal organs’ level (Manivannan and Suresh 2012). The somatic 

motor arm controls skeletal muscles contraction through motor neurons.   

Autonomic or vegetative nervous system (ANS or VNS) supplies smooth muscles, cardiac muscle and 

glands. It represents the unconscious control of internal organs’ functions like digestion, body 

temperature, heart rate or respiratory rate. The ANS is organized in sympathetic, parasympathetic 

and enteric nervous system. Sympathetic nervous system usually elaborates “fight or flight” 

responses, since it is activated in stressful and emergency conditions. The parasympathetic nervous 

system controls the “rest and digest” responses, in ordinary situations when the human body is 

relaxed and at rest. These two components of the ANS are complementary in their functions, rather 

than opposite. If sympathetic nervous system increases heart rate and force of contraction, blood 

pressure, bronchodilatation and pupil dilatation, the parasympathetic nervous system reduces heart 

rate and blood pressure, and it stimulates salivation, digestive secretions and peristalsis.  The third 

ANS division is represented by the enteric nervous system, even if it often considered an 

independent section of the nervous system. It consists in a neural network within the gut wall, which 

controls intestinal motility, secretory glands and blood flow of the gastrointestinal tract (Furness 

2012). 
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Figure 2 Schematic representation of Nervous System compartmentalization. 

 

I.2. Development of the nervous system 
 

The embryonic stages which lead to the complete formation of the nervous system, in humans, have 

been largely investigated. Nowadays, molecular mechanisms and pathways, as well as their 

regulating factors, are fully known. This is fundamental to better understand how human nervous 

system works, but also to be able to reproduce development processes, and induce neural 

differentiation in in vitro systems.   

 

I.2.1.  Formation of the neural tube  
 

The nervous system is one of the earliest systems to form, since its development starts in the third 

week of embryogenesis. During the gastrulation, the blastula, a single-layered sphere of cells, 

modifies its structure to form the gastrula, which is composed of three different germ layers, called 

ectoderm, mesoderm and endoderm.  In this phase, some mesenchymal cells move from primitive 

node (Hansens’s node) to form the notochordal process. This is the first step of notogenesis, the 
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formation of notochord. Subsequently, notochordal process merges with the underneath endoderm 

layer, thickens, and originates the neural plate (Ramesh et al. 2017). When the neural plate 

invaginates, the neural groove takes shape in the middle, while borders create prominent neural 

folds on each side. With cellular growth, neural folds get close, fuse, and turn the neural plate into a 

neural tube (Simões-Costa and Bronner 2015). 

 

Figure 3 Development and evolution of the neural plate, and closure of the neural tube [Adapted 

from: (Simões-Costa and Bronner 2015)]. 

 

The closure of the neural tube plays a key role in the development of central and peripheral nervous 

systems. At this stage, the anterior part of the neural tube begins to expand and form the three 

primary brain vesicles: the prosencephalon, the mesencephalon and the rhombencephalon (Stiles 

and Jernigan 2010). By the end of the fifth week, these three structures give rice to the five 

secondary brain vesicles which will compose the adult central nervous system: the telencephalon, 

the diencephalon, the mesencephalon, the metencephalon and the myelencephalon (Stiles and 

Jernigan 2010). 

Meanwhile, the development of the spinal cord begins with the formation of the neural tube. The 

neural tube is an empty channel whose internal wall is composed by the neuroepithelium, a floor of 
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rapidly dividing neural stem cells, which proliferate and differentiate into neuroblasts. The 

accumulation of neuroblasts originates the Mantle layer, the division which forms the grey matter of 

the spinal cord. The Mantle layer will be divided by the sulcuc limitans in an alar plate, predominantly 

made up of sensory neurons, and a basal plate, composed by motor neurons. On the other hand, the 

nerve fibers, coming from neuroblasts of the Mantle layer, organize in the Marginal layer. The 

Marginal layer surrounds the Mantle layer and forms the white matter of the spinal cord, when 

myelination of nerve fibers takes place.  

 

 

Figure 4 Formation of the spinal cord. Representation of the three layers of the neural tube: Lumen, 

Ependyma and Mantle layer (A). The Mantle layer will form the grey matter of the spinal cord, 

divided, by the sulcus limitans, in alar plate and basal plate; the Marginal layer, which surrounds the 

Mantle layer, will constitute the white matter (B and C). [From: (Martin, Radzyner, and Leonard 

2012)]. 

 

At the same time, after the closure of the neural tube, neural crest cells, a population of cells located 

on the neural folds, turn from epithelial to mesenchymal state, and migrate to many localizations, 

differentiating into different cell types. Specifically, the trunk neural crest cells form the dorsal root 

ganglia, sympathetic neurons and Schwann cells, but also melanocytes and chromaffin cells. The 

parasympathetic ganglia originate from the vagal and sacral neural crest, while the cranial neural 

crest creates cranial neurons and glia, as well as cartilage, bones and connective tissue (Gilbert 2000) 

(Figure 5).  
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Figure 5 Neural crest cells migrate and differentiate into neural and non neural cell types [From: 

(Acloque et al. 2009)].  

 
 

I.2.2. Molecular mechanisms of neural differentiation 

 

The closure of neural tube is the most crucial event in the development of nervous system. The 

neural tube is a polarized structure, this means that it is organized along a dorsoventral (DV) axis, and 

an anteroposterior (AP) (or rostrocaudal (RC)), axis. The expression of specific transcription factors, 

involved in the differentiation process, depends on this organization. Consequentially, neural cells of 

the neural tube will have different fates of differentiation according to their position on DV and AP 

axes (Guillemot 2007).  

 

Dorsoventral differentiation 

Multiple factors act in DV differentiation events. They are often secreted by different sections of the 

neural tube, like the roof plate (the dorsal section) and the floor plate (the ventral section), or cells 

external to the neural tube. Bone morphogenetic protein (BMP) is a group of the transforming 

growth factor-β (TGF-β) superfamily, secreted by the roof plate and surrounding tissues. If, in early 

development stages, BMP inhibition is necessary to generate neuroectoderm from ectoderm, in this 

phase of the DV differentiation, BMP creates a gradient that regulates the expression patterning of 

several transcription factors (Bond, Bhalala, and Kessler 2012). BMP-regulated proteins are involved 

in generation of different populations of neural progenitors, in the dorsal and intermediate regions 
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of the neural tube (Timmer, Wang, and Niswander 2002). More than 20 BMP-ligands can act like 

antagonists and inhibit its expression, for example, noggin, chordin, follistatin. Proteins of the 

Wingless-type MMTV integration site (Wnt) family have a role similar to BMPs, since they participate 

in specification of dorsal interneurons (Muroyama et al. 2002).  

The other factor with a key role in the DV differentiation is the Sonic Hedgehog (Shh) protein, 

expressed by cells of the ventral floor plate and the notochord (Yatsuzuka et al. 2019). Shh forms a 

ventral-to-dorsal gradient which controls the identity of progenitors in the ventral section of the 

neural tube (Le Dréau and Martí 2012). 

 

Anteroposterior Differentiation 

The earliest actor which acts in the anteroposterior patterning is cyp26 (cytochrome P450 family 26) 

gene, expressed in the early anterior neural ectoderm and encoding the enzyme responsible for the 

degradation of Retinoic Acid (RA). RA is important in posteriorizing processes. So, in early stages, the 

activation of cyp26 inhibits RA, and most of developing events concern only the anterior portion of 

the neural tube, which organizes in primary vesicles. When Wnt and Fibroblast Growth Factor (FGF) 

pathways are activated, they suppress, independently, cyp26 activity, promoting RA expression. FGF, 

Wnt and RA can suppress further anterior markers, while FGF initiates the activation of posterior 

markers, in presence of RA pathway (Kudoh, Wilson, and Dawid 2002).  

 

Main factors acting in DV and AP differentiation are reported in Figure 6. 
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Figure 6 Factors involved in dorsoventral polarity during the cord differentiation (A-1 and A-2), and 

factors involved in anteroposterior differentiation during neurulation (B) [From: (Faye et al. 2020)]. 

 

 

I.3. Peripheral nerve organization  

 

I.3.1. Neurons 

 

The neuron, or nerve cell, is the basic structural and functional unit of the nervous system. Neurons 

are excitable cells which communicate with each other or with other cell types by chemical synapses, 

in order to receive, elaborate, and transmit information. We can identify three major components in 

a neuron’s structure: the cell body, the dedrites, and the axon (Figure 7).  
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Figure 7 Schematic representation of a neuron. 

 

I.3.1.1. The cell body 

The cell body, or soma, is surrounded by a neural membrane which controls the cellular exchanges 

and establishes the electrical potential in the neuron. The cytosol is a potassium-rich solution which 

contains all the cellular organelles like the Golgi apparatus, the rough endoplasmic reticulum (RER), 

and mitochondria. Mitochondria, the “powerhouse” of the cell, play a key role in the soma since 

neurons require a large amount of energy. Moreover, in neuron body, we can find characteristic 

aggregates of RER granules, the Nissl bodies, important in the synthesis of proteins.  

 

I.3.1.2. The dendrites  

Dendrites are cytoplasmatic extensions of the cell, organized in a tree-like arborization (“dendritic 

tree”) which allows to collect information coming from the external space and transmit it to the cell 

body. They are usually about 2 µm in length, while their number and their density can significantly 

vary, according to the neuron’s function. Dentrites can present dendritic spines, small membranous 

protrusions that can rapidly change their form after signals’ passage. These structures are 
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responsible for the so-called “dendritic plasticity”, the ability of neurons to adapt themselves to 

stimuli and change their connections in the neural network (Dharani 2015).  

Concerning the dendrites’ composition, we observe the same organelles of the soma (Golgi 

apparatus, RER and mitochondria) and a large number of ribosomes, due to the high degree of 

protein synthesis. 

 

I.3.1.3. The axon 

The axon is a single long projection of the nerve cell that carries the neural information, so the 

electrical signal, away from the cell body. Its length can range from few millimeters to more than one 

meter. It arises in the axon hillock, a cellular region rich in ribosomes, and it is composed of three 

fragments: the initial segment, the shaft and the terminal arbor (or synaptic bouton), where 

neurotransmitters are stored in vesicles before being released. The axonal membrane is called the 

axolemma, while its cytoplasm is known as axoplasm. The main role of axolemma is to maintain the 

membrane potential of the axon thanks to the ion channels located along its surface. The axoplasm 

represents the main part of neuron’s cytoplasm. Its composition differs from soma and dendrites 

since it contains a reduced number of ribosomes associated to a large amount of elongated 

mitochondria and, above all, different cytoskeletal filaments: microtubules, microfilaments and 

neurofilaments (Morris and Lasek 1982).  

Microfilaments (MFs) are made of globular actin monomers assembled to form a helical structure. 

They promote the expansion of axon growth cone during neurites formation process.  

Neurofilaments (NFs) are composed of three subunit proteins: NF-L, NF-M, and NF-H. They act by 

stabilizing the cellular structure and by controlling the axon radial growth (Chevalier-Larsen and 

Holzbaur 2006).  

Neural microtubules (MTs) are filaments of α and β tubulin heterodimers, forming a 25-nm-diameter 

hollow tube. Even if their structure is the same than MTs in the other body cells, neural MTs present 
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different isotypes of tubulin, with specific post-translational modifications, which can vary according 

to the localization. Moreover, it seems that, in contrast to dendrites, the polarity of axon MTs is 

uniform, considering that their “plus” end is always toward the axon terminal (Hammond 2015). The 

main role of MTs in the axon is related to the axonal transport activity. Since the axon lacks of 

ribosomes and ribonucleoprotein complexes, all the macromolecules need to be synthesized in the 

soma and transported along the axoplasm.  Vesicles, mitochondria and other cellular organelles, 

require axonal transport, too. We can distinguish a retrograde axonal transport, from the periphery 

to the soma, and, vice versa, an anterograde axonal transport, from the soma to the periphery. 

Anterograde transport could be fast, up to 400 mm/day, or slow, 0.2 to 5 mm/day. If fast 

anterograde transport concerns mitochondria and vesicles containing neurotransmitters and 

enzymes, slow anterograde transport involves mostly cytoskeletal proteins, required to preserve 

cytoskeleton’s structure integrity. Retrograde axonal transport is fast, 200 to 300 mm/day, and it 

carries old proteins and organelles to the soma to be degraded.  

Two classes of motor proteins take part to axonal transport: the kinesin superfamily proteins, 

essential in the anterograde transport, and dyneins, essential in the retrograde transport (Chevalier-

Larsen and Holzbaur 2006). 

 

I.3.2. Classification of neurons  

 

Neurons can be classified according to their structure or their function. 

Basing on the neuron’s structure we can distinguish (Figure 8):   

- Multipolar neurons present a single axon and multiple dendrites, allowing interactions with 

multiple other neurons. They can be largely found in the CNS, specifically in cortex and spinal 

cord, but also in the PNS, in ganglia. 
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- Bipolar neurons possess two processes, one axon and one dendrite. They are generally 

involved in sensory pathway, that is why we can find them in eye’s retina, in olfactory and 

vestibular nerves.  

- Unipolar neurons have a single axon extending from the soma to the periphery. They are 

mostly present in invertebrates, like insects. In humans, unipolar neurons are generally 

“pseudounipolar”. This means that these neurons present a single process, coming out from 

cell body, which splits, then, in two different branches. They are located in dorsal root 

ganglia, and conduct signals concerning touch, temperature, pain and vibration.  

 

Figure 8 Structural classification of neurons [From:(Derrickson and Tortora 2017)]. 

 

According to their function, neurons can be classified in two main classes: sensory neurons and 

motor neurons.  

- Sensory neurons, whose cell bodies are located in trigeminal ganglia and dorsal root ganglia, 

conduct stimuli from the periphery to the CNS, via afferent nerve fibers. Through their 

receptors, they receive three types of information: the proprioception, the sense of self-

movement and body position; the nociception, which concerns the harmful stimuli; the 

mechanoreception and thermoception, activated by deformation and temperature 

information. 
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- Motor neurons (MN) form the efferent nerve fibers that carry information away from the 

CNS toward the peripheral effector organs. We can distinguish upper motor neurons, whose 

soma lie in the cortex, and lower motor neurons, whose soma reside in the brainstem or in 

the spinal cord. Upper motor neurons originate in the primary motor cortex, an area of the 

frontal lobe, and terminate within the brainstem and the spinal cord, where they synapse 

with lower motor neurons. They use glutamate as neurotransmitter. Lower motor neurons 

use acetylcholine as neurotransmitter and they transfer the information from upper motor 

neurons to target muscles. Lower motor neurons are classified according to their target: 

branchial, visceral and somatic MN.  

 Branchial motor neurons innervate branchial arch-derived muscles controlling face, 

jaw, larynx and pharynx. Their axons are assembled to form the trigeminal cranial 

nerve V, the facial cranial nerve VII, the glossopharyngeal cranial nerve IX, the vagal 

cranial nerve X, the spinal accessory cranial nerve XI (Chandrasekhar 2004). 

 Visceral motor neurons belongs to the ANS, and they are involved in the control of 

smooth muscles and glands. They are not directly connected to their effector organs 

but they allow the information moving from the CNS to the peripheral ganglionic 

neurons (Stifani 2014). 

 Somatic motor neurons are organized in three different group, on the basis of 

muscle fiber they innervate: alpha, beta, and gamma motor neurons. Alpha-motor 

neurons (αMN) innervate the extrafusal muscle fibers, the main fibers involved in 

muscle contraction. Beta-motor neurons (βMN) participate in contraction, and in 

responsiveness process too. They are less abundant than alpha and gamma motor 

neurons, and innervate intrafusal and extrafusal muscle fibers. Gamma-motor 

neurons (γMN) innervate intrafusal muscle fibers and they modulate the sensitivity 

of the muscle spindle to the phasic stretch and the tonic stretch, participating, in this 

way, to proprioception of the body. 
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I.3.3. Electrophysiological properties of neurons 

 

Neurons are electrically excitable cells which can transfer information via electrical signals. They are 

characterized by two main properties: the excitability, the neural ability to respond to a stimulus, and 

the conductivity, the ability to conduct an electric message. These proprieties are due to voltage-

gated ion channels, located on the plasmatic membrane of neurons, which allow the flow of different 

ions, specifically Na+, K+ and Ca2+. When the neural cell is not excited, the resting potential is between 

-40 mV and -90 mV. This means that, according to the normal distribution of ions (mostly 

extracellular Na+ and mostly intracellular K+), there is an electric potential difference between the 

internal and the external sides of the membrane. Since the internal side is more negative than the 

external one, the membrane is defined “polarized”. The cellular resting potential is maintained by 

the Na+/K+-pump which transports Na+ and K+ ions against their concentrations gradients, using 

adenosine triphosphate (ATP) hydrolysis as energy source. When the neuron is stimulated, it can 

elaborate different kinds of responses and the resting potential is perturbed in different ways: 

- The receptor potential is a transient membrane potential activated by external stimuli like 

light, pressure, heat. It is typical of sensory neurons. 

- The synapse potential is an alteration of membrane potential in a post-synaptic neuron, after 

the release of neurotransmitters in a synapse. It could be excitatory or inhibitory, and it is 

characterized by small amplitude and slow time course.  

The receptor potential and the synapse potential are defined graded potentials, since they depend 

on the size of the stimulus and their amplitude is proportional to the strength of the stimulus. They 

differ from the action potential.  

- The action potential is a rapid rise and subsequent fall of membrane resting potential. 

Specifically, it presents an initial rising phase or depolarization (opening of Na+ channels), 
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followed by a falling phase or repolarization (closure of Na+ channels and opening of K+ 

channels), which brings the cell back to the resting potential, and it ends with an undershoot 

phase, or hyperpolarization, which makes the membrane potential more negative than the 

resting potential. After an action potential there is always a refractory period, during which it 

is not possible to evocate a new action potential. In contrast to graded potentials, actions 

potentials are “all-or-none”. This means that they can occur only if the threshold is reached, 

or they do not occur at all. Their amplitudes, therefore, do not depend on stimuli intensity.  

 

Figure 9 Different electrical signals elaborated by neurons [From: (Purves 2004)]. 
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I.3.4. Glial cells  

 

Other than neurons, the nervous system consists of other cell types, gathered under the name of 

Glia, or Glial cells. Glial cells are more abundant than neurons but they do not produce and conduct 

electrical signals, even if they can participate indirectly to regulation of synaptic events. Their key 

role is to give physical support to nerve cells, control the uptake of nutrients and neurotransmitters, 

participate to myelin sheath creation, immune response and repair process. If, in the central nervous 

system, we can find oligodendrocytes, astrocytes, ependymal cells, and microglia, the peripheral 

nervous system presents only two main glial cells: satellite cells and Schwann cells (SC). Satellite cells 

are located in sensory and autonomic ganglia where they surround every neurons’ soma (Gonçalves, 

Vægter, and Pallesen 2018). Schwann cells are the principal glial cells of the PNS. 

 

I.3.4.1. Schwann Cells   

 

Schwann cells originate from neural crest cells which migrate and differentiate themselves according 

to activation of specific transcription factors (Fröb and Wegner 2020). We can distinguish myelinating 

and non-myelinating SC. Both of them interact with neurons axons, but, if myelinating SC participate 

to myelin sheath creation around the axons, non-myelinating SC surround small-caliber axons just to 

isolate them from each other, without forming myelin sheath. Myelinating SC are analogous to 

oligodendrocytes in CNS, with the difference that, in PNS, the ratio axon/SC is 1:1, while 

oligodendrocytes can wrap multiple axons (Salzer 2008).  

SC play also a key role in nerve repair and regeneration. For example, after a crush or cut injury of 

the nerve, SC can change their phenotype, produce survival signals for neurons, and, activating the 

immune response and macrophages recruitment, they can induce myelin clearance events (Jessen 

and Mirsky 2016). Moreover SC interact with proteins of extracellular matrix and basal lamina, and 

guide axonal growth during development (Chernousov and Carey 2000).      
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I.3.4.2. Myelin sheath 

 

Myelin sheath is a lipid bilayers membrane that wraps multiple times nerve cells axons in the CNS 

and in the PNS, via the oligodendrocytes and the SC, respectively. It is organized in compact and non-

compact components, with different structures and functions. Compact myelin is formed by tightly 

packed spiraling layers of membrane that lack cytoplasm. Non-compact myelin contains more 

cytoplasm and plays a role in signaling and transport of small metabolites (Ryu et al. 2008).  

Myelin sheath is mainly composed by a high proportion of lipids (70-85%) and a smaller amount of 

proteins (15-30%), compared to other biological membranes. The most characteristic lipid of myelin 

is the galactosyl ceramide, but it presents also high levels of cholesterol and phospholipids (Quarles 

2007). Concerning the protein composition, compact myelin contains four main proteins: Myelin 

Protein Zero (MPZ or P0), Proteolipid protein (PLP), Peripheral Myelin Protein 2 (PMP2 or P2) and 

Myelin Basic Protein (MBP). Another important myelin protein, known to be widely involved in 

neural physiopathology, is the Peripheral Myelin Protein 22 (PMP22). If PLP is specific of CNS, and 

MPZ, PMP2, and PMP22 are mostly expressed in PNS, MBP protein can be found in both of them. 

MPZ is the most abundant protein in peripheral myelin sheath (~50%) and it acts like structural 

element, stabilizing myelin through homophilic interactions (Quarles 2007). PMP2 seems to 

participate to myelin stabilization too, in addition to its role in lipid transport. MBP is important for 

the adhesion of the cytosolic surfaces of myelin (Boggs 2006), while PMP22 is involved in myelin 

formation, but also in SC proliferation and differentiation (Li, 2013). The main proteins of the non-

compact myelin are Myelin Associated Glycoprotein (MAG), Connexin-32 (Cx32 or GJB1) and E-

cadherin. 

Myelin sheath acts like an insulator, helping the electric signals conduction, so enhancing the rapid 

propagation of action potentials along the axons. Each axon presents multiple myelinated segments, 

separated by short gaps, called nodes of Ranvier, where the axonal membrane is exposed to 
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extracellular space.  Since voltage‐gated sodium channels are located at nodes of Ranvier, when the 

axolemme is excited at this level, sodium ions enter in the neuron, leading to the depolarization of 

the membrane. This electrical signal, caused by ions diffusion, cannot flow through the high-

resistance myelin sheath, and, consequentially, it reaches the next node of Ranvier, where a new 

segment of axolemme is depolarized. The membrane depolarization process, associated to the 

potassium channels-dependent repolarization, constitutes the action potential. As result of myelin 

sheath organization, the action potential jumps from a node of Ranvier to another along the axon, 

and for this reason its propagation is defined saltatory conduction.  

In PNS, but not in CNS, the nodes of Ranvier are contacted by numerous microvilli, which are 

processes of Schwann cells, probably involved in ion buffering (Salzer 2008; Arancibia‑Carcamo and 

Attwell 2014). The myelinated segments between two nodes are called internodes, while the nodes-

flanking regions are known as paranodes or paranodal regions. Paranodes are the site of tight 

junctions between the axon and the glial myelin, resulting from the action of multiple proteins like 

the contactin, the contactin-associated protein (Caspr) and the neurofascin 155 (Lyons and Talbot 

2008; Uncini, Susuki, and Yuki 2013). Between internodes and paranodes, we find the juxtaparanodal 

regions, where most voltage-gated potassium channels are located (Arancibia‑Carcamo and Attwell 

2014).  
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Figure 10 Organization of main domains in a node of Ranvier [Adapted from: (Salzer 2008)]. 

 

I.3.5. Nerve anatomy 

 

The nerve is the main structure of the peripheral nervous system and it consists of a bundle of 

neurons’ axons wrapped in the myelin sheath. In a nerve, every axon, with its myelin coating, is 

surrounded by the endoneurium, a layer of connective tissue composed of endoneurial cells. The 

endoneurium appears as an elastic channel since the collagen I and II represent its major 

components (Ju, Lin, and Chang 2017). It contains the endonerium fluid, with a protective role, 

comparable to the cerebrospinal fluid in CNS (Reinhold and Rittner 2017). Moreover, within a nerve, 

axons acting on the same anatomical area, are organized in fascicules (fasciculi), surrounded and held 

together by the perineurium. The perineurium is a dense sheath of connective tissue formed by 

multiple concentric layers of fibroblasts cells associated to type I and type II collagen fibers. In 

addition to its protective function, perineurium is important to regulate the inner pressure of the 

fascicule (Ju, Lin, and Chang 2017). Lastly, multiple nerve fascicles are kept together by the outer 

connective layer, the epineurium.  The epineurium seems to be organized in two different layers: the 

external one consists in an areolar connective tissue with a vascular component, while the internal 
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one presents, above all, collagen fibers (Stolinski 1995). It acts like buffer barrier, protecting fascicles 

from the external space (Ju, Lin, and Chang 2017).  

 

Figure 11 Nerve architecture. The Schwann cell, in blue, wraps around neuron’s axon, in rose. They 

are surrounded by the endoneurium, within the nerve fascicule. Every fascicule is surrounded by the 

perineurium, and kept together with other fascicules, by the epineurium [From: (Belin, Zuloaga, and 

Poitelon 2017)]. 

 

I.4. PNS disorders: the peripheral neuropathies  

 

I.4.1. Overview 

 

A peripheral neuropathy is a pathological condition caused by the damage of a SNP structure (neuron 

cell body, axon, myelin sheath).  Despite the lack of a large number of epidemiologic studies, it seems 

that peripheral neuropathies have a prevalence estimated between 2.4% and 7% (Callaghan, Price, 

and Feldman 2015). Their origin can vary considerably, as well as their symptomatology. According to 

the number of affected nerves, peripheral neuropathies can be classified in mononeuropathies, if 

they affect a single nerve, mononeuritis multiplex (or multiple mononeuropathies), if multiple non-

contiguous nerve trunks are involved in an asymmetric way, and polyneuropathies, when the 
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disorder is diffuse and concerns the whole of the nerves. According to the kind of affected neurons, 

we can distinguish motor neuropathies and sensory neuropathies. On the other hand, basing on the 

type of affected nerves fibers, we can divide small fibers neuropathies, large fibers neuropathies, and 

autonomic neuropathies (Magy and Vallat 2009).  

The peripheral disorders can involve different components of the PNS. This allows to further 

subdivide them in axonopathies, if they touch the axons, and myelinopathies, which concern the 

myelin sheath (Barohn and Amato 2013). In axonopathies, the axon degeneration leads to the 

aberration of terminal arbors of nerves, with the consequent disconnection of neurons from the 

neural network and loss of nerve fibers (Landowski et al. 2016; Burgess 2018). Distal axonopathies 

have generally a symmetric length-dependent evolution since symptoms appear in lower legs and 

feet. Myelinopathies are caused by myelin sheath damages and they are characterized by impaired 

conduction of electrical impulses.  They could be length-dependent too.  

The duration of symptoms in peripheral neuropathies makes it possible to distinguish acute forms 

(<4 weeks), subacute forms (4-12 weeks) and chronic forms (>12 weeks) (Misra, Kalita, and Nair 

2008).  

 

I.4.2. Etiology 

 

The complexity of peripheral neuropathies diagnosis is associated to the large number of possible 

causes that can induce the onset of the disorder. Primarily, acquired neuropathies could be 

differentiated from genetic neuropathies.  

 

I.4.2.1. Acquired neuropathies 

 

We define “acquired”, a neuropathy not present at the beginning of patient’s life, so a 

condition resulting from environmental factors or other pathological events. Acquired neuropathies 
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represent the majority of peripheral neuropathies, and they can be further classified according to the 

specific associated cause (Lozeron, Trocello, and Kubis 2013). 

- Metabolic disorders, alterations of normal metabolic processes in the body, can cause 

metabolic neuropathies. Among them, the most common pathologic condition is the diabetic 

neuropathy, which can affect up to 50% of adults with type 1 or type 2 diabetes mellitus. Frequent 

consequences are sensory loss, motor impairment, foot ulcers, sometimes lower limbs amputation, 

with a general worsening of life quality (Hicks and Selvin 2019). 

- Vascular disorders can lead to decreased blood flow to upper and lower limbs and reduce 

oxygen supplied to nerves, inducing, in this way, nerve damage or death.  

- Kidney and liver disorders may cause metabolic dysfunctions and increase the blood amount 

of toxic substances, damaging nerve tissue (Chaudhry et al. 1999; Arnold et al. 2016).  

- Imbalance of vitamins, like Vitamin B12, B6, B1, or E, can result in axon and myelin 

dysfunction in PNS, as well as cognitive problems in CNS (Staff and Windebank 2014). Calcitriol, or 

1,25-dihydroxyvitamin D3, seems to help axonogenesis and axon growth, myelination, and recovery 

of locomotor functions in trauma models. The calcitriol deficiency is associated to a higher risk of 

diabetes and related complications like neuropathies, but also reduction of nerve conduction velocity 

(Faye et al. 2019). 

- Autoimmune diseases are due the abnormal response of immune system which mistakenly 

attacks a body part, such as a PNS structure. This is the case of Guillain-Barré syndrome, caused by 

bacterial or viral infections and characterized by a demyelination process mediated by T-cells and 

macrophages (Bourque, Chardon, and Massie 2015). Peripheral neuropathies can derive also from 

autoimmune diseases that not directly target the nervous system, like Lupus, rheumatoid arthritis, 

and Sjögren’s syndrome.  

- Viral and bacterial infections may have effects on the PNS. For example, up to 50% of 

patients with infection of human immunodeficiency virus (HIV) present distal polyneuropathy, while 

Herpes virus (herpes simplex type 1 and 2 and varicella-zoster virus) reside in ganglia and cause 
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manifestations on PNS when reactivate. Flaviviridae, like the West Nile virus or the Hepatitis C virus, 

may also affect sensory and motor systems (Brizzi and Lyons 2014). Among the bacteria, Clostridium 

tetani, mycobacterium leprae, and Corynebacterium diphteriae, are known to be associated to 

peripheral nerve damage (Carod-Artal 2018).  

- Cancers seem to affect PNS through different pathophysiological mechanisms. Invasion 

processes, metastasis, metabolic imbalance and immune-mediated events can directly or indirectly 

induce nerve lesions (Zis and Varrassi 2017). 

- Drugs and toxins. Chemotherapy drugs, like Platinum-Based Antineoplastics, Taxanes and 

Vinca Alkaloids, cause peripheral neuropathies in 19% to 85% of cases. Symptoms generally involve 

the sensory division and include numbness, altered touch and vibration senses, pain, paresthesias, 

dysesthesias, especially in hands and feet (Bessaguet et al. 2018; Zajączkowska et al. 2019). Toxins, 

above all heavy metals (plumb, arsenic, thallium, mercury) and industrial agents, are responsible for 

neurotoxicity in PNS (Staff and Windebank 2014). 

- Trauma as falls, accidents, sport activities, often lead to nerve injuries, compression or 

crush, with consequent damage of myelin and/or axons (Menorca, Fussell, and Elfar 2013; Caillaud et 

al. 2018). According to several studies, brachial plexus, ulnar nerves, radial nerves and sciatic nerves 

are the most frequently involved (Kouyoumdjian 2006; Ciaramitaro et al. 2010). 

 

I.4.2.2. Genetic neuropathies 

 

Genetic or hereditary neuropathies are a heterogeneous group of disorders affecting the 

peripheral nervous system caused by genetic mutations, so by alterations of DNA sequence. The 

genetic mutations can involve a single nucleotide (point mutations), multiple nucleotides in small 

regions (small deletions and duplications), or they can concern large chromosomal regions (large 

deletions and duplications, chromosomal translocations and inversions). Pathological mutations can 



 

Federica Miressi | Ph.D. Thesis | University of Limoges | 2020 45 

 

be inherited, from parents, or de novo, if they appear in germline of parents or during a post-zygotic 

phase of the patient’s embryogenesis. The mode of inheritance could be autosomal, dominant or 

recessive, or X-linked, dominant or recessive. Moreover, some cases of peripheral neuropathies, 

caused by mutations in mitochondrial DNA (mtDNA), have also been reported (Bouillot et al. 2002).  

 

 

Figure 12 Genomic localization of some nuclear and mitochondrial genes (in orange), and their 

associated inherited peripheral neuropathies (in blue) [From: (Timmerman, Strickland, and Züchner 

2014)]. 

 

  

Among all the hereditary neuropathies, we distinguish genetic disorders mainly characterized by 

peripheral problems, and diseases in which the neuropathy is only an aspect of a more complex 

phenotype, like Friedreich ataxia (Rossor, Tomaselli, and Reilly 2016). The most common genetic 

peripheral neuropathies are: 
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Charcot-Marie-Tooth (CMT) disease, a sensory-motor neuropathy with impairment of both 

sensory and motor nerve fibers. It has a prevalence of 1/2,500 and it represents the most common 

hereditary neuropathy. More details about CMT disease are reported in Chapter 2. 

Hereditary sensory and autonomic neuropathy (HSAN) or hereditary sensory neuropathy (HSN), 

which are characterized by a wide degree of sensory and autonomic fibers’ impairment. The most 

frequent symptom is the loss of pain and temperature sensations, often followed by chronic 

ulcerations. Disturbances start distally in lower limbs, to spread later to upper limbs. Autonomic 

symptoms may also occur, like hyper-or-hypohidrosis, apnea, urinary incontinence (Rotthier et al. 

2012). 

Hereditary motor neuropathy (HMN), often known as distal hereditary motor neuropathy 

(dHMN). This is a group of slowly-progressive length-dependent disorders, defined by muscular 

atrophy and wasting, weakness, foot deformities (Bansagi et al. 2017). Reflexes are often abolished, 

amplitudes are reduced. Sensory disturbances are minor or absent (Rossor et al. 2012). 

Small fibers neuropathy (SFN) which concerns small and myelinated Aδ fibers, and small and 

unmyelinated C fibers. Since sensory and autonomic fibers could be affected, main symptoms vary 

from case to case, but they often include alteration of thermal and pain sensation, like allodynia and 

hyperesthesia, but also paresthesia, numbness, bladder and gastric issues, cardiac alterations (Levine 

2018). 

Other hereditary pathologies, with a complex clinical manifestations, only partially characterized 

by peripheral neuropathy. For example, Hereditary Ataxia is a group of disorders defined by 

incoordination of muscles and gait disturbance, which result in altered speech and abnormal 

movement of hands and eyes (Bird 1993). It is normally associated to a cerebellar dysfunction and 

atrophy, but peripheral nervous system may be also implicated. Sometimes, peripheral, motor and 

sensory, signs are predominant in patient’s phenotype, and Ataxia may be mistaken for “pure” 

peripheral neuropathy, like Charcot-Marie-Tooth disease (Salomão et al. 2017).    
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I.4.3. Clinical symptoms  

 

Patients affected by peripheral neuropathies can show sensory and motor symptoms, both of them 

can be classified as positive, when there is a gain of function, or negative, with a loss of function.  

 Typical positive sensory symptoms are: paresthesia, characterized by tingling and pricking; 

dysesthesia, the unpleasant sensation of touch; numbness; neuropathic pain, like coldness 

and burning sensations, electric shocks and «picks and needles» sensations. 

 Typical negative sensory symptoms are: hypoesthesia and anesthesia, the reduction and the 

total loss of sensation, respectively; ataxia, the lack of coordination and balance functions. 

 Typical positive motor symptoms are: cramps, sudden and involuntary contractions of 

muscles; muscle twitch (or fasciculations), the involuntary contraction of a group of muscle 

fibers.  

 Typical negative motor symptoms are: muscular weakness, the decrease of muscle strength, 

with associated difficulties in daily activities; muscular atrophy, the decrease of muscle mass 

and size. 

 

I.4.4. Medical history 

 

Given the complexity of peripheral neuropathies, the patient medical history (or anamnesis) 

represents the first required step in the management of patients. It allows to collect all relevant 

information about medical events and problems of the person and the other family members, but 

also details about occurrence, evolution and distributions of symptoms. Anamnesis is essential to 

investigate the disorder and establish a good diagnosis.  
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I.4.5. Clinical examination 

 

For peripheral neuropathies, the physical examination is the first process of patient’s evaluation, and 

it is required for all individuals suspected to be affected by the pathology. It consists in the evaluation 

of muscular mass and strength, reflexes, sensory functions and possible physical deformities. After 

the physical exam, further tests are often necessary.  

Electromyography and Nerve Conduction studies are commonly required, too. If electromyography 

(EMG), or needle EMG, measures the electrical activity in muscles, the nerve conduction study 

evaluates the velocity of nerve fibers in conducting electrical signals. Electrophysiological studies 

make it easier to identify the peripheral neuropathy form. More details about these analyses are 

reported in Chapter 2.  

Sometimes, for deeper investigations, nerve, skin, or muscle biopsies are demanded. These tissues 

samples are used for the histopathological study, performed to explore eventually structure 

abnormalities induced by the peripheral pathology. For nerve biopsy, sural nerve and superficial 

peroneal nerve are often chosen when the disorder is predominant in lower limbs, superficial radial 

nerve and ulnar nerve are preferred when upper limbs are more involved (Said 2002). Nerve biopsy is 

an invasive procedure for patients, so its indication is restricted to specific cases. Skin biopsy, which is 

less invasive, is usually used in SFN examination, since it allows to quantify nerve fibers in epidermis. 

Muscle biopsy is performed to verify the functional consequence of nerve degeneration on the 

effector organ (muscles), but it seems to have also a key role in diagnosis of peripheral nerve 

vasculitis (Bennett et al. 2008).  

Blood biochemical test can help in the identification of the disease’s etiology, since it allows to detect 

vitamins imbalances, glucose level, kidney and liver disorders, thyroid issues, antibodies directed 

against pathogens or involved in autoimmune diseases. 

In the event that the medical history, and the neurological and biochemical examinations, suggest a 

genetic cause for the peripheral neuropathy, the genetic analysis is generally conducted. It is 
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necessary to confirm the inherited origin of the disease, to identify the causing mutation and 

establish the inheritance mode of transmission, so to predict the pathological implications for the 

patient and the other family members. Moreover, this examination can help in the patient’s follow-

up and in the choice of a potential treatment. The genetic analysis is performed using molecular 

biology’s tests. Most involved genes are often tested by Sanger Sequencing. Nevertheless, several 

gene panels for peripheral neuropathies have been designed to extend the analysis to a higher 

number of genes, using Next Generation Sequencing (NGS) strategies. Whole Exome Sequencing 

(WES) and Whole Genome Sequencing (WGS) are, currently, more and more employed, too. NGS 

data are then associated to a Bioinformatic analysis to be processed and interpreted.   
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Chapter II. Charcot-Marie-Tooth disease 

 

II.1. Overview  

 
Charcot-Marie-Tooth (CMT) disease, also called hereditary sensory-motor neuropathy, is the most 

common inherited peripheral disorder. Its prevalence has been estimated to be 1/2,500, even if 

epidemiological studies can considerably vary, from country to country, in quality and methodology, 

complicating the establishment of a correct global frequency (Barreto et al. 2016). Clinically, this 

heterogeneous group of peripheral neuropathies is mostly characterized by distal weakness and 

atrophy, sensory loss, reduced reflexes, balance troubles, and, sometimes, anatomical deformities, 

like pes cavus. First symptoms can appear early, in the first decade, or lately, in the adulthood.   

CMT disease was described for the first time in 1886 in France, by Professor Jean-Martin Charcot and 

his student, Doctor Pierre Marie, who presented it like “a peroneal muscular atrophy”, characterized 

by muscular weakness and wasting. At the same time, in Cambridge, Howard Henry Tooth published 

his theses on the same subject. He was the first to realize that the “progressive muscular atrophy” 

could cover multiple disorders, characterized by atrophy, but due to different causes and with 

myelitic, neuropathic or myopathic origin (From the Archives: (Compston 2019)). Next studies 

allowed to discover further clinical cases of CMT disease, and associate additional symptoms and 

features to this pathology. First anatomical and histological analysis highlighted morphological 

abnormalities in nerve trunks and roots, as well as lesions in the spinal cord and schwannian 

hyperplasia (Sturtz, Chazot, and Vandenberghe 1992). In 1968 Dyck and Lambert, through 

electrophysiological analysis, showed, for the first time, that only some CMT families presented a 

reduced nerve conduction velocity, while it appeared preserved in other ones. Their study was 

fundamental for the first classification of CMT disease in demyelinating (CMT1) and axonal (CMT2) 

forms (Dyck and Lambert 1968).   
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CMT disease is part of genetic peripheral neuropathies, since it is caused by inherited or de novo 

mutations which can occur in a large panel of CMT-associated genes. It seems that the proportion of 

de novo mutations varies from gene to gene and it is related to severity of the pathological 

phenotype (Rudnik-Schöneborn et al. 2016). However, in most cases, CMT disease is inherited, in an 

autosomal, dominant or recessive, manner, or in a X-linked, dominant or recessive, manner. The 

most common CMT mutation is the duplication of PMP22 gene, encoding the peripheral myelin 

protein 22.  

 

II.2. Clinical presentation 
 

As consequence of the wide range of possible causative mutations and associated genes, clinical 

manifestations of Charcot-Marie-Tooth disease are very heterogeneous, and they differ significantly 

from patient to patient. Age of onset, progression rate, or disease severity, are often difficult to 

predict and, sometimes, they can vary within the same family. Early troubles may appear in first 

years of childhood with difficulties in walking, stumbling and falls, clumsy movements. First 

distinctive symptoms are symmetric distal weakness, starting in feet and progressing in ankles and 

hands, and muscular atrophy, the wasting of muscles, in legs and arms (Szigeti and Lupski 2009). 

Consequentially, patients have often a feeling of fatigue and tiredness, even in easy efforts. These 

clinical signs are generally followed by depression or abolition of tendon reflexes, and, above all, 

sensory disorders. Concerning the sensory compound, patients usually experience loss or alteration 

of pain, touch and temperature perception, occasionally tingling and burning sensations (Gemignani 

et al. 2004). Neuropathic pain can be also present, as result of muscular weakness or skeletal 

deformities. The main anatomical deformities in CMT disease are the high-arched feet (or pes cavus), 

typically associated with curled toes (hammertoes), and the flat-arched feet (or pes planus). Lower 

legs can take the "inverted champagne bottle" appearance, due to the muscular wasting in lower 



 

Federica Miressi | Ph.D. Thesis | University of Limoges | 2020 52 

 

limbs. We can observe also deformities in hands, after protracted contraction of fingers, and scoliosis 

(Piazza et al. 2010).  

With the progression of CMT disease, the persistent nerve damage can make more complicate, or 

impossible, daily easy tasks, deteriorating patients’ quality of life. Difficulties in walking can evolve in 

severe mobility problems and need of walking aid like crutches and wheelchair.  

In the analyses of CMT phenotype we can also include multiple, and sometimes rare, symptoms 

associated with specific CMT forms, such as pyramidal signs, mental retardation, cerebellar ataxia 

and visual or hearing problems. 

 

II.3. Electrophysiological study  

 

The electrophysiological study is often a required step in the diagnosis of CMT disease. It generally 

includes the needle electromyography (EMG) and the nerve conduction study (NCS).  

The needle EMG is the analysis of muscular electrical activity, since it allows to record the electrical 

signals generated in muscle fibers. During this procedure, the recording needle electrode is inserted 

into the muscle and it records the electrical signal at rest and during voluntary contraction. The 

clinician skills, in interacting with the patient and handling the needle in the muscle, are important 

for the good efficiency of the procedure. The muscle chosen for the needle EMG depends on the 

patient’s clinical condition (Rubin 2012).  

The nerve conduction study (NCS) allows to measure the nerve conduction velocity (NCV), so the 

speed of an electrical signal which moves through a nerve segment. It is conducted on the largest 

and fastest myelinated fibers and it reflects the function of motor and sensory fibers. It is suitable, 

therefore, for detection and evaluation of peripheral nerve disorders (Moattari et al. 2018). NCS is 

generally performed on peroneal, tibial or sural nerves, in lower limbs, and median and ulnar nerves 

in upper limbs. 
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Specifically, NCS consists in a motor conduction study (MCS) and a sensory conduction study. To 

realize the MCS, the recording electrode is placed on the skin, over the nerve, while the stimulating 

electrode is placed at a known distance from it. The stimulating electrode provides a brief electrical 

shock, so an electrical impulse, which is conducted along the nerve to be detected by the recording 

electrode. The result of a MCS is the compound muscle action potential (CMAP) which represents the 

summation of all the action potentials of muscle fibers of the same region. A CMAP is characterized 

by the amplitude, the latency, the duration and the area (Figure 13).   

 

Figure 13 Latency, amplitude, duration, area, and latency of the compound muscle action potential 

(CMAP) [Adapted from (Moattari et al. 2018)] 

 

The amplitude of the CMAP, measured from baseline to negative peak, depends on number of motor 

axons implicated. It is reduced in case of axonal loss, but also in demyelinating events (Mallik 2005; 

Tankisi et al. 2012).  

CMAP duration is the time period between the onset of deflection and the return to the baseline. It 

increases in demyelinating disorders, since the myelin damage increases the temporal dispersion 

along the fibers (Isose et al. 2009). This means that in demyelinating neuropathies there is an inverse 

linear correlation between amplitude (decreased) and duration (increased), absent in axonal 

neuropathies.  
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CMAP area is defined by the baseline and the negative peak. It depends on amplitude and duration. 

The latency, measured in milliseconds, is the time period between the stimulus and the beginning of 

the initial deflection (the response). If in axonal disorders it is usually normal, it increases in 

demyelinating disorders.  

The latency is a required parameter to calculate the motor nerve conduction velocity (MNCV).  

 

      
                                                          

                               
 

 

The determination of the MNCV allows to distinguish two main classes of CMT disease: the 

demyelinating and the axonal forms.  

 

II.4. CMT classification 

 

II.4.1. CMT classification based on the electrophysiological study 

 

Dyck and Lambert were the first, in 1968, to find out that nerve conduction velocity makes it possible 

to distinguish demyelinating peripheral neuropathies from axonal peripheral neuropathies (Dyck and 

Lambert 1968). These two clinical groups were better analyzed, in 1980, by Harding and Thomas, 

who set the NCV threshold at 38 m/s. Their study identified a more numerous group of patients, the 

HMSN type 1, presenting a NCV< 38m/s, and a second group, the HMSN type 2, with a NCV≥38 m/s 

(Harding and Thomas 1980).  

Demyelinating forms derive from a damage or an alteration of the myelin sheath which surrounds 

neuronal axons in nerve fibers. Since myelin function is fundamental to ensure the rapid propagation 

of electrical signals, its injury leads inevitably to a reduction of NCV (<38 m/s). In axonal forms, 

neurons’ axons are directly affected. Consequentially, CMT2 are characterized, at 
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electrophysiological level, by normal values of NCV, but reduced amplitudes of the CMAP. Today, the 

traditional classification of CMT disease in demyelinating forms (CMT1) and axonal forms (CMT2) is 

still conserved, in a general way. 

In addition, several studies pointed out the presence of a third group, the so called “Intermediate 

CMT”. Intermediate CMT bring together clinical cases lying between axonal and demyelinating forms 

and sharing features with one and the other phenotype. The NCV of intermediate CMT are between 

25 and 45 m/s (Liu and Zhang 2014; Berciano et al. 2017).  

 

II.4.2. CMT classification based on the mode of inheritance 
 

The mode of inheritance of CMT disease, so the manner of its genetic transmission from a generation 

to another, can largely vary among the different CMT forms. The autosomal mode of inheritance is 

related to genes located on autosomal chromosomes (any chromosome other than a sex 

chromosome), and it can be dominant or recessive. Other CMT forms have a X-linked mode of 

inheritance, since they are caused by genes located on the sex-determining X chromosome. As well 

as autosomal forms, they could be dominant or recessive. 

 

II.4.3. A complete and complex CMT classification  

 

The classification of all the CMT has been subjected to repeated revisions over the years and, still 

today, it remains a challenge. The detection of new CMT-associated genes, thanks to NGS 

technologies, and the understanding of related pathophysiological mechanisms, requires a 

continuous reworking and update of the existing nomenclature. Nowadays, multiple CMT 

classifications exist, but all of them usually consider the electrophysiological aspects of the disease 

(like the NCV), and the inheritance pattern (the mode of transmission). In addition, a 
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subcategorisation, based on the mutated gene responsible of the occurrence of the pathology, is 

often necessary. All these components allow to establish a more complete and complex organization 

of all the different CMT forms.  

- Demyelinating forms are classified in CMT1, which present an autosomal dominant mode of 

inheritance, and CMT4, with an autosomal recessive mode of inheritance. 

- Axonal forms are generally identified as CMT2. The typical transmission mode is autosomal 

dominant (AD-CMT2), but autosomal recessive forms are also described (AR-CMT2). 

- Also the intermediate forms can follow an autosomal dominant or recessive mode of 

inheritance, so they are indicated, respectively, as DI-CMT and RI-CMT.  

- The X-linked CMT (CMTX) are often considered a separate group, composed of dominant and 

recessive forms.  

Moreover, basing on the observation of additional clinical features, three other CMT forms could 

occasionally be reported as CMT3 (or Dejerine-Sottas disease), CMT5 and CMT6. 

In Table 1, a first detailed classification of CMT forms is reported. A letter, from A to Z, was attributed 

to each CMT form, following the order of discovery of the associated gene (e.g CMT1A for the 

duplication of PMP22) (Tazir et al. 2014).   
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Table 1 A first classification of Charcot-Marie-Tooth (CMT) diseases [AD = Autosomal Dominant; AR = 

Autosomal Recessive; XD = X-linked Dominant; XR = X-linked Recessive] [Adapted from: (Feely et al. 

2011; Tazir et al. 2014; Wang and Yin 2016) and Online Mendelian Inheritance in Man (OMIM®) 

database]. 
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Even if this current classification of CMT diseases is widespread, it could sometimes appear difficult 

to use. In fact, the same CMT-gene could have multiple modes of inheritance and induce both 

demyalinating and axonal forms, complicating the direct association of clinics and genetics. 

Moreover, the letter-based classification may be limited by the discovery of new associated genes, 

thanks to NGS strategies.  

For all these reasons, a simpler and more “informative” classification has been proposed by Mathis et 

al., in 2015. According to their method, the denomination of each CMT subtype should include the 

mode of inheritance (AD-, AR-, XL-), the electrophysiological information (de-, ax, in-), and the 

involved gene (Mathis et al. 2015). It is reported in Table 2. 
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Table 2 The alternative CMT classification proposed by Mathis et al .[From: (Mathis et al. 2015)]. 
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II.5. Genetics of CMT 

 

The huge clinical and phenotypic variability of CMT disease reflects the high heterogeneity of its 

genetic context. In the last 40 years, more than 1,000 mutations in more than 80 genes have been 

identified to cause CMT disease (Bird 2020), and, probably, the discovery phase is not over yet. This 

discovery process is also complicated by the fact that the same gene can be involved in different CMT 

forms, with different modes of transmission, and, at the same time, mutations in different genes can 

result in the same phenotype. Moreover, we cannot exclude that multiple genomic mutations in 

different loci may co-occur and collaborate to a common complex clinical manifestation. This 

phenomenon is rarely investigated during CMT diagnosis ((Posey et al. 2017); Miressi, 2020 – article 

in preparation). 

The first CMT locus was detected, in 1982, by Bird and colleagues, located at a distance of 10 cM 

from Duffy locus, lately identified as MPZ gene (Bird, Ott, and Giblett 1982; Hayasaka et al. 1993). On 

the other hand, PMP22 was the first gene to be clearly associated with CMT disease. The duplication 

of 17p locus was linked to CMT1A form in 1989, and the candidate PMP22 gene was confirmed to be 

contained in this genomic region in 1992 (Timmerman et al. 1992). 

At the onset of the 21st century, these early genetic linkage studies were gradually replaced by the 

emergence of NGS technologies which have enabled a rapid and low-cost large-scale genomic 

sequencing, accelerating the discovery of new CMT-associated genes. Gene panels, WES and WGS 

represent today essential routine tools widely used in clinical and research laboratories.  

 

II.5.1. CMT genes 
 

The more than 80 CMT-genes encode for multiple proteins presenting different roles and different 

cellular localizations. This means that some proteins are expressed in mitochondria, endoplasmic 
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reticulum, Golgi apparatus, cytoskeleton, whereas other ones are part of myelin sheath, membrane 

channels, endosomal and proteaosomal systems.  

We report here some of the most common genes associated with CMT disease: 

 

PMP22 

PMP22 (peripheral myelin protein 22) gene, located on chromosome 17, position 15,133,095-

15,168,643, is the most frequent gene associated with CMT disease. The 1.5 Mb duplication in the 

genomic region 17p12-p11, containing PMP22, is responsible for ~70% of CMT1, and 15% of total 

CMT. Specifically, PMP22 complete duplication is responsible for the CMT1A form, also called AD-

CMTde-PMP22dup. Anyway, point mutations in PMP22 have also been described to cause the 

demyelinating CMT1E (AD-CMTde-PMP22), always presenting an autosomal dominant mode of 

inheritance.  

 

MPZ  

MPZ (Myelin protein zero, or P0) gene is located on chromosome 1, position 161,274,525-

161,279,762, in GrCh37 coordinates. It is the second most common gene involved in demyelinating 

CMT, with a global frequency of 3.1% (Murphy et al. 2012). Mutations in MPZ cause the 

demyelinating autosomal dominant CMT1B disease (AD-CMTde-MPZ), but also Dejerine-Sottas 

syndrome (CMT3), intermediate DI-CMTD (AD-CMTin-MPZ), and axonal CMT2I and CMT2J (AD-

CMTax-MPZ).  

 

MFN2 

The CMT2A (AD-CMTax-MFN2), the most common axonal form, is caused by mutation in MFN2 

(Mitofusin 2) gene, located on chromosome 1, position 12,040,238-12,073,571. MFN2 mutations are 
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transmitted with an autosomal dominant mode of inheritance, and present an estimated frequency 

of 2.8% (Murphy et al. 2012).  

 

GDAP1 

GDAP1 (ganglioside-induced differentiation-associated protein 1) gene is situated in chromosome 8: 

75,233,365-75,401,107 position. Mutations in GDAP1 are responsible for multiple Charcot-Marie-

Tooth disease subtypes: CMT4A (AR-CMTde-GDAP1), the most common autosomal recessive 

demyelinating form, the axonal CMT2H (AR-CMTax-GDAP1) and CMT2K (AD-CMTax-GDAP1), and the 

intermediate RI-CMTA (AR-CMTin-GDAP1). GDAP1 mutations’ frequency seems to be approximately 

0.5% (Murphy et al. 2012).   

More details about GDAP1 and its protein’s functions are reported in Chapters 3 and 4. 

 

CMT genes encode for different proteins, involved in different cellular processes and functions. For 

instance, many of them take part in myelination process (PMP22, MPZ), cellular transport (GJB1, 

NEFL), mitochondrial dynamics (MFN2, GDAP1), fundamental cellular events like protein translation 

(AARS1, GARS1) and signal transduction (SBF1, PRX).   

 

II.6. Impaired mechanisms in CMT 

 

Even if a large amount of genetic causative mutations has been detected for Charcot-Marie-Tooth 

disease, functional studies seem to show that the altered mechanisms, responsible for this disorder, 

may be common in different CMT forms. Since several CMT-genes share the same cellular 

localization and have related functions, the effects of their mutations may converge on the same 

pathway and lead to a similar impairment in cell viability.  
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Given their unique role in the body, neural cells are extremely susceptible to alterations of their 

fundamental functions, like axonal transport or energy requirement. Consequently, all the genomic 

mutations affecting these pathways, can have an adverse effect on the nerve activity and the proper 

functioning of peripheral nervous system. Some of pathophysiological mechanisms of peripheral 

neuropathies are reported in Figure 14. We analyze here the main ones.   

 

 

Figure 14 Localization and function of some CMT-associated genes [From: (Rossor et al. 2013)]. 

 

 

II.6.1. Axonal transport 
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As discussed in Chapter 1, the cytoskeleton in nerve cells is composed by microtubules, 

microfilaments and neurofilaments. It assures the characteristic structure of neurons, in the soma, 

the axon, and the dendrites, but it has also an active role in the axonal transport. The axonal 

transport is necessary to ensure the crosstalk between the cell body and the periphery of the cell, 

but also to preserve neural homeostasis and neural activities, like axonal outgrowth, cell repair, 

endocytosis and exocytosis events (Beijer et al. 2019). Multiple proteins participate to this complex 

organization, and some of them are encoded by genes whose mutations have been associated with 

CMT disease. Examples of these genes/proteins are: NEFL (neurofilament protein, light polypeptide) 

and LMNA (LAMIN A/C),  which are part of cytoskeleton structure, KIF5A (kinesin family member 5a), 

involved in the anterograde axonal transport, and DYNC1H1 (dynein, cytoplasmic 1, heavy chain 1), 

participating in the retrograde axonal transport.   

 

II.6.2. Endosomal trafficking 
 

A portion of intracellular trafficking along microtubules concerns small vesicles, like endosomes and 

lysosomes, necessary to internalize, transport, and degrade, proteins and other macromolecules in 

nerve cells. RAB7 (ras-associated protein) and DNM2 (dynamin-2) proteins participate in endosomal 

trafficking, and they are known to be mutated in some forms of CMT disease. 

 

II.6.3. Mitochondrial function and dynamics 
 

Mitochondrial dysfunction is known to be implicated in multiple neurodegenerative and 

neuromuscular diseases, like Parkinson’s disease and Alzheimer’s disease, other than some forms of 

CMT disease. Peripheral nervous system, just like brain and muscles, is a complex organization with a 

high-en0ergy requirement: a constant ATP production is needed to assure the transport of organelles 
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and macromolecules in every cellular compartment, even at long distances. The maintaining of 

mitochondrial function is, therefore, fundamental for axonal and myelin formation and preservation. 

Classical mitochondrial mechanisms altered in neurodegenerative diseases concern the electron 

transport chain (ETC), ATP production, protection from reactive oxidative species (ROS), homeostasis 

of Ca2+, and mitochondrial dynamics (Palau et al. 2009).   

With mitochondrial dynamics we define the whole of mitochondrial fusion and fission processes. 

These events are necessary to determine mitochondrial shape, size and number, and they are 

regulated by various proteins, such as MFN1 and MFN2, OPA1, GDAP1, MFF, FIS1 (Pareyson et al. 

2015). Here we focus on two of these proteins, whose role will be deepened in Chapter 3. 

 Mfn2 protein, is located in the outer mitochondrial membrane (OMM) and, in small 

amounts, in endoplasmic reticulum (ER). In mitochondria Mfn2 protein plays a key role in 

fusion of OMM, in oxidative phosphorylation and in gradient coupling, while, in ER it seems 

to be important in defining ER morphology and mitochondria-ER interaction. It participates 

also in controlling the release of Ca2+ from ER and its uptake in mitochondria (de Brito and 

Scorrano 2008). In pathological conditions, mutated Mfn2 would impair mitochondrial 

fusion and mtDNA distribution, inducing the formation of mitochondria lacking electron 

transport activity (Chen, McCaffery, and Chan 2007). Other models suggest that 

mitochondrial morphological abnormalities, due to Mfn2 mutations, could alter 

mitochondria axonal transport. The consequence would be the accumulation of 

mitochondria in perinuclear area and their lack in distal regions, leading to axonal 

degeneration (Cartoni and Martinou 2009). 

 GDAP1 protein is expressed on the MOM where it participates in mitochondrial fission and 

fusion events, together with regulation of glutathione metabolism and Ca2+ homeostasis 

(Niemann et al. 2005; Noack et al. 2012; Pla-Martín et al. 2013). Mutated forms of GDAP1 

appeared to alter mitochondrial network’s morphology and electron transport chain activity 
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(Complex I), and increase oxidative stress (Niemann et al. 2005; Noack et al. 2012; Cassereau 

et al. 2020).  

 

II.6.4. Myelination and Schwann cells 
 

Myelin sheath, formed by Schwann cells in peripheral nervous system, is the lipidic membrane that 

wraps neurons axons. Its presence is fundamental to allow the rapid propagation of electric signals 

along the axon, in a saltatory way. Demylination and dysmyelination, the loss and the abnormal 

formation of myelin, respectively, are most often the molecular cause of CMT manifestation. Since 

first linkage studies, genes coding for myelin proteins were identified to be associated with a large 

number of disease cases. Myelin dysfunction results in the increase of latencies and reduction of 

nerve conduction velocities.  

 PMP22 protein is a component of myelin sheath, mainly expressed in PNS. Although its 

function is not completely understood, several studies suggest that, when wild-type PMP22 

is duplicated, PMP22 protein, overexpressed, accumulates in cytoplasmic aggresomes, 

perturbing the normal function of SC and leading them to apoptosis (Erdem, Mendell, and 

Sahenk 1998; Notterpek et al. 1999; Sancho, Young, and Suter 2001).  

 MPZ (MYP0 or P0) protein is the major structural component of myelin, expressed only in the 

PNS. It is essential for myelination and compaction processes. The main effect of its mutation 

appears to be the accumulation of MPZ unfolded proteins in ER, that activates the unfolded 

protein response (UPR) and induces ER stress. These events may, therefore, result in 

Schwann cells death (Chang et al. 2019).  

 

II.6.5. RNA Processing  
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Aminoacyl-tRNA-synthetases (ARS) are a class of enzymes necessary to catalyze the reaction 

between an amino acid and its tRNA. To date, six genes encoding ARS enzymes have been identified 

as CMT-causing genes: GARS1 (glycyl-tRNA synthetase), HARS1 (histidyl-tRNA synthetase), AARS1 

(alanine-tRNA synthetase), YARS1 (tyrosyl-tRNA synthetase), KARS1 (lysine-tRNA synthetase) and 

MARS1 (methionyl-tRNA synthetase). ARS are ubiquitously expressed in human cells, so it is difficult 

to explain why the effect of their mutations can be observed only in PNS. There is the evidence of 

catalytic function impairment in CMT-ARS variants, which suggests a possible alteration of normal 

protein synthesis. Modification in dimerisation and cellular localization of these enzyme have been 

also evaluated as possible altered mechanisms (Boczonadi, Jennings, and Horvath 2018).  

 GARS1 protein was the first ARS to be associated with axonal forms of CMT. In vitro and in 

vivo functional studies have highlighted multiple potential mechanisms linked to GARS 

mutations. Main hypotheses concern the alteration of dimer interactions and GARS 

conformation, but also the modification of enzyme ability to link glycine to its tRNA. 

Furthermore, Drosophila studies reveled a possible GARS role in neurite growth and 

arborization, even if supplementary analyses will be required (Motley, Talbot, and Fischbeck 

2010).  

 Multiple point mutations have been also described in AARS1 gene (Latour et al. 2010; 

Bansagi et al. 2015). Even if the dimerization defect was excluded for mutated AARS1, the 

pathological mechanisms still rest unclear (Boczonadi, Jennings, and Horvath 2018).  

 

The pathological mechanisms examined here describe only partially the complexity of CMT disorder. 

It is now clear that the different pathways are part of a unique intracellular organization and they are 

consequently correlated, even if resulting effects vary from mutations to mutations. The 

identification of new disease-causing genes and additional in vivo and in vitro analyses will help the 

understanding of unknown mechanisms, necessary to propose and develop new targeted therapies 

for demyalintaing and axonal Charcot-Marie-Tooth diseases.   
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Chapter III. Mitochondria 

 

III.1. Overview   
 

Identified for the first time during the 19th century, mitochondria are membranous cellular organelles 

located in the cytoplasm of most of eukaryotic organisms. Their origin has been studied for long 

time. According to the most corroborated hypothesis, mitochondria derive from the integration of an 

endosymbiotic α-proteobacterium into a precursor of the modern eukaryotic cell, around two billion 

years ago. These new organelles underwent a gradual evolution, modifying their genome and 

adapting their life cycle to that of the host cell (Roger, Muñoz-Gómez, and Kamikawa 2017).  

Mitochondria have a really plastic structure and change constantly their shape, which varies from 

round to oval, while the diameter size ranges from 0.5 to 1 µm (Trushina 2016). The number of 

mitochondria in a cell depends on the organism and the tissue, in accordance with its energy 

requirement. In human body, for example, mitochondria are absent in red blood cells, but they could 

be hundreds or thousands in liver cells (Degli Esposti et al. 2012).  

Within the cell, mitochondria are connected and form a complex dynamic network, which changes 

continuously its organization, thanks to mitochondrial fusion and fission events (Su et al. 2010). 

Moreover, they are strongly associated with cytoskeleton microtubules, that control their orientation 

and distribution, as well as their movement in the cell (Ishihara 2004).  

The mitochondrion is traditionally considered the powerhouse of the cell, since it constitutes the site 

of oxidative phosphorylation and production of energy units, the ATP molecules. It is also involved in 

the control of oxidative stress, the production of precursors of macromolecules like lipids and 

proteins, the maintenance of ions homeostasis and Ca2+ storage, the control of cell cycle and 

apoptosis.  
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III.2. Mitochondrial structure  
 

Each mitochondrion presents two lipid membranes, highly specific and different in their composition, 

which define two internal compartments in the organelle: an intermembrane space, between them, 

and an internal mitochondrial matrix. The internal mitochondrial organization is summarized in 

Figure 15. 

 

Figure 15 Mitochondrial membranes and compartments [From: (Kühlbrandt 2015)] 

 

 Outer membrane 

The outer mitochondrial membrane (OMM) separates the mitochondrion from the cellular cytoplasm 

and its composition is similar to the plasma membrane, in proportion of lipids and proteins. It is fairly 

porous and permeable to molecules up to 5,000 Da (Alberts 2002). Multiple transport proteins, 

called porins, are stuck in the OMM. Among the porins, the voltage-dependent anion channels 

(VDAC) are highly conserved channels, regulated by electrical potential, necessary to mediate the 

flow of metabolisms between the cytoplasm and the intermembrane space (Colombini 2012). The 

transport of larger molecules is assured by translocases (tranlocases of the outer membrane or 

TOM).  
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 Intermembrane space 

The intermembrane space is a 20 nm gap between the outer and the inner mitochondrial 

membranes, corresponding to the periplasm of the ancestor bacteria. Given the high permeability of 

the OMM, the intermembrane space presents almost the same small molecules, like sugars, of the 

cytosol, while its protein composition differs because of the selective transport provided by porins. 

Although H+ ions are pumped from the matrix to the intermembrane space, its pH is close to 7, as 

well as in the cytosol (Alberts 2002).   

 

 Inner membrane  

The inner mitochondrial membrane (IMM) is more selective than the OMM. It contains 

approximately 15%-20% of cardiolipin (CL), a phospholipid with four acyl chains, exclusively included 

in the IMM. Cardiolipin seems to reduce the membrane permeability to ions, but it has also an active 

role in mitochondrial functions, through its interaction with mitochondrial carriers and respiratory 

complexes (Paradies et al. 2019). The transport process across the IMM is regulated only by specific 

transport proteins and translocases of the inner membrane (TIM) (Kühlbrandt 2015). 

The IMM is further subdivided in two structures: the inner boundary membrane and the cristae 

membrane. The boundary membrane is smooth and closer to the OMM. A large amount of carrier 

proteins is included in the inner boundary membrane. The cristae are invaginations of the IMM 

where almost all the complexes of the electron transport chain are located. They are therefore 

considered the site of oxidative phosphorylation (Colina‐Tenorio et al. 2020). Cristae shape is quite 

variable, as well as their organization in accordance to the tissue. This means that cristae are closely 

stacked in high-energy required tissues, while they appear more spaced in low-energy demanding 

tissues (Kühlbrandt 2015). Crista junctions are membrane structures important to connect cristae 

with the inner boundary membrane. 
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 Matrix 

The matrix, the aqueous compartment of mitochondria surrounded by the IMM, is the equivalent of 

cytoplasm in the ancestor bacteria. It contains ribosomes, selected ions, small molecules, and, above 

all, enzymes and cofactors involved in oxidative phosphorylation, citric acid cycle, oxidation of 

pyruvate and fatty acids. Furthermore, the matrix is the site where mitochondrial DNA (mtDNA) is 

located. As well as the nuclear DNA (nDNA), mtDNA is associated with proteins and organized in 

nucleoids (Mazunin et al. 2015). It is a circular double-stranded molecule, containing 37 genes, most 

of them coding for tRNA (transfer RNA), rRNA (ribosomal RNA), proteins of the electron transport 

chain (Chinnery and Hudson 2013). mtDNA is maternally inherited and its mutations may induce 

metabolism disorders, neurodegenerative diseases, or cancer (Schon, DiMauro, and Hirano 2012).  

 

III.3. Mitochondrial functions 
 

The main function of a mitochondrion is to be the cellular site of energy production. In a 

mitochondrion, sugars, fats and proteins are used as raw material to obtain usable energy in form of 

ATP molecules. Energy production is ensured especially through three processes: the Krebs cycle, the 

β-oxidation of fats, and the oxidative phosphorilation. On average, a cell of the body uses 10 billion 

ATP per day, this means that every adenosine diphosphate (ADP) molecule has to be transformed in 

an ATP molecule approximately 1,000 times in a day (Pizzorno 2014). This huge energy demand 

explains why mitochondrial machinery needs to work continuously and intensively in the cell, and 

why mitochondrial dysfunction often results in metabolic and degenerative diseases.  

Aside the bionenergetic supply, four other relevant functions are associated with mitochondria: 

generation of reactive oxygen species (ROS), production of metabolic precursors for macromolecules, 

regulation of Ca2+ homeostasis and signaling, and control of cell cycle and cell apoptosis.  

Here, we look in detail the energy production and the mitochondria role in oxidative stress.  
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III.3.1. Energy production 

 

Glycolysis, β-oxidation and Krebs cycle  

Glycolysis, the first step in degradation of glucose, and β-oxidation, the catabolic process of fatty 

acids, are two metabolic pathways converging on the production of acetyl-CoA, the “feeding 

molecule” of the Krebs cycle.  

In glycolysis, which takes place in the cytoplasm, one molecule of glucose is converted in two 

molecules of pyruvate, with production of two molecules of ATP and two molecules of NADH 

(nicotinamide adenine dinucleotide).  

 

                                                               

 

Once pyruvate has been formed in cytosol, it needs to be transported in the mitochondrial matrix. 

Pyruvate transport across the OMM seems to involve VDAC or porins (McCommis and Finck 2015), 

while the pyruvate translocase mediates the pyruvate transport from the intermembrane space to 

the mitochondrial matrix. Here, the pyruvate is converted into acetyl-CoA, in an oxidative 

decarboxylation reaction catalyzed by pyruvate dehydrogenase (PDH). 

 

                                               

 

At the same time, in the cell, fatty acids need to be activated to be degraded, through a two-step 

process promoted by the enzyme acyl-CoA synthetase. This reaction occurs in the cytoplasm and 

produces acyl-CoA.  
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Since the β-oxidation of fatty acids is carried out in the mitochondrial matrix, and given the 

impermeability of IMM, acyl-CoA exploits the specialized carnitine carrier system to be transported. 

The carnitine acyltransferase I (or carnitine palmitoyltransferase I, or CPT1), located on the OMM, 

transfers the acyl group of coenzyme A to carnitine to form acylcarnitine (or palmitoylcarnitine), 

which is passively transported in the intermembrane space, then shuttled across the IMM, by the 

carnitine acylcarnitine translocase (CACT). Once in mitochondrial matrix, the carnitine acyltransferase 

II (or carnitine palmitoyltransferase II, or CPT2), located on the IMM, dissociates the acylcarnitine in 

acyl-CoA and free carnitine, which passively returns to the cytoplasm to be reused (Longo, Frigeni, 

and Pasquali 2016)(Figure 16).   

 

Figure 16 Transport of acyl-CoA into the mitochondrion through the carnitine carrier system. 

 

In mitochondrial matrix, acyl-CoA molecules undergo the β-oxidation, a multistep-process, that 

sequentially removes two-carbons units at the C-terminal of the acyl-CoA, producing a molecule of 

acetyl-CoA, and reduced cofactors. This cycle is repeated until all the carbons are converted into 

acetyl-CoA (Figure 17).  
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Figure 17 Reactions of β-oxidation [From: (Poian and Castanho 2015)]. 

 

Acetyl-CoA can derive, therefore, either from glycolysis and fatty acids β-oxidation, but also from 

amino acids produced by protein catabolism (not detailed). Figure 18 summarizes how 

carbohydrates’, lipids’, and proteins’ catabolic pathways converge on acetyl-CoA.  
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Figure 18 Main pathways involved in energy production. Catabolism of carbohydrates, lipids, and 

proteins, produce acetyl-CoA which enters in the Krebs cycle (TCA Cyle). Krebs cycle allows the 

reduction of FAD and NAD+ to FADH2 and NADH, important to release electrons to the electron 

transport system (ETS). ETS is responsible for ATP synthesis [From: (Poian and Castanho 2015)]. 

 
  

In mitochondria matrix, acetyl-CoA enters in the Krebs cycle (or citric acid cycle, or tricarboxylic acid 

(TCA) cycle), where it first reacts with oxaloacetate, to form citrate. This reaction is followed by eight 

other reactions, which regenerate, at the end, a new molecule of oxaloacetate which can restart a 

new cycle. Moreover, every cycle originates two molecules of CO2, one molecule of guanosine 

triphosphate (GTP, rapidly converted in ATP), three molecules of NADH, and one molecule of FADH2 

(flavin adenine dinucleotide).  
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NADH and FADH2 are reduced cofactors that transfer high-energy electrons from a molecule to 

another. Once they are formed, in glycolysis or Krebs cycle for example, they reach the electron 

transport chain (ETC), where they are oxidized to provide electrons to chain complexes. 

 

Oxidative phosphorylation 

The oxidative phosphorylation (OXPHOS) is the final step of the cellular respiration process. It is a 

complex pathway that, in higher plants and animals, supplies most of the ATP required to maintain 

all cellular functions and metabolisms. Oxidative phosphorylation consists in two coupled events: the 

transfer of electrons in the ETC, driven by substrates oxidation, and the synthesis of ATP, by the ATP 

synthase. The electron transport chain is located on mitochondrial cristae, and it made up of four 

complexes, embedded in the IMM: 

 Complex I or NADH-coenzyme Q oxidoreductase 

 Complex II or Succinate-Q oxidoreductase or Succinate dehydrogenase 

 Complex III or Q-cytochrome c oxidoreductase 

 Complex IV or Cytochrome c oxidase 

In addition to the four complexes, two mobile electron carriers are involved: the Coenzyme Q (CoQ) 

and the cytochrome C. Multiple ETC lie on the IMM of the same mitochondrion.  

The electron transport is a series of redox reactions, in which electrons are transferred from an 

electron donor to an electron acceptor, more electronegative. These transfers are mediated by 

reducing equivalents NADH and FADH2, generated by the Krebs cycle, β-oxidation, and other cellular 

processes. Specifically, electrons are transferred from NADH to Complex I, then to CoQ, while 

Complex II receives electrons from succinate and passes them to CoQ. From CoQ electrons are 

transferred to Complex III, so to Cytochrome C and, at the end, to Complex IV, where they are used 

to reduce oxygen to water (Figure 19). The energy liberated by the electron flow through the 

complexes of the ETC, promotes the transport of protons (H+) across the IMM, from the matrix to the 
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intermembrane space. This proton movement, carried out by the proton pumps of Complex I, III and 

IV, creates an electrochemical gradient (or proton-motive force) across the membrane, constituted 

by two components: a H+ ion concentration gradient (ΔpH), and an electrical potential, which 

constitutes the mitochondrial membrane potential (ΔΨm) and is due to the separation of charges 

across the membrane. The electrochemical proton gradient is the driving force of ATP synthesis by 

ATP synthase. The ATP synthase, or Complex V, presents two functional domains, F0 (in IMM) and F1 

(in matrix). When protons, pumped across the IMM, need to come back to the matrix, they pass the 

F0 subunit of ATP synthase, inducing the rotation of the central axle. This leads to a conformational 

change in the catalytic subunit of F1 which favors the synthesis of ATP from ADP and Pi (Jonckheere, 

Smeitink, and Rodenburg 2012). It has been estimated that, from a molecule of glucose, about 30 

molecules of ATP can be obtained, 26 of them from oxidative phosphorylation.  

 

 

Figure 19 Representation of oxidative phosphorylation complexes and mechanism [From: (Mastroeni 

et al. 2017)] 

 

 

III.3.1.1. Mitochondrial membrane potential (ΔΨm) 
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The mitochondrial membrane potential, indicated as ΔΨm, is a difference in electrical potential 

across the inner mitochondrial membrane. The result is a negatively charged inner side and a 

positively charged outer side of the IMM. The ΔΨm is generated by the activity of the electron 

transport chain, and it participates, together with the proton gradient (ΔpH), to define the 

transmembrane potential of hydrogen ions (ΔμH+). In particular, these two components, are linked by 

the relation: 

ΔμH+ = FΔΨm + 2.3RTΔpH 

where F is the Faraday number, R is the gas constant, T is the absolute temperature (Zorova et al. 2018A) 

 

It is difficult to establish a normal value of ΔΨm. We know that it is not always stable and short 

depolarization events can occur, induced by oscillations of the mitochondrial permeability transition 

(MPT). However, these brief episodes are not necessarily damaging for mitochondrial functions and, 

only when they last in time, they can lead to mitochondrion death.  

The ΔΨm is strictly connected to ATP generation. It can be regarded as the energy storage which 

allows ATP synthase to form ATP molecules. Consequently, we can consider that ATP synthesis 

requires expense of ΔΨm, while ATP hydrolysis leads to generation of ΔΨm (Zorova et al. 2018B). 

Many other mitochondrial proteins participate in formation and maintaining of mitochondrial 

membrane potential, as for instance, the adenine nucleotide transporter (ANT).  

In the mitochondrion, the ΔΨm plays a key role in several processes, necessary to conserve 

mitochondrial homeostasis. It is the driving force which guides the transport of cations and anions, 

but it seems also to be required for TIM-mediated protein transport across the IMM (Kulawiak et al. 

2013). Moreover, it has been shown that a correlation exists between ΔΨm and the mitochondrial 

production of reactive oxygen species (ROS): at high values of ΔΨm, ROS production by ETC Complex 

I increases, while it is reduced when ΔΨm decreases (Suski et al. 2012). However, it is not clear if 

ΔΨm directly regulates ROS generation. It has been suggested that ΔΨm could be related to NADH 

redox state, which has itself a role in controlling ROS-producing site of Complex I (Starkov and Fiskum 
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2003). A chronic augmentation of ROS level (oxidative stress) may cause prolonged damaging effects 

on ROS targets and induce cell apoptosis. On the other side, a chronic reduction of ΔΨm and ROS, 

results in reductive stress, carrying, in the same way, to other deleterious consequences and cell 

death (Zorov, Juhaszova, and Sollott 2014). 

 

III.3.2. Production of ROS and oxidative stress 

 

III.3.2.1. ROS overview  

 

ROS (Reactive Oxygen Species) are radical and non-radical species containing oxygen. Atomical 

oxygen has two unpaired electrons in separate orbitals in its outer shell, that’s why it is more 

susceptible to radical formation. Reduction of oxygen leads to production of four main types of ROS: 

 Superoxide or superoxide anion (O2
•-) 

 Peroxide (O2
2-) and hydrogen peroxide (H2O2) 

 Hydroxyl radical (OH•) 

 Singlet oxygen (1O2) 

Superoxide derives from one-electron reduction of oxygen. Its dismutation, by superoxide dismutase 

enzymes, originates the hydrogen peroxide, a molecular specie less reactive than free radicals. 

Anyway, in presence of Fe2+ and Cu+, H2O2 can be partially reduced to hydroxyl radical, via the Fenton 

reaction, or it can be fully reduced to water, by catalase (Turrens 2003). Hydroxyl radical is 

considered as the most reactive species of oxygen, since it can attack multiple organic molecules. 

Singlet oxygen, also high reactive, is produced, for example, during photosynthesis process in plants.  

In addition to these ROS types, other reactive species have been identifies as Reactive Nitrogen 

Species or RNS, bearing both oxygen and nitrogen atoms. They include nitric oxide radical (NO or 
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NO•), nitrogen dioxide radical (NO•
2), nitrite (NO2

−), and peroxynitrite (ONOO−) (Krumova and Cosa 

2016).  

 

III.3.2.2. Sources of ROS 

 

ROS are generated by internal cell processes and organelles, but they can be also the consequence of 

exogenous events.  

Mitochondria are the main cellular producers of ROS. Specifically, seven separate sites have 

been identified in mitochondria to produce ROS, the most important of them are the complex I and 

complex III of the ETC. It has been observed that a leakage of electrons exists at these levels of the 

ETC and it induces the partial reduction of O2 to O2
•-. Approximately 0.2% - 2.0% of O2 used in the ETC 

is converted in superoxide, in physiological conditions. Once formed, O2
•- is released by complex I in 

mitochondrial matrix, while complex III releases it in both mitochondrial matrix and mitochondrial 

intermembrane space (Li et al. 2013). The higher levels of superoxide are generated in sites IF (flavin 

mononucleotide (FMN)) and IQ of complex I, and the centre IIIQo of complex III (Brand 2010). 

Superoxide is rapidly converted in H2O2 by superoxide dismutases 1 and 2 (SOD1 and SOD2), 

respectively located in intermembrane space and mitochondrial matrix.  

Other endogenous sources of ROS are the peroxisomes, the cytochrome P450, the transmembrane 

enzymes of NADPH oxidases (NOX) superfamily, the flavoenzyme ERO1 in the ER, the cyclo-

oxygenase, the xanthine oxidase, the lipooxigenases (Krumova and Cosa 2016).  

 Multiple exogenous, or environmental, factors have been shown to have an effect on ROS 

production. Among them, it is important to mention ionizing and nonionizing radiations, heavy 

metals, pollution, but also cigarettes smoke, food, and some drugs (Bhattacharyya et al. 2014).  

 

III.3.2.3. Role of ROS 
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Although reactive oxygen species are often associated with oxidative stress, biomolecules damage 

and occurrence of pathological conditions, it is now clear that their presence and activity are 

fundamental to preserve cellular homeostasis. In living organisms ROS have, therefore, a 

physiological role, so a positive involvement in cellular processes, which is counterbalanced by a 

negative effect, in case of ROS deregulation and accumulation (Figure 20).  

 Physiologically, several cellular mechanisms are regulated by ROS. In the immune system, for 

example, ROS would be implicated in both innate and acquired responses, since they favor and 

participate to the activation of phagocytes and T-lymphocytes, to combat the pathogen (Belikov, 

Schraven, and Simeoni 2015). Furthermore, ROS are involved in normal regulation of vessels 

diameter, but also in skeletal muscle contraction (Alfadda and Sallam 2012). Other positive ROS 

functions are linked to oxygen homeostasis, cell adhesion and migration, and response to stressors 

(Hurd, DeGennaro, and Lehmann 2012; You and Chan 2015).  

  On the other hand, ROS production can result in a harmful condition for the cell, called 

oxidative stress. Oxidative stress is defined as the imbalance between the reactive oxygen species 

and the antioxidant defenses, with consequent ROS excess, and alteration of redox state. First effects 

of oxidative stress can be seen on macromolecules and biological components. Proteins and lipids 

are considered the most concerned targets. They are often the substrate of oxidation and 

peroxidation reactions by ROS, especially on side-chain and backbone sites, for protein, and on 

polyunsaturated fatty acids (PUFA), for lipids (Su et al. 2019). In fact, oxidation of proteins can alter 

their chemical properties, their conformation and folding, as well as their interactions. Protein 

peroxides can, themselves, damage other targets. Also free amino acids can be attacked by free 

radicals (Davies 2016). Peroxidation of lipids can be deleterious for the integrity of membranes and 

the function of receptors and enzymes interacting with them. The third class of macromolecules 

mostly affected by oxidative stress are nucleic acids, in particular the DNA. Oxidation-caused lesions 

occur both in DNA sugars and bases, leading to strand breakage and genomic mutations. More than 

100 types of DNA lesions, induced by ROS, have been identified (Cadet and Wagner 2013).  
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The increase of ROS levels in the cell may represent a starting signal to activate cell death pathways. 

It has been demonstrated that oxidative stress induces cell apoptosis, via the Fas activation pathway 

and the caspase cascade, but also necrosis, the uncontrolled cell death, and autophagy, the cellular 

self-degradation process (Ghosh et al. 2018). Consequentially, ROS have been shown to be 

implicated in the development of multiple pathological conditions, such as several types of cancer, 

neurological disorders (Alzheimer, Parkinson, Amyotrophic lateral sclerosis), cardiovascular diseases, 

chronic inflammation and autoimmune diseases (Brieger et al. 2012).  

 

III.3.2.4. Antioxidant defenses  

 

Within the cell, ROS level and activity are finely regulated by antioxidant (AO) systems, which control 

and reduce their potential damaging effect on macromolecules. These endogenous defenses have 

been classified in enzymatic and nonenzymatic systems.   

Enzymatic antioxidants are capable to convert oxidative molecules and oxidized products 

into non-toxic substances, like water. Examples of these enzymes are the superoxide dismutases 

(SOD), the Catalase (CAT), and the glutathione peroxidase (GPx). SODs catalyze the dismutation 

reaction of superoxide radicals into hydrogen peroxide and molecular oxygen. In humans, three 

forms of SODs have been identified: SOD1, in cytosol and in mitochondrial intermembrane space, 

SOD2, in mitochondria, and SOD3, in the extracellular space. The CAT, mostly located in peroxisomes, 

but also in mitochondria and cytosol, converts H2O2 in water and molecular oxygen (Aguilar, Navarro, 

and Pérez 2016). The GPx, needed to reduce hydrogen and organic peroxides into water or alcohol, 

presents eight human isoforms, with different intracellular and extracellular localizations (Mbemba 

Fundu et al. 2020).   

The most important nonenzymatic antioxidants are glutathione (GSH), Coenzyme Q (CoQ), 

and multiple metal-binding proteins (MBP), like Albumin, Transferrin, Ferritin (Mirończuk-

Chodakowska, Witkowska, and Zujko 2018). CoQ, localized in the ETC and other internal membranes, 
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is important in preventing free radicals’ damage on lipids, as well as on proteins and DNA (Saini 

2011). MBPs, as Albumin, are considered to be the major antioxidants systems in plasma (Aguilar, 

Navarro, and Pérez 2016). 

Glutathione is considered, together with enzymatic systems, the main antioxidant defense. 

Glutathione is a tripeptide, also called γ-l-glutamyl-l-cysteinyl-glycine, on the basis of its components. 

It is exclusively synthesized in cytosol, to be then distributed in other cellular organelles, like 

mitochondria and ER (Marí et al. 2009). Glutathione exists in two different forms: the reduced state 

(GSH) and the oxidized state (GSSG). In physiological conditions, the reduced state is more abundant 

than the oxidized one, with a ratio of 100:1 (Mirończuk-Chodakowska, Witkowska, and Zujko 2018). 

Glutathione molecules scavenge ROS through the oxidation of GSH into GSSG, in a reaction catalyzed 

by Gpx enzyme, in different subcellular organelles. Here, for example, we report the reduction 

reactions of H2O2 and peroxides, mediated by GSH:  

HOOH + 2GSH → 2H2O + GSSG 

ROOH + 2GSH → ROH + H2O + GSSG  

Once formed, GSSG is then reduced back to GSH by glutathione reductase (GSR), in presence of 

NADPH: 

GSSG + NADPH + H+ → 2GSH + NADP+  

GSR is present in both cytosol and mitochondria (Kelner and Montoya 2000).  

Moreover, glutathione protects proteins against oxidative stress in a reversible or irreversible 

reaction, defined protein glutathionylation, with specific protein residues (Cooper, Pinto, and Callery 

2011).  

Since GSSG amount increases, and GHS decreases, in case of oxidative stress, it is clear that the 

GHS/GSSG ratio is an indicator of cellular health, and it can be measured to estimate oxidative stress 

severity in the cell. For example, it has been demonstrated that this ratio is significantly reduced 

during aging and in pathological conditions like neurodegenerative diseases (Parkinson’s disease and 
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Alzheimer’s disease), well known to be associate with an pro oxidant state (Owen and Butterfield 

2010; Liu et al. 2017; Wojsiat et al. 2018).    

 

Figure 20 Redox balance and imbalance in physiological and pathological conditions. 

 

 

III.4. Mitochondrial dynamics 
 

Mitochondria are highly dynamic organelles that continuously change their organization and 

interactions, modifying their number, shape and localization in the cell. All these aspects are strictly 

connected to mitochondrial functions, like metabolism, signaling pathways, or ATP production. For 

example, the deregulation of mitochondrial morphology may alter mitochondria movement and 

distribution, impacting their physiological roles in the cell (Campello and Scorrano 2010). Impaired 

mechanisms of mitochondrial dynamics have emerged in pathological conditions, often 

neurodegenerative diseases, like the Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral 

sclerosis, Huntington's disease (Su et al. 2010).  
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We analyze here the main processes and protein actors of mitochondrial dynamics.  

 

III.4.1. Mitochondria-Cytoskeleton interaction 
 

Inside the cell, mitochondria are rarely organized as isolated discrete organelles, but they always 

interact to form a dynamic and ever changing network. Clusters of mitochondria move, change, 

divide, thanks to their interaction with the cytoskeleton, the supporting structure of the cell. All the 

cytoskeleton components seem to participate to mitochondrial dynamics and transport.  

Microtubules (MT), made up of tubulin heterodimers, have been demonstrated to interact 

with mitochondria in many cell types  (like fibroblasts, kidney cells, muscle cells, macrophages) 

(Heggeness, Simon, and Singer 1978). MT are necessary to transport mitochondria and distribute 

them where a high amount of energy is required (Puurand et al. 2019). Moreover, recent studies 

have focused on the role of unpolymerized tubulins and MT-associate tubulins. Unpolymerized 

tubulins, as βII- and βIII-tubulins, have been shown to regulate the VDAC permeability on the OMM 

(Puurand et al. 2019). γ-tubulin, which is involved in MTs polymerization, forms in the cell a complex 

structure called γ-string meshwork. It has been observed that this γ-string meshwork interacts with 

IMM and mtDNA, and it provides a fundamental structure element to organize and maintain 

mitochondrial network (Lindström et al. 2018).  

In neurons, the proper distribution of mitochondria is extremely important, since the soma, and, 

above all, neurites and synapses, demand a continuous ATP supply. We know that the anterograde 

transport of mitochondria on MT tracks is mediated by kynesin proteins. The attachment of kynesin 

to mitochondria is made by the anchor proteins RhoT, a Mitochondrial Rho GTPase or Miro, and the 

motor adaptor TRAK/Milton (van Spronsen et al. 2013). The anchor proteins for dyneins in 

retrograde axonal transport are still unknown, but the involvement of Trak2 protein has been 

suggested (Mandal and Drerup 2019) (Figure 21).  
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Figure 21 Schematic representation of mitochondria-microtubules interactions in anterograde (a) and 

retrograde (b) mitochondria transport [Adapted from: (Course and Wang 2016)].  

 

 

Furthermore, it is important to underline that neural MT are not only responsible for mitochondrial 

movement, but they also control the stationary pool of mitochondria. In this stop function, MTs 

directly interact with the neuron-specific Syntaphilin (Snph), an anchor protein located on the OMM 

(Kang et al. 2008). 

Actin microfilaments’ (MF) role in mitochondrial dynamics has been less investigated over 

time. Most studies, conducted on simpler organisms like yeast, fungi and plants, confirmed the direct 

interaction of mitochondria with actin cytoskeleton and its involvement in mitochondrial transport, 

as for instance, during cell division (Fehrenbacher et al. 2004). In nerve cells, MF, organized in a 

meshwork structure, collaborate with MTs for mitochondrial movement along the axon. Several 

members of myosins family, like Myo19, work like motor proteins that bind mitochondria and guide 

them along actin tracks (Quintero et al. 2009). Furthermore, actin cytoskeleton appears involved in 

controlling the stationary state of mitochondria in the Nerve Growth Factor (NGF) signaling. This 

causes the immobilization and accumulation of the organelles in specific NGF stimulation regions of 

the neuron (Chada and Hollenbeck 2004). 

Also Intermediate filaments (IF) have been shown to bind mitochondria, anchoring them to 

cytoskeleton, and regulate their general distribution in the cell. IF can influence not only 

mitochondrial motility, but also their morphology and function, revealing a strong connections 
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between them (Schwarz and Leube 2016). Neurofilaments (NF) replace intermediate filaments in 

neurons. The NFs-mitochondria interaction is mediated by the NF-H and NF-M sidearms, that 

probably recognize porins or other OMM proteins on mitochondria surface (Wagner et al. 2003). 

 

III.4.2. Mitochondrial fusion 
 

Mitochondrial fusion, a high conserved process in eukaryotes, is the merger of two mitochondria into 

one. It could occur as end-to-end or end-to-side fusion. It is a two-step process, since it requires the 

fusion of the outer and the inner mitochondrial membranes. Multiple proteins take part to these two 

events, even if the most involved are the GTP-hydrolyzing enzymes of the dynamin superfamily (Chan 

2020). 

The fusion of the OMM is managed by mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) proteins, 

members of the dynamin family and coded by MFN1 and MFN2 genes, respectively. These two 

proteins share ~80% of similarity in humans, consequently they present a similar structure and 

organization in functional domains. Both anchored in the OMM, Mfn1 and Mfn2 have two internal 

transmembrane (TM) domains, while the N-terminal and the small C-terminal segments are exposed 

in the cytoplasm. Moreover, they contain two hydrophobic heptad repeat domains (HR1 and HR2), 

beside the TM domains, and, closer to the N-terminus, a GTPase domain, responsible for mitofusins 

GTPase activity (Cartoni and Martinou 2009) (Figure 22). Mfn1 GTPase activity has been shown to be 

higher than that of Mfn2 (Ishihara 2004).  

 

Figure 22 Schematic representation of Mfn1 and Mfn2 domains: one GTPase domain, two heptad 

repeat domains (HR1 and HR2), two transmembrane domains (TM).  
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Even if the fusion mechanism is still not completely understood, it seems that mitofusins on adjacent 

mitochondria form a trans interaction trough their HR2 domains, which dimerize in an antiparallel 

coiled-coil structure. Then, the GTPase activity modifies Mfn conformation and increases the contact 

surface between the two OMM, leading to their fusion (Tilokani et al. 2018) (Figure 24.1, 24.2, 24.3).  

Homozygous Mfn1-KO (Knock-out) and Mfn2-KO mice are unviable. Their cultured cells showed 

impaired mitochondrial fusion, and spherical or “fragmented” mitochondria (Chen et al. 2003). More 

than 100 mutations in MFN2 gene have been reported to cause the axonal CMT2A. Most of them are 

missense mutations, located in all Mfn2 regions, but often within the GTPase domain or the coiled-

coil motifs. Some of MFN2 mutations have been associated with a “gain-of-function” effect, which 

causes mitochondria aggregation, while some others appear to compromise mitochondrial fusion, in 

a “loss-of-function” effect (Filadi, Pendin, and Pizzo 2018). In contrast to MFN2, disease-inducing 

mutations in MFN1 have never been reported. Two main hypothesis have been suggested: MFN1 

mutations could be lethal for the embryo, and Mfn1 function cannot be compensated by Mfn2 

protein; alternatively, Mfn1 function can be completely compensated by Mfn2, so its mutation does 

not induce any mitochondrial disorder (Li et al. 2019).  

The fusion of the IMM is mediated by the Optic Atrophy 1 (Opa1) protein, a dynamin-related 

GTPase, included in the IMM. Opa1 protein derives from eight different RNA splice forms which are 

translated in eight Opa1 isoforms. All of them present a GTPase domain, a N-terminal mitochondrial 

targeting sequence (MTS), subsequently removed by the matrix processing protease (MPP), a 

transmembrane domain (TM), and a proteolysis site (S1), which can be cleaved by the OMA1 

protease. Only four isoforms contain an additional S2 proteolysis site , which can be also cleaved by 

the Yme1L protease (Chan 2020). These different splice forms and different Opa1-processing result in 

the synthesis of short isoforms (S-Opa1) and long isoforms (L-Opa1) of Opa1 protein (Figure 23).  
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Figure 23 Opa1 isoforms and processing. The eight RNA splice forms of OPA1 are translated in eight 
isoforms (Sp 1-8), four of them (Sp 4, 6, 7, 8) containing an additional S2 proteolysis site. Constitutive 
processing, by OMA1 and YME1L enzymes, generate long (L-OPA1) and short (S-OPA1) isoforms 
[Adapted from: (MacVicar and Langer 2016)].  
 

 

It seems that the relative abundance of these Opa1 isoforms may change in the cell types and have 

an effect in regulation of mitochondrial dynamics, although both short and long isoforms are always 

required. If molecular mechanism of IMM fusion are not entirely clear, recent studies highlighted 

that the membranes tethering may be mediated by the interaction between L-Opa1 and the IMM-

specific cardiolipin. This first step would be followed by the GTP-hydrolysis-dependent fusion of inner 

membranes, regulated by S-Opa1 (Ban et al. 2017) (Figure 24.4 and 24.5).  

Mutations in OPA1 gene cause the autosomal dominant optic atrophy (ADOA), a progressive disorder 

due to the degeneration of the retinal ganglion cells. This pathology is clinically characterized by loss 

of visual acuity, scotomas and optic nerve atrophy. In some more complex cases, ADOA has been 

associated with peripheral neuropathy (Spinazzi et al. 2008). Most of disease-inducing mutations lie 

in the GTPase domain and in the dynamin central regions of Opa1 protein. OPA1-mutated cells show 
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alteration of mitochondrial morphology and fragmented mitochondrial network, but also swollen 

cristae structure and defects in respiratory chain (Nochez et al. 2009; J. Zhang et al. 2017). Opa1 is 

ubiquitously expressed, but the energetic impairment associated to OPA1 mutations, seems to 

particularly affect the high vulnerable retinal ganglion cells (Amati-Bonneau et al. 2009).  

A schematic model of mitochondrial fusion is reported in Figure 24.  

 

 

Figure 24 Representation of main known mechanisms of OMM and IMM fusions. (1) Trans interaction 

of Mitofusins HR2 domains on the OMM. (2) Mitofusins conformational change and increase of 

contact surface between membranes. (3) GTP hydrolysis and fusion of OMM. (4) IMM tethering 

trough the L-Opa1/cardiolipin interaction. (5) GTP hydrolysis and fusion of the IMM. [Adapted from: 

(Tilokani et al. 2018)]. 

 

As discussed here, the fusion of the OMM and the IMM present distinct players and regulatory 

mechanisms. However, it has been shown that these two events are strictly linked and closed in 
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time, suggesting that a synchronization process operates to coordinate them. In yeast, the most 

studied model for mitochondrial dynamics, Ugo1 protein has been identified as adaptor, or scaffold, 

to connect the outer and the inner mitochondrial membranes. In particular its N-terminus binds Fzo1 

protein, the homolog of mammalian mitofusins, while its C-terminus is in contact with Mgm1 

protein, the homolog of Opa1. In mammals this scaffold molecule has not been detected, but its 

existence is expected (Hoppins and Nunnari 2009).  

 

III.4.3. Mitochondrial fission  

 

In mitochondrial fission, one mitochondrion splits in two, often not equally sized, organelles. 

Mitochondrial fission, also known as mitochondrial division, was first studied in Caenorhabditis 

elegans and yeasts, before being explored in higher eukaryotes (Westermann 2010). It is a multi-step 

process, mostly mediated by Drp1 (Dynamin-related protein 1), the mammalian homolog of Dnm1. 

Drp1, coded by DNM1L gene, is a GTPase with four domains: the GTPase domain in the N-terminus, 

the middle domain, the insert B, and the GTPase effector domain (GED) in the C-terminus (Pagliuso, 

Cossart, and Stavru 2018) (Figure 25).  

 

Figure 25 Schematic representation of Drp1 domains: GTPase domain, middle domain, Insert B (Ins B) 

and GTPase effector domain (GED) [From: (Pagliuso, Cossart, and Stavru 2018)].  

 

Drp1 protein has a predominant cytosolic localization, but it is recruited on the outer membranes of 

mitochondria and peroxisomes, to participate in mitochondrial and peroxisomal fissions. To promote 

mitochondrial fission process, small monomers of Drp1 self-assemble to form a multimeric spiral on 

the OMM. Then, GTP hydrolysis induces a conformational change in Drp1, which causes the 

compaction of the contractile ring and reduction of its diameter (Figure 26). Once this constriction 
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site is formed, the final physical scission of membrane is operated by Dnm2 (Dynamin 2) protein 

(Kraus and Ryan 2017). Other proteins take part to mitochondrial fission, helping Drp1 recruitment 

from cytosol to the OMM. Among them, it is important to mention the transmembrane receptors 

Fis1 (mitochondria, fission protein 1), Mff (mitochondrial fission factor), MiD49 and MiD51 

(mitochondrial dynamics proteins of 49 and 51 kDa).  

In homozygous KO mice, it has been shown that the complete deletion of Drp1 is embryonically 

lethal, and, in isolated MEF (mouse embryonic fibroblasts), it leads to impaired mitochondrial 

division and elongated peroxisomes, but not defects in energy production (Wakabayashi et al. 2009). 

Mutations in DNM1L gene have been reported, in few cases, to cause a complex phenotype, 

characterized by neonatal encephalopathy, microcephaly, developmental delay, optic atrophy 

(Fahrner et al. 2016).  

Another protein that could contribute in regulating fission processes of mitochondrial network is 

GDAP1. GDAP1 overexpression, in transfected Cos7 cells, showed to cause mitochondrial 

fragmentation, while its knock-down, in N1E-115 cells, favors elongated mitochondria (Niemann et 

al. 2005). In any case, few functional studies on GDAP1 activity have been performed and its 

associated mechanisms rest to be understood. More details about GDAP1 are presented in Chapter 

4. 

Besides the active role of the aforementioned mitochondrial proteins in regulate mitochondrial 

fission, the involvement of other cellular organelles need to be considered. First of all, sites of 

interaction exist between the mitochondrion and the endoplasmic reticulum (ER). It seems that, 

where these physical ER-mitochondria contacts occur, the ER wraps around the mitochondrion, 

constricts it, and promote its division. It has been suggested that this ER-tag may then induce Drp1 or 

Mff recruitment (Friedman et al. 2011). Also the actin cytoskeleton could promote mitochondrial 

fission. Specifically, it has been shown that actin polymerization induces Drp1 recruitment, in a 

mechanism regulated by the inverted formin 2 (INF2), Spire1C protein, and the Cofilin1 (Rehklau et 

al. 2017).  
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Figure 26 Representation of main known mechanisms of mitochondrial fission. (1) First ER-

constriction of the mitochondrion. (2) Drp1 is recruited on the constriction site by fission adaptors. (3) 

Conformational change of Drp1 induced by GTP hydrolysis. (4) Recruitment of Dnm2 on fission site. 

(5) Completed mitochondrial scission [Adapted from: (Kraus and Ryan 2017)]. 

 

Mitochondrial fusion and fission occur simultaneously and continuously in the cell, finely regulated 

by multiple proteins and mechanisms. They allow the sharing of organelle contents, necessary in case 

of damage, and their balance is fundamental to organize mitochondrial structure and morphology. 

Moreover fusion and fission events are connected to mitophagy, the selective degradation of 

defective mithochondria, and apotosis, the programmed cell death (Scott and Youle 2010).  

 

III.5. Mitophagy 

 

The term “autophagy” derives from the Greek and it literally means “eating of self”. The autophagy is 

a programmed catabolic process, necessary to degrade cellular components, such as mitochondria, 

endoplasmic reticulum, peroxisomes, misfolded and aggregated proteins. It has been showed that 

two types of autophagy exist, the selective one and the non-selective one. Non-selective autophagy 
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occurs in case of privation of nutrients, since cells need to degrade macromolecules, like proteins, to 

refill nutrients stocks. On the other hand, the purpose of selective autophagy is to remove specific 

organelles in nutrient-rich conditions (Ding and Yin 2012). Mitophagy, the precise degradation of 

mitochondria, belongs to selective autophagy processes. It occurs when mitochondria are damaged, 

dysfunctional, or in excess. This mechanism has been largely investigated in yeast, and its factors 

have appeared to be conserved among the different species. In mammals, two main class of 

mitophagy have been identified, the ubiquitin-dependent and –independent pathways (Palikaras, 

Lionaki, and Tavernarakis 2018).  

In the ubiquitin-independent, or receptor-mediated, pathway, NIX/BNIP3L and BNIP3, localized on 

the OMM, act like mitophagy receptors. Through their LIR motifs, they directly bind LC3/GABARAP, 

expressed on the autophagosome, a double-membrane vesicle. Once the autophagosome has 

incorporated the mitochondrion, it fuses with a lysosome, forming an autolysosome and causing the 

degradation of its own content (Glick, Barth, and Macleod 2010).   

The ubiquitin-dependent pathway is also known as PINK1 (PTEN-induced putative kinase 

1)/Parkin‐mediated mitophagy. When the mitochondrion is damaged, the ΔΨm collapses and 

induces the accumulation and stabilization of PINK1 protein on the OMM. This is fundamental for the 

recruitment and the activation of the E3 ubiquitin ligase Parkin, which ubiquitinates several proteins 

of the OMM, enabling the targeting of the damaged mitochondrion by the autophagosome (Kubli 

and Gustafsson 2012).  
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Figure 27 Autophagosomes biogenesis and maturation in neurons. Autophagosome (yellow ring), 

formed in neurites, incorporates damaged or dysfunctional mitochondria, and fuses with the 

lysosome (blue circle). With the autphagosome maturation, lysosomal acid proteases activate (red 

ring), degrading its contents [Adapted from: (Maday, Wallace, and Holzbaur 2012)] 

 

It seems that mitochondrial mitophagy and dynamics are strictly connected events. In yeast and 

mammals, mitophagy is preceded by mitochondrial Drp1-mediated fission, probably in order to 

obtain smaller mitochondria, easier to be engulfed by autophagosomes (Youle and Narendra 2011). 

Moreover, Mitofusins 1 and 2, the main players of OMM fusion, have been demonstrated to be 

targets of Parkin ubiquitination. This interaction causes Mfn1 and Mfn2 degradation, which would be 

necessary to prevent the fusion of damaged mitochondria with the healthy ones (Kubli and 

Gustafsson 2012). 

We know that mitochondria play a key role in neurons and nervous system, and their proper function 

is fundamental to ensure neural homeostasis. In neurons, most mitochondria localize in neurites, 

but, to be degraded, they need to be transported to cellular soma, which contains the higher amount 

of lysosomes. Nevertheless, we cannot exclude that mitophagy events may occur in peripheral axons 

too (Ashrafi et al. 2014). Even if mitophagy is a physiological process in neurons, activated to remove 

damaged mitochondria, when it is injured, it can be responsible for neurodegenerative diseases. For 

example, monogenic forms of Parkinson’s disease have been associated with mutations in PARK2 and 
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PARK6 genes, respectively coding Parkin and PINK1 proteins. The dysfunction of 

autophagy/mitophagy pathways has been suggested as pathological mechanism also in some cases 

of Alzheimer’s disease, Amyotrophic lateral sclerosis, Huntington’s disease (Martinez-Vicente 2017). 

Moreover, CMT2A iPS-derived motor neurons have shown that mutated MFN2 induces enhanced 

levels of mitophagy, which seemed to be responsible of a striking reduction of mitochondria in 

affected neurons (Rizzo et al. 2016).  
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Chapter IV.  The ganglioside-induced differentiation-

associated protein 1 (GDAP1) 

 

Since PNS is a high-energy requiring system, mutations in genes involved in mitochondria dynamics 

and activity, can lead to CMT disease. In particular, in this study, we have focused on the ganglioside-

induced differentiation-associated protein 1 (GDAP1) gene, implicated in demyelinating and axonal 

CMT.  

IV.1. GDAP1 gene and transcripts   
 

GDAP1 gene is located on chromosome 8, position 75,233,365-75,401,107, forward strand, in 

GRCh37 coordinates.  It contains six exons and five introns, and it encodes for eight different 

transcripts, two of them protein coding. Specifically, GDAP1-001 is associated to the longer isoform, a 

358-aa protein, while the transcript GDAP1-002 has been predicted to encode a 290-aa shorter 

isoform, with a smaller N-terminus (NCBI ID 54332, provided from RefSeq, Feb 2012). GDAP1 

expression was reported for the first time in 1999, by a Japanese team which isolated its cDNA from 

Neuro2a cells and showed it to be involved in Neuro2a differentiation into neuron-like cells (H. Liu et 

al. 2008).  

Alignment studies have demonstrated that GDAP1 orthologous genes exist in many other 

vertebrates, and sequence similarity has been observed also in few plants and bacteria.  This data 

suggest that GDAP1 may be occurred in genomes before the fish-tetrapod split, or, perhaps, even 

before the plant-animal split (Marco 2003). In humans, GDAP1 has a paralog gene, the so-called 

GDAP1L1 (Ganglioside-induced differentiation-associated protein 1-like 1). More details about 

GDAP1L are reported in paragraph 4.2.5.  
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IV.2. GDAP1 protein 
 

GDAP1 is a 358-aa tail-anchored protein, integrated in the outer mitochondrial membrane, with its 

N-terminus situated in the cytosol, and the C-terminus in the mitochondrial intermembrane space 

(Pedrola et al. 2005; Niemann et al. 2005; Wagner et al. 2009).  

 

IV.2.1. Protein expression 
 

Expression studies have been performed on animal models, or cell cultures and tissues, through RT-

PCR, Western blot, or Immunocytochemistry.  

The first analysis, by Cuesta et al., showed an ubiquitous GDAP1 expression in different human and 

murine tissues, particularly important in brain. Moreover, they verified that, in peripheral nerves, its 

expression occurs not only in neurons, but also in Schwann cells (Cuesta et al. 2002). These results 

were confirmed, in 2005, by Niemann et al., who detected, on mice, a relevant GDAP1 expression in 

central neurons, motor and sensory peripheral neurons, and myelinating Schwann cells (Niemann et 

al. 2005).   

Parallel studies, conducted by other authors on mice and rats, highlighted that GDAP1 is highly 

expressed in grey matter and in largest neurons, like neurons of the olfactory bulb, Purkinje neurons, 

pyramidal neurons of hippocampus and cortex. Instead, its levels are reduced in peripheral nerve and 

skeletal muscle, and absent in white matter and Schwann cells (Pedrola et al. 2005; 2008). 

An in vitro study demonstrated that, in primary human skeletal muscle cells, GDAP1 expression is 

regulated by the AMP-activated protein kinase (AMPK). Specifically, when AMPK is activated, it 

would induce a reduced expression of GDAP1 (Lassiter et al. 2018).  
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IV.2.2. Protein structure 
 

In GDAP1 structure, we can distinguish five main domains: the Glutathione-binding domain (G-Site or 

GST-N), the α-loop, the hydrophobic substrate-binding domain (H-Site or GST-C), the hydrophobic 

domain (HD1) and the transmembrane domain (TM). A schematic representation of GDAP1 protein is 

reported in Figure 28 (Cassereau et al. 2011A). 

 

 

Figure 28 Predicted structure and domains of GDAP1 protein. G-site: Glutathione-binding domain; H 

site: hydrophobic substrate-binding domain; HD1: hydrophobic domain; TM: transmembrane domain. 

Numbers above and below the structure refer to amino acidic boundaries of protein domains and 

GDAP1 gene exons, respectively [Adapted from:(Cassereau et al. 2011A)]. 

 

Recently, thanks to x-ray crystallography, a 3D structural model for cytosolic portion of GDAP1 

protein has been suggested. It has been developed on the murine GDAP1 protein, which share 94% 

identity with human GDAP1. This model was obtained, in particular, for the GDAP1 core (G- site and 

H-site), while the α-loop and the HD1 domains were added from structural bioinformatic predictions 

(I-TESSER server) (Googins et al. 2020) (Figure 29).  
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Figure 29 3D structural model for cytosolic GDAP1 murine protein: G-site (green), H-site (grey), α-loop 

(cyan), and HD1 domain (blue) [Adapted from: (Googins et al. 2020)].  

 

 

GST domains and GST activity 

GDAP1 protein presents two GST domains: the first is the glutathione-binding domain (G-site), 

located at the N-terminus, supposed to recognize glutathione molecules; the second, the 

hydrophobic substrate-binding domain (H-site), at the C-terminus, which would interact with a 

potential biological substrate.  

The role of GDAP1 as glutathione transferase (or glutathione S-transferase, or GST) protein, as well as 

the activity of its GST domains, have always been matter of debate and the results of functional 

studies are controversial. In 2004, Marco et al. classified GDAP1 in a new class of GST-like proteins. 

Indeed, although its sequence similarity to other GST, some of its structural regions, as the α-loop 

and the TM domain, are absent in canonical GST, which are, usually, cytosolic enzymes (Marco 2003).  

The only study supporting the GDAP1 role as GST, was performed in 2016 by Huber et al., who 

revealed, in soluble GDAP1 constructs, a theta-class-like GST activity, which would be regulated by 

the HD1 domain (Huber et al. 2016). This evidence was in contrast with all previous analysis. First 

functional investigations, in fact, tested GST activity of truncated GDAP1 on different substrates, and 

demonstrated that this protein had not GST activity (Pedrola et al. 2005; Shield, Murray, and Board 
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2006). A more in-depth study has recently examined GDAP1 domains through the expression of 

recombinant GDAP1 fragments, combined with crystallography strategy. The analysis confirmed that 

the GDAP1 G-site is not able to bind glutathione, since it lost some critical residues of the GST pocket, 

which are essential to glutathione-binding (Googins et al. 2020). On the other hand, Googins et al, 

demonstrated also that the H-site conserved its typical interactions and can create a robust binding 

with a GST substrate, like the ethacrynic acid (Googins et al. 2020).   

Even if these results seem to support, in most cases, the absence of GST activity in GDAP1 protein, 

we cannot exclude an evolutional process of domains’ structure, and the protein adaptation to 

alternative enzymatic and not enzymatic functions.  

  

The α-loop 

The α-loop is a large insertion between the G-site and the H-site, composed by one α4 and one α5 

helix (Marco 2003). This is the most conserved region of GDAP1 protein, and it is not found in all GST. 

Analysis of the α-loop demonstrated its involvement in the substrate binding, since its deletion 

abolishes the interaction with the ethacrynic acid. Furthermore, it has been suggested a potential 

role of the α-loop in the interaction with the mitochondrial membrane (Googins et al. 2020). 

 

The HD1 domain 

In first studies, the GDAP1 hydrophobic domain 1 (HD1) has been shown to take part in 

mitochondrial fission events (Wagner et al. 2009; Huber et al. 2013). Later, its role in defining 

mitochondrial morphology has been confirmed using truncated GDAP1 variants (Googins et al. 2020). 

It seems also to interact with the α-loop and directly, or indirectly, participate in substrate-binding 

(Googins et al. 2020).  

In the GDAP1 model, proposed by Huber in 2016, the HD1 domain would regulate the GST activity, 

promoting the active or the inactive conformations of GDAP1, in an autoinhibitory manner (Huber et 

al. 2016).  
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The TM domain  

GDAP1 protein is integrated in the OMM and it presents, therefore, a transmembrane region (TM or 

TMD). The TMD is a single hydrophobic domain, located next to the cytosolic C-terminus, absent in 

the other GST (Wagner et al. 2009). It seems to be fundamental for the correct GDAP1 localization on 

the OMM. Consequently, truncated forms of the protein, lacking the TMD, were shown to diffuse in 

cytoplasm and nucleus (Pedrola et al. 2005).  

 

IV.2.3. Protein dimerization 
 

GST constitute a superfamily of enzymes, necessary for cellular detoxification from endogenous and 

exogenous compounds. They are dimeric proteins and their activity is deeply connected to this 

monomer-dimer equilibrium (Fabrini et al. 2009). It is for this reason that dimerization ability has 

been investigated in GDAP1 protein. In 2006, Shield et al. demonstrated, for the first time, that 

GDAP1 forms dimers of identical subunits (Shield, Murray, and Board 2006). The 2016 analysis by 

Huber et al. confirmed previous results, revealing that the formation of homodimers does not 

depend on TMD and HD1 domains (Huber et al. 2016). In the 3D model predicted for GDAP1, the 

dimerization interface would be located close to the α-loop, and it would concern the H-site of the 

first subunit and the G-site of the second one (Googins et al. 2020). However, recent analysis, 

conducted on truncated constructs, seem to suggest a monomeric stoichiometry of cytosolic portion 

of GDAP1 protein (Googins et al. 2020).  

 

IV.2.4. Protein interactions 
 

GDAP1 protein has been demonstrated to interact with three cellular proteins: the β-tubulin, RAB6B, 

and caytaxin (Estela et al. 2011; Pla-Martín et al. 2013). β-tubulin, coded by TUBB gene, is a 
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fundamental structural component of cytoskeleton microtubules. RAB6B is a member of RAB-

GTPases family, specifically expressed in neuron cell types. It interacts with dynein/dynactin complex 

and takes part to retrograde transport in neuronal cells (Wanschers et al. 2007). Caytaxin protein 

(ATCAY gene) interacts with kinesin and may be involved in anterograde transport along 

microtubules structures (Aoyama et al. 2009). All these interactions with transport proteins, together 

with its localization on the OMM, suggest a potential role of GDAP1 in mitochondrial trafficking, not 

supported, so far, by additional evidence.    

Furthermore, Pla-Martin et al. have observed that GDAP1 is located in MAMs (mitochondrial-

associated membranes), and assumed that it could have a role in the interaction with the ER, via the 

RAB6B-binding (Pla-Martín et al. 2013). A proteomic analysis of MAMs composition confirmed the 

presence of GDAP1 at this level (Poston, Krishnan, and Bazemore-Walker 2013). Specifically, MAMs 

are sites of physical interaction and communication between the mitochondria and the ER, 

constituted by fragments of both membranes. These microdomains have been associated to multiple 

cellular functions, like the synthesis of lipids, the Ca2+ homeostasis, the cell survival and apoptosis 

(Perrone, 2020). Numerous proteins participate in MAMs organization and activity. Among them, 

Mfn1 and Mfn2, have been demonstrated to be necessary in mitochondria-RE tethering and Ca+2 

uptake (de Brito and Scorrano 2008). GDAP1 role in MAMs has not be completely understood, but its 

deficiency reduces the connection between mitochondria and RE, and induces the formation of 

enlarged RE cisternae (Pla-Martín et al. 2013).   

 

IV.2.5. GDAP1L1 
 

GDAP1L1 gene, the paralog of GDAP1, is located on chromosome 20, coordinates 20: 42,875,887-

42,909,013, on the forward strand. With six exons and five introns, it conserves the same genomic 

structure of GDAP1. Its 367-aa protein share 56% amino acidic identity with GDAP1 protein, and it 

maintains the same main functional domains (Shield, Murray, and Board 2006). GDAP1L1 is 
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expressed in the CNS, in cerebellum, cortex, hippocampus and Purkinje cells, but not in the PNS. It is 

normally located at cytosolic level. Nevertheless, in vitro functional studies demonstrated that it 

could translocate to mitochondria when oxidized glutathione concentrations increase. GDAP1L1 

translocation may be mediated by its C-terminal targeting domain (Niemann et al. 2014). Moreover, 

it seems that GDAP1L1 could also be implicated in fission events, when GDAP1 expression is 

suppressed, compensating, in this way, its absence (Niemann et al. 2014).  

 

IV.3. GDAP1 functions 
 

Functional studies, performed on animal and cellular models, have allowed to identify multiple 

GDAP1 roles in the cell, most of them associated with mitochondrial dynamics and functions.  

 

IV.3.1. Mitochondrial fission 
 

Because of its localization on the outer mitochondrial membrane, the first aspect evaluated for 

GDAP1 concerned its possible effect on mitochondrial morphology and dynamics. GDAP1 has been 

shown to participate in mitochondrial fission events, since its overexpression, in transfected cells, 

resulted in an increased fragmentation of mitochondrial network. This means that mitochondria 

appeared less tubular and aggregated, modifying their whole architecture in the cell (Niemann et al. 

2005). In contrast, GDAP1 knock-down led to increased tubular mitochondria (N1E-115 cells), not 

observed, nevertheless, in case of GDAP1 knock-out (SH-SY5Y cells and primary murine neurons) 

(Niemann et al. 2005; Pla-Martín et al. 2013; Barneo-Muñoz et al. 2015). 

GDAP1-induced fragmentation seems to depend on Drp1 expression, the most crucial factor of 

mitochondrial fission, and be counterbalanced by Mfn1 and Mfn2 proteins, essential for 

mitochondrial fusion (Niemann et al. 2005). A structure-focusing analysis has shown that the 

integrity of the HD1 domain, as well as the conservation of its amino acidic sequence, are essential to 
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preserve GDAP1 mitochondrial fission activity (Wagner et al. 2009). In Huber model, HD1, together 

with GST domains, would regulate the switch between the active and the inactive states of GDAP1 

fission activity (Huber et al. 2016). 

 

IV.3.2. Mitochondrial fusion  
 

Implication of GDAP1 in mitochondrial fusion has been investigated in just one study. It has been 

reported that, with some specific mutated forms of GDAP1 (p.Arg120Trp and p.Thr157Pro), 

mitochondrial fusion is impaired (Cos-7 cells). This would cause a partial alteration of the ΔΨm and a 

higher susceptibility to cellular apoptosis (Niemann et al. 2009).  

 

IV.3.3. Peroxisomal fission 
 

In addition to its mitochondrial localization and functions, GDAP1 has been shown to localize and 

operate also in peroxisomes. In particular, in Cos-7 cells, it has been observed that GDAP1 is targeted 

to peroxisomes through its binding with Pex19, a chaperon and import receptor (Huber et al. 2013). 

In peroxisomes, as well as in mitochondria, it appeared to participate in peroxisomal fission and 

fragmentation. This ability requires the integrity of its HD1 and TA (tail-anchored) domains. Lack of 

GDAP1 induces the apparition of tubular and elongated peroxisomes (Huber et al. 2013).   

 

IV.3.4. Oxidative stress 
 

An interesting GDAP1 role in cellular homeostasis is associated to oxidative stress and protection 

from ROS. First evidence of GDAP1 protective action has been reported, in 2011, by Noack et al., who 

observed that GDAP1 knock-down induced the increase of oxidative glutamate toxicity, in glutamate-
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sensitive HT22 neuronal cells. On the other hand, they demonstrated that the overexpression of 

GDAP1 promoted the glutamate-resistance and increased levels of GSH, a fundamental cellular 

antioxidant (Noack et al. 2012). The direct relationship between GDAP1 expression and reduced 

glutathione content has been also confirmed in a Drosophila melanogaster model (López Del Amo et 

al. 2015). Moreover, GDAP1 seems to have a role in maintaining high levels of ΔΨm, which is reduced 

or disrupted in oxidative stress conditions (Noack et al. 2012). Consequently, when GDAP1 is 

mutated, it has been observed a significant augmentation of intracellular ROS, responsible for 

oxidative stress and damage of cellular components, which can favor cell death (Noack et al. 2012; 

Cassereau et al. 2020). All these observations corroborate the hypothesis that GDAP1 plays an 

important protective role against oxidative stress.  

 

IV.3.5. Calcium homeostasis 
 

GDAP1 has also been shown to participate in calcium homeostasis. The cell contains internal calcium 

stores, most notably the endoplasmic reticulum (ER). In response to specific agents, the ER empties, 

inducing the efflux of the Ca2+ from the cell. Since Ca2+ stores need to be refilled, Ca2+ is picked up 

from the external space through membrane channels. This Ca2+ entry across the plasma membrane is 

regulated by ER-Ca2+ levels, and it is known as “store-operated Ca2+ entry” or SOCE (Hogan and Rao 

2015). It seems that mitochondria participate to SOCE activity and its modulation, even if 

mechanisms are still not clear (Malli and Graier 2017). Functional studies have shown that GDAP1 is 

implicated in calcium homeostasis and in SOCE regulation. First, it was observed that GDAP1 

depletion impaired SOCE activity and reduced mitochondrial Ca2+ uptake, in cellular models (SH-SY5Y) 

(Pla-Martín et al. 2013; González-Sánchez et al. 2017). Moreover, further analyses reveled reduced 

cytosolic Ca2+ levels in GDAP1-lacking neurons of mice, maybe as consequence of impaired 

storage/release mechanisms (Barneo-Muñoz et al. 2015). It has been hypothesized that, when 

mitochondria lose GDAP1 function, their organization and dynamics in the cell are altered. This 
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would prevent the correct mitochondrial mobilization to plasma membrane and the SOCE-channels 

formation, in response to ER-Ca2+ emptying (Pla-Martín et al. 2013). This confirms that GDAP1 could 

mediate the interaction and tethering between the ER and the mitochondria, so the MAMs 

establishment, which is essential to preserve SOCE activity. 

 

IV.3.6. Metabolic implication 
 

GDAP1 involvement in mitochondrial energy production has been poorly investigated. It has been 

described that mutated forms of GDAP1 present, in fibroblasts, a deficiency of ETC Complex I activity, 

associated to reduced expression of SIRT1 deacetylase. Furthermore, the ATP production and the 

respiration rate appeared decreased, too. The activity of other OXPHOS complexes, as well as Krebs 

cycle, were preserved (Cassereau et al. 2009; 2020). Similar OXPHOS observations were reported in a 

study conducted on a GDAP1-deficient model of human skeletal muscle cells (Lassiter et al. 2018). In 

the same model, as regards the lipid metabolism, GDAP1 silencing has been shown to reduce β-

oxidation levels (Lassiter et al. 2018). These results seem to disagree with the observation, on a 

GDAP1 Drosophila model, that both GDAP1 up- and down-regulations increase lipid β-oxidation in 

the cell (López del Amo et al. 2017). 

Nevertheless, no mechanistic studies were performed to elucidate GDAP1 functions in bioenergetic 

regulation.  

 

IV.3.7. Other GDAP1 implications 
 

A recent and different topic of interest concerns the relationship between GDAP1 gene and the 

alcohol/smoke additions. First, two studies highlighted that methylation of promoter region of 

GDAP1 correlated with the severity of alcohol dependence in lymphocytes of diagnosed patients. In 
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particular, in patients with a higher severity of dependence, a GDAP1 DNA hypomethylation was 

observed. It has been shown that this methylation status was reversible and it could return to normal 

values when patients started a treatment program (Philibert et al. 2014; Brückmann et al. 2016).  

Secondly, in 2020, a third work has reported that exposure to cigarette smoke can alter the 

expression of GDAP1 in some regions of murine hippocampus, maybe by methylation of its promoter 

(Mundorf et al. 2020). 

 

A schematic representation of main GDAP1 functions is reported in Figure 30. 

 

Figure 30  A suggested model of GDAP1 function and dysfunction: Effect of GDAP1 mutation on ROS 

production (arrow “1”), bioenergetic activity (arrow “2”), and mitochondrial dynamics (arrow “3”) 

[From:(Cassereau et al. 2011A).] 
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IV.4. GDAP1 and Charcot-Marie-Tooth disease 

 

IV.4.1. GDAP1 mutations 

 

As discussed in Chapter 2, mutations in GDAP1 gene are responsible for Charcot-Marie-Tooth 

disease. First mutations associated to CMT were simultaneously reported, in 2002, in two parallel 

studies (Baxter et al. 2002; Cuesta et al. 2002). To date, more than eighty mutations have been 

identified, the large majority of them consisting of single-base substitutions. However, rare cases 

reported small deletions or duplications, in GDAP1, to be responsible for CMT disease (García-

Sobrino et al. 2017; Pakhrin et al. 2018).  

Considering mutations’ impact on protein structure, it appears that missense mutations constitute 

the higher proportion, followed by non-sense and frameshift mutations. Splicing mutations have 

been rarely described, both in exonic and intronic regions (Cassereau et al. 2011B; Rzepnikowska and 

Kochański 2018).  

At protein level, GDAP1 mutations are mostly located in the α-loop and the GST-C domain, which 

reflects the presence of hot spots between the exon 3 and the exon 6 in its DNA sequence 

(Cassereau et al. 2011B).  

In Figure 31, most of identified amino acidic substitutions are reported (Rzepnikowska and Kochański 

2018).  
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Figure 31 Structure and domains of GDAP1 protein (from Pfam database), and associated mutations: 

Recessively-inherited mutations are marked in black, if non-sense, and dark grey, if missense. 

Dominantly-inherited mutations are marked in light grey. We highlighted, in red, GADP1 mutations 

analyzed in our study [Adapted from: (Rzepnikowska and Kochański 2018)]. 

 
  

GDAP1 mutations are transmitted with in a recessive or dominant mode of inheritance. These CMT 

autosomal dominant and recessive forms present clearly distinctive features and clinical aspects. 

 

IV.4.2. GDAP1 and autosomal recessive forms of CMT disease (AR-CMT) 

 

IV.4.2.1. AR mutations 

 

Most of CMT-associated mutations in GDAP1 are recessively-inherited. In the case of AR mutations, 

both alleles need to be mutated to induce the emergence of the pathological manifestation. Their 

consequence is usually a loss-of-function effect, so to the dysfunction of the resulting protein. As 

regards AR-GDAP1 mutations, this is observed for non-sense mutations, which lead to the formation 

of truncated proteins, and mutations falling in the C-terminal region, which is essential for the 

correct targeting on the OMM. Truncated and not-targeted proteins are often degraded, by 

endogenous cellular pathways. When AR-GDAP1 mutations are missense, mechanisms which induce 
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loss of protein function could be more complex to investigate (Rzepnikowska and Kochański 2018). 

According to functional studies performed on GDAP1 models, the main impaired mechanisms 

induced by AR-mutations, may involve mitochondrial dynamics and interactions. It has been shown 

that AR-mutations in GDAP1, like p.Arg161His and p.Arg310Gln, impair mitochondrial fission, 

affecting the dynamic balance which controls mitochondrial morphology and, consequently, 

mitochondrial function (Niemann et al. 2005; 2009). Some missense mutations could also modify the 

interaction between GDAP1 and the transport proteins, affecting the mitochondrial axonal transport, 

a crucial mechanism for neuronal viability (Pla-Martín et al. 2013). Additionally, some AR-mutations, 

as p.Arg310Gln, seem to reduce the protective antioxidant role of GDAP1 protein (Noack et al. 2012). 

 

IV.4.2.2. AR-CMT 

 

Autosomal recessive GDAP1-CMT are generally severe, with an early age of onset, in the first decade 

of life, and a rapid progression. Clinically, mild inter- and intra-familial variability has been observed 

(Azzedine et al. 2003; Claramunt 2005). Common features are an important motor deficit and distal 

deformities, muscle weakness and atrophy, need of wheelchair before the third decade. Sensory 

symptoms are frequent, as well as vocal cord paresis and hoarseness of the voice, sometimes 

associated with respiratory problems (Sevilla et al. 2008; Sivera et al. 2017).  

Considering the electrophysiological aspects, recessively-inherited GDAP1-mutations are responsible 

for the demyelinating CMT4A, most frequently, and the intermediate RI-CMTA. The rarer axonal AR-

CMT, linked to GDAP1, is sometimes reported as AR-CMT2C (Kabzińska et al. 2011), elsewhere as AR-

CMT2K (Fu et al. 2017) or CMT2H (N.607731 in OMIM database). In the case of CMT4A, recorded 

motor nerve conduction velocity (MNCV) are commonly lower than 25 m/s, even if they rest quite 

stable over the years. In contrast, CMAP amplitudes tend to progressively decrease, until reaching 

very low values, even smaller than 0.5 mV (Cassereau et al. 2011A). In the AR-intermediate form, 

demyelinating events, combined with axon degeneration, generate MNCV values between 25 and 38 
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m/s, on average, with reduced CMAP amplitudes (Senderek 2003; Crimella et al. 2010). As normal, in 

the GDAP1 AR-axonal CMT, NCV are conserved, while amplitudes are strongly reduced (Kabzińska et 

al. 2011).  

Histopathological analysis, generally conducted on patients’ sural nerve biopsies, in light and electron 

microscopy, have been performed in some CMT4A cases. They show reduced number of large 

myelinated fibers and reduced thickness of myelin sheath. Moreover, clusters of regenerations and 

onion bulbs formations, surrounded by Schwann cells processes, are occasionally observed (Figure 

32) (Nelis et al. 2002; Senderek 2003; Fu et al. 2017). These findings are consistent with an early 

myelin loss, which has been followed, with the progression of the disease, by the decay of large 

axons, indicating the occurrence of both demyelinating and axonal degeneration.  

 

 

Figure 32 Transverse semithin section of sural nerve biopsy, from a CMT4A patient (GDAP1 

homozygous p.Ser194* mutation). (A) Absence of large myelinating axons and reduced axonal 

thickness. (B) Electron micrograph. Clusters of axonal regeneration (thick arrow) and formation of 

onion bulbs (thin arrow). Scale bar = 10 µm [From: (Nelis et al. 2002)]. 

 

In only one study, electron microscopy has reveled that mitochondria are more aggregated, and 

acquire a small and round morphology, in the sural nerve section of a CMT4A patient (Figure 33B) 
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(Tazir et al. 2014). Similar mitochondrial abnormalities in nerves have already been associated to a 

severe and early-onset axonal CMT, caused by different mutations in MFN2 gene (Figure 33C) (Vallat 

et al. 2008).  

 

 

Figure 33 Electron microscopy on sural nerve sections. Mitochondria are indicated by black arrows. 

(A) Normal control with elongated mitochondria. Scale bar = 0.5 µm [From (Vallat et al. 2008)]. (B) 

CMT4A patient (GDAP1 mutation not specified) with small, round, and aggregated mitochondria. 

Scale bar = 2 µm [from: (Tazir et al. 2014)]. (C) CMT2A patient (MFN2 compound heterozygous 

p.Asp214Asn and p.Cys390Arg mutations) with small, round, and aggregated mitochondria. Scale bar 

=  0.2 µm [From:(Vallat et al. 2008) ]. 

 
 

 

IV.4.3. GDAP1 and autosomal dominant forms of CMT disease (AD-CMT) 

 

IV.4.3.1. AD-mutations 

 

Autosomal dominant mutations in GDAP1 are less frequently described, and they are, so far, always 

missense mutations. In this case, the alteration of a single allele is enough to induce the occurrence 

of the pathological phenotype. Dominant mechanisms are not always fully understood, but we can 

suppose that the mutated protein modifies some of its functional activities. Specifically, in human 

fibroblasts, carrying the AD p.Cys240Tyr mutation, a defect of ETC Complex I activity, as well as the 

increase of ROS, have been reported. This would reduce cellular ATP production and favor the 
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establishment of a chronic oxidative stress in the affected cells (Cassereau et al. 2009; 2020). 

Anyway, any of these alterations have been observed in fibroblasts carrying the AD p.Arg120Trp 

mutation, suggesting that mechanisms involved in the physiopathology may depend on mutation’s 

localization (Cassereau et al. 2020). In transfected Cos-7 cells, the expression of GDAP1 p.Arg120Trp 

and Thr157Pro mutants, did not alter mitochondrial fission, as shown for AR-mutations, but it 

impaired mitochondrial fusion and destabilized the ΔΨm, making Cos-7 more susceptible to 

apoptosis (Niemann et al. 2009). Lastly, we cannot exclude a gain-of-function effect due to 

autosomal dominant GDAP1 mutations. González-Sánchez et al. reported that p.His123Arg, 

p.Thr157Pro and p.Arg120Trp mutations are associated to an increased activity of SOCE, compared 

to wild-type GDAP1 expression (González-Sánchez et al. 2017).  

 

IV.4.3.2. AD-CMT 

 

Autosomal dominant CMT, associated with GDAP1, are normally reported as axonal forms, and they 

are known as CMT2K. They seem to be rarer and characterized by a milder phenotype, than 

recessively-inherited CMT, with symptoms onset generally during the second or third decade.  

However, a high variability has been described in CMT2K patients, as regards the age of onset and 

the symptoms’ manifestation (Zimon et al. 2011). Generally, first signs appear as cramps, weakness 

and deformities in distal limbs, provoking walking difficulties. The progression of the disease is 

slower, and patients requiring wheelchair are often in old age. Respiratory complications and vocal 

cord paresis are described in sporadic cases (Sivera et al. 2017).  

Although the relevant heterogeneity, the electrophysiological analysis, conducted on CMT2K 

patients, usually reveals normal NCV values, higher than 38 m/s. CMAP amplitudes are reduced 

(Zimon et al. 2011; Sivera et al. 2017).  

Histological examinations have shown the predominant, but not pure, axonal nature of CMT2K. Light 

and electron microscopy on nerve biopsies have allowed to observe that the overall density of nerve 
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fibers was not significantly reduced in CMT2K patients. Anyway, they typically presented loss of large 

myelinated fibers, and presence of onion bulb structures, which revealed a demyelinating aspect of 

this autosomal dominant CMT form (Figure 34A and 34B). Another peculiar feature remarked is the 

accumulation of neurofilaments in giant unmyelinated axons (Figure 34C) (Fu et al. 2017).   

 

Figure 34  Histological findings in a semithin section of sural nerve biopsy, from a CMT2K patient with 

the heterozygous p.Arg120Trp mutation in GDAP1. (A) Loss of large myelinated fibers with 

regenerating clusters (black arrow) and abnormal structure of the axon (white arrow). Scale bar = 20 

µm. (B) Onion bulb formation. Scale bar = 2 µm. (C) Neurofilaments’ aggregation in giant axons (black 

arrow), compared with normal axons (white arrow). Scale bar =  0.5 µm. [From (Fu et al. 2017)]. 

 

 

IV.5. GDAP1 models 
 

Expression studies have revealed that GDAP1 is mainly expressed in neural cell types, like central and 

peripheral neurons, and Schwann cells (Niemann et al. 2005; Pedrola et al. 2005). Additionally, 

mutations in GDAP1 have been only associated to Charcot-Marie-Tooth disease, a group of 

heterogeneous disorders affecting the peripheral nervous system. It is clear, therefore, that human 

neurons represent the most suitable model to investigate GDAP1-associated functions and 

implications in CMT physiopathology. They could be also important to evaluate and test potential 

therapeutic molecules and strategies. Anyway, peripheral human neurons cannot be easily obtained 

from CMT patients. That is why animal and cellular models have been developed to reproduce 
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GDAP1 expression and mutations, then to explore molecular mechanisms responsible for CMT 

manifestation.  

 

IV.5.1. Animal models  

 

Mice constitute the most employed animal model for GDAP1. Two research teams have generated, 

at the same time, GDAP1 knock-out mice (Gdap1-/-), using the Cre-Lox recombination strategy, on 

two different sites (Niemann et al. 2014; Barneo-Muñoz et al. 2015).  

Niemann et al. observed first signs of peripheral neuropathies when mice were 19-month-old and 

characterized by 25% reduced NCV. Histological studies confirmed a hypomyelination status in distal 

nerves. Furthermore, the study of axonal mitochondria revealed, in Gdap1-/- mice, increased 

mitochondrial size and altered mitochondrial transport, in anterograde and retrograde directions 

(Niemann et al. 2014). 

The second GDAP1 knock-out murin model was developed by a Spanish team. In this case, first motor 

problems appeared at the age of 3 months. In 5-month-old mice, CMAP amplitude was reduced, but 

no alteration in axons’ number and organization, as well as in myelin thickness, was detected. 

However, motor neurons were demonstrated to be less healthy than control MN, and characterized 

by cellular lesions as vacuoles and chromatolysis. Ultrastructure analysis showed the presence of 

spheroid and larger mitochondria, with swollen cristae, but also vacuoles and phagolysosomes. A 

functional level, Gdap1-/- MN had a reduced cytosolic Ca2+ concentration and impaired Ca2+ 

homeostasis (Barneo-Muñoz et al. 2015). 

 

Another GDAP1 animal model was created using Drosophila, because it presents an orthologous 

gene of GDAP1, called CG4623 (or Gdap1, in this study), which could be over-expressed, or silenced 

by RNA interference (RNAi). First, in both models, López del Amo et al. confirmed Gdap1 involvement 

in regulation of mitochondrial morphology and distribution. Smaller or aggregated mitochondria 
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were observed, respectively, when Gdap1 was over-expressed or silenced, indicating, thereby, its 

role in mitochondrial fission (López Del Amo et al. 2015). Later, they demonstrated that alteration of 

Gdap1 expression alters the energy metabolism, in particular at proteins’, carbohydrates’ and lipids’ 

level. Specifically, it seems that GDAP1 up- or down-regulation would induce the inactivation of the 

insulin pathway, and, consequentially, the accumulation of carbohydrates and the use of lipids as 

energy source (López del Amo et al. 2017).  

 

A third GDAP1 model type has been proposed on the Saccharomyces cerevisiae yeast, by Estela et al., 

in 2011, and Rzepnikowska et al., in 2020 (Estela et al. 2011; Rzepnikowska et al. 2020).  

In Estela’s study, employed yeasts were defective for genes involved in mitochondrial fission and 

fusion. Even if GDAP1 expression did not restore normal mitochondrial morphology in defective S. 

cerevisiae, the analysis allowed to highlight the interaction between GDAP1 protein and 

cytoskeleton’s β-tubulins (Estela et al. 2011). 

In a second yeast model, Rzepnikowska et al. expressed wild-type GDAP1, but also eight different 

GDAP1 variants, carrying eight AR or AD pathological mutations, already associated with CMT 

disease.  Some of studied mutations were shown to alter mitochondrial network structure, and/or 

increase the rate of mitochondrial DNA escape to the nucleus, which seems to be representative  of 

mitochondrial abnormalities (Rzepnikowska et al. 2020).  

 

Animal models have a fundamental role to explore a gene/protein expression, and to look for its WT 

or mutant effects, on the whole organisms. However, as we have seen here, some differences may 

emerge between two models generated in different species, but also between two models of the 

same animal species. Moreover, the animal physiology and pathophysiology could, sometimes, be far 

from real mechanisms in humans.  
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IV.5.2. Cellular models 
 

Cellular models have allowed to detect and describe most of GDAP1 features and functions. They 

have been obtained from different cell types: primary cells, directly isolated from tissues or organs of 

living organisms; cells lines, immortalized cells which can proliferate for extended periods of time; 

human induced-pluripotent stem cells (hiPSC), generated by reprogramming of somatic cells.  

 

IV.5.2.1. Primary cell cultures 

 

Cells directly obtained from human or murine biopsies have been used, in some cases, as models for 

GDAP1. For humans, neural cells are not available, that’s why the only studies were performed on 

dermal fibroblasts. Fibroblasts can be easily obtained from CMT patients, cultured, amplified, and 

employed for functional tests. The main limit of this strategy is that GDAP1 is little, or no, expressed 

in fibroblasts, so this cell type could not show all the GDAP1-associated features. Cassereau et al. 

have worked on skin fibroblasts, obtained from CMT2K patients, carrying either the heterozygous 

p.Cys240Tyr or the heterozygous p.Arg120Trp mutations in GDAP1 (Cassereau et al. 2009; 2020).   

Other times, primary neural cell cultures were obtained from animals, in particular hippocampus and 

dorsal root ganglia neurons, from mice, and Schwann cells, from rats (Niemann et al. 2005; Pedrola 

et al. 2008; Huber et al. 2013).  

 

IV.5.2.2. Cell lines cultures 

 

Cell lines are immortal cells, largely used in research. They are generally easy to culture, amplify, and 

modify, providing an unlimited supply of cellular models. Cell lines can be originated from different 

tissues, and different organisms. In the studies on GDAP1, sometimes they have been used in their 

original state, sometimes they have been transfected to enable GDAP1 expression.  
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SH-SY5Y are human neuroblastoma cells, that, given their neural origin, normally express GDAP1. 

They have been employed to detect GDAP1 protein localization in the cell, or to investigate the 

effects of GDAP1 silencing, or knock-down, in a neural cell (Pedrola et al. 2005; Pla-Martín et al. 

2013; González-Sánchez et al. 2017). In the same way, N1E-115 cells from mouse neuroblastoma, 

endogenously expressing GDAP1, have also been used (Niemann et al. 2005; 2009). 

Cos-7 cells are fibroblast-like cells, derived from kidney tissue of monkeys. Normally, they do not 

express GDAP1. However, in many works, they have been transfected, with a GDAP1-expressing 

construct, in order to analyze which morphological and functional aspects are linked to GDAP1, and 

how they can be modified by mutant GDAP1 forms (Pedrola et al. 2005; Niemann et al. 2005; K. 

Wagner et al. 2009). 

Other analysis have be conducted of different cell lines, like HeLa,  HT22, HEK293T (Niemann et al. 

2009; Noack et al. 2012; González-Sánchez et al. 2017). 

 

IV.5.2.3. hiPSC cultures 

 

hiPSC have the same features of human embryonic stem cells (hESC). The main advantage of hiPSC is 

that they can be easily obtained from adult cells, like fibroblasts, trough a “reprogramming” 

procedure, and, then, they can be potentially differentiated into any kind of human body’s cell 

(Takahashi and Yamanaka 2006; Takahashi et al. 2007). This strategy has been exploited to obtain 

hiPSC from dermal fibroblasts of a CMT2K patient, carrying the heterozygous 

p.Gln163*/p.Thr288AsnfsX3 GDAP1 mutations (Martí et al. 2017), and from a CMT4 patient with the 

heterozygous p.Leu193*/p.Arg341fs GDAP1 mutations (Saporta et al. 2015). The same protocol has 

been also applied to generate murine iPSC from mouse embryonic fibroblasts (MEF) of GDAP1-null 

mice (Prieto et al. 2016). Anyway, it seems that, in all these cases, studies stopped at the stage of 

hiPSC, which were not differentiated in neurons, or other suitable cell types. No further works on iPS 

and GDAP1 have been published since.  
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iPSC rest a relevant tool to recreate and cultivate human neurons, the most suitable cellular model 

for GDAP1. It is for this reason that, in the present study, we developed a cellular model of hiPSC-

derived motor neurons, to investigate GDAP1 functions and its involvement in CMT disease.   
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Objectives 
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This project entirely focused on Charcot-Marie-Tooth disease and associated peripheral 

neuropathies. In particular, it has been conceived with the purpose of better characterize this 

complex pathology affecting the peripheral nervous system with a frequency of 1/2500. In order to 

explore multiple aspects of CMT, we set two main objectives: 

 

I – First, we wanted to improve the genetic diagnosis of CMT and hereditary peripheral neuropathies, 

which has currently a rate of resolution between 30 and 40%. We proposed a bioinformatic tool, 

CovCopCan, to promote the detection of Copy Number Variation (CNV) in CMT genes (Article 1). CNV 

have been rarely described to be responsible for CMT. Thus, we questioned about CNV occurrence in 

CMT, to understand if they could be more frequent than expected (Article 2). This study had also the 

objective to investigate the correlation between genotypic set-up and phenotypic manifestation in 

complex clinical cases of CMT (Article 3). This examination could be important to highlight never 

considered mechanisms behind the disease, which could help the diagnostic process. For all these 

analyses we exploited NGS technologies, “classical” molecular biology strategies, and bioinformatic 

tools. This part of the project was achieved thanks to the collaboration of the Biochemistry and 

Molecular Genetics Department of University Hospital of Limoges with our research team (EA6309), 

at University of Limoges.   

 

II – The second part was definitely the central core of this project, since it has been developed for 

three years, in a continuous way. Its objective was to explore the molecular mechanisms associated 

with a specific axonal form of CMT disease, caused by a homozygous mutation in GDAP1 gene. This 

part of the project was achieved thanks to the collaboration of the Neuropathies’ Center of 

Reference of University Hospital of Limoges with our research team (EA6309), at University of 

Limoges. To reach our primary goal, we had to define two sub-objectives. First, we had to create a 

suitable cellular model to reproduce the human pathology. To do this, we cultivated dermal 

fibroblasts of the CMT patient and two control subjects, and reprogrammed them in human induced-
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pluripotent stem cells (hiPSC). A differentiation protocol was then established to differentiate hiPSC 

into motor neurons, the most affected cells in this axonal CMT (Article 4). We also considered the 

role of additional factors, like the 1,25-Dihydroxyvitamin D3, or calcitriol, which can be included, in 

the future, in our differentiation protocol (Article 5). Secondly, after obtaining this model of MN, we 

wanted to discover the pathophysiological mechanisms, induced by GDAP1 mutation, and 

responsible for the neural impairment and degeneration in the peripheral nervous system. 

Expression, morphological, and functional studies were so performed on MN of the three subjects 

(Article 6).  

 

Overall, the present PhD project has been aimed at the exploration of CMT disease, from its genetic 

and clinical aspects, to the more complex functional characterization. Moreover, we developed a 

cellular model of MN, with the purpose to employ it in testing future innovative therapeutic 

strategies, still limited so far, for peripheral neuropathies.   
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Materials and Methods 
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I. Subjects 

 

This study involved four groups of patients, and five control subjects. 

 

Family 1 

Family 1 presented two clinical cases: Patient 1-A and his brother, Patient 1-B (Figure 35). Patient 1-A 

was a 19-year old man, characterized by peripheral neuropathy and cerebellar ataxia. He showed 

abolished sensory reflexes, altered motor velocities, with a MNCV of 38 m/s on the median nerve. 

Pes cavus and abolished Achilles reflex were also observed. The 9-year old Patient 1-B presented 

peripheral neuropathy and motor disabilities, associated to balance troubles. Achilles reflex was 

diminished, too. Their not consanguineous parents, subjects 1-C (father) and 1-D (mother), were 

unaffected.  

 

Figure 35  Pedigree of Family 1. 

 

Family 2 

In Family 2, Patient 2-A (mother) and Patient 2-B (daughter) were diagnosed with Charcot-Marie-

Tooth type 2 disease (Figure 36). For Patient 2-A, a 58-year old woman, first difficulties in walking 

appeared at the age of two, to rapidly progress in loss of motor function, when she was 43. Clinical 

examination revealed, in lower limbs, abolished sensory responses and reduced motor responses, 

while the MNCV was 40 m/s. CMAP amplitudes were asymmetric. Her daughter, the Patient 2-B, was 
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born from not consanguineous parents. She was a 25-year old woman, exhibiting her first gait 

disturbances when she was 18-months. Moreover, she had learning difficulties and signs of mental 

retardation in the childhood. She presented the same asymmetric profile of her mother, with CMAP 

amplitudes abolished on the left side, and reduced on the right side. The MNCV, of the median 

nerve, was 50 m/s. Muscular atrophy and mild vermian atrophy were also observed.  

No clinical signs were reported for the other members of Family 2, like subjects 2-C, 2-D, and 2-E, the 

maternal grand-mother and the maternal aunts of patient 2-B, respectively.  

 

Figure 36  Pedigree of Family 2. 

 

Family 3 

In Family 3, two cases of Charcot-Marie-Tooth type 2 were reported (Figure 37). Patient 3-A was born 

in 2012 and showed severe axonal neuropathy associated with a polyvisceral disorder. His complex 

clinical condition led him to death when he was three. His brother, 4-year old, was characterized by 

motor deficit in lower limbs, distal atrophy, and abolition of deep tendon reflexes. Signs of mental 

retardation were also described. Patients 3-A had also an asymptomatic elder brother. His parents, 

unaffected, had first-degree of consanguinity.   
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Figure 37  Pedigree of Family 3. 

 

 

Family 4 

Patient 4-A was a 23-year old man, experiencing, in the childhood, first motor difficulties, above all in 

lower limbs. They were followed by sensory troubles and weakness in the hands. After some years, 

progression of motor impairment led to the need of wheelchair. No response was obtained when 

muscles were stimulated in EMG analysis. Genealogic tree of Family 4 was not available. 

 

 

Control subjects  

We chose, as controls, five, seemingly healthy, subjects, two men and three women. Four of them 

were between 23- and 28-year old, the fifth was 56-year old.  

 

 

II.  Cell culture 

 

II.1. Culture media  

The detailed composition of main culture media is reported here: 
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Fibroblasts medium:  RPMI 1640 medium (Thermo Fisher SCIENTIFIC), supplemented with 10% Fetal 

Bovine Serum (FBS) (Thermo Fisher SCIENTIFIC). 

 

Mouse Embryonic Fibroblasts (MEF) medium: MEMα medium + GlutaMAX (Thermo Fisher 

SCIENTIFIC), supplemented with 10% FBS, 1% MEM non-essential amino acids (Thermo Fisher 

SCIENTIFIC), 0.1% Gentamycin (Thermo Fisher  SCIENTIFIC). 

 

Reprogramming medium: DMEM GlutaMAX medium (Thermo Fisher SCIENTIFIC), supplemented 

with 10% FBS, 1% MEM non-essential amino acids, 1% Sodium Pyruvate (Thermo Fisher SCIENTIFIC). 

 

Human induced-Pluripotent Stem Cells (hiPSC) medium: KnockOut medium (Thermo Fisher 

SCIENTIFIC), supplemented with 20% KnockOut Serum Replacement (KSR) (Thermo Fisher 

SCIENTIFIC),  1% L-Glutamine (Thermo Fisher SCIENTIFIC), 1% MEM non-essential amino acid, 0.1% β-

mercaptoethanol, 0.1% Gentamycin.  

 

Differentiation medium: DMEM/F12 medium (Thermo Fisher SCIENTIFIC), 2% B27 supplement 

without Vitamin A (Thermo Fisher SCIENTIFIC), 5 µg/mL Heparin (Sigma-Aldrich, Merck), 0.1% β-

mercaptoethanol (Thermo Fisher SCIENTIFIC). 

 

Neural medium:  1:1 DMEM/F12 medium and Neurobasal A medium (Thermo Fisher SCIENTIFIC), 

supplemented with 2% B27 supplement without Vitamin A, 1% N2 supplement (Thermo Fisher 

SCIENTIFIC), and 0.1% β-mercaptoethanol. 
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II.2. Fibroblasts culture 

Skin biopsies (1 mm2) were obtained from five control subjects and two CMT patient (patient 3-A and 

patient 4-A), carrying respectively the homozygous mutation p.Ser194* and the homozygous 

mutation p.Gln163* in GDAP1 gene. They were plated in 6-well plates, and cultured in CHANG 

Medium® D (Irvine Scientific) with 10% FBS, at 37°C in a water-saturated atmosphere with 5% CO2. 

Medium was changed every two days. Two weeks later, after removing skin biopsies, surrounding 

fibroblasts were detached using 0.05% Trypsin EDTA solution (Thermo Fisher SCIENTIFIC), incubated 

5 minutes at 37°C. Trypsin was inactivated with the complemented medium, and the cellular 

suspension collected and centrifuged 7 minutes at 200 x g. Supernatant was discarded and cells of 

the pellet were re-plated in a culture flask, to be amplified. Fibroblasts were first cultured in CHANG 

Medium® D 10% FBS, which was diluted, after three days, with RPMI 1640 medium (Thermo Fisher 

SCIENTIFIC), and finally replaced, after a week, by Fibroblasts medium. Fibroblasts were negative for 

mycoplasma (MycoAlert mycoplasma detection kit, Lonza).  

 

 

II.3. Human induced-Pluripotent Stem cells (hiPSC) generation and 

culture 

For hiPSC generation the iSTEM (INSERM / UEVE UMR 861, AFM-Téléthon, Genopole, Evry, France) 

protocol was followed. Fibroblasts were detached with Trypsin-EDTA solution and counted. 

Suspension of 600,000 fibroblasts was mixed with the Nucleofection mix solution and the plasmids 

mix. Plasmids mix was composed of three non-integrating plasmids, at 1 µg/mL concentration: 

Plasmid #27077 pCXLE-hOCT3/4-F shp53 Addgene, Plasmid #27078 pCXLE-hSK Addgene, Plasmid 

#27080 pCXLE- Hul Addgene. Nucleofection was performed with the Nucleofector II device (Amaxa, 

Lonza). Transfected cells were transferred in a 6-well plate, coated with Mouse Embryonic 

Fibroblasts (MEF) (tebu-bio), at a concentration of 25,000 MEF/cm2. Cells were cultured in the 
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Reprogramming medium, adding, after the second day, 10 UI/mL gentamycin (Thermo Fisher 

SCIENTIFIC). They were incubated at 37°C, 5% CO2, in a water-saturated atmosphere. At day 4, 

medium was replaced by the hiPSC medium, extemporaneously supplemented by 10 ng/mL FGF2 

(Fibroblast Growth Factor 2) (Peprotech), 2 μM SB431542 (Tocris Bioscience), 0.5 μM PD0325901 

(Miltenyi Biotech) et 500 μm Valproate (Sigma-Aldrich, Merck). It was changed every two days. At 

day 14 to 21 after nucleofection, 10-15 hiPSC colonies per patient were selected using a 25G needle 

and transferred to different MEF-coated culture dishes. Every day, hiPSC were “cleaned”, removing 

differentiated cells with a 26G needle, and hiPSC medium was changed, extemporaneously 

complemented with 20 ng/mL FGF2. hiPSC colonies were passed once a week, cutting them with a 

18G needle, to be amplified. At passage 15 all quality controls were performed: Alkaline Phosphatase 

staining, Pluripotence and Differentiation markers’ staining, EB formation, Array-comparative 

genomic hybridization (aCGH) (detailed protocols in parts 3 and 4). 

 

II.4 Motor neurons (MN) generation and culture  

At day 0 of differentiation, two 60 mm culture dishes of hiPSC were cut in small squares using a 18G 

needle, and re-suspended using a pipette. Squares were transferred to a 15 mL tube in order to let 

them sediment at the bottom, and discard supernatant containing death cells and residual MEF. They 

were then collected with fresh hiPSC medium, without FGF2, and cultivated in 60 mm Ultra-Low 

Attachment dishes.  At day 3/5, when Embryonic Bodies (EB) were well-formed, the hiPSC medium 

was replaced the Differentiation medium, adding, before use, 10 µM SB431542, 5 µM Dorsomorphin 

(Sigma-Aldrich, Merck), 100 ng/mL FGF2, and 10 ng/mL Noggin (PeproTech). Once EB have reached 

the right size and color, they need to be seeded. For this step a poly-L-ornithine/laminine coating was 

prepared. First, 20 µg/mL poly-L-ornithine (Sigma-Aldrich, Merck) solution was prepared in Boric Acid 

pH 8.4 buffer, and incubated in 3 mm or 6 mm dishes at 37°C, for, at least, 4 hours. Poly-L-ornithine 

solution was discarded, and dishes let dry, opened, under the hood. They were so washed three 
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times with Dulbecco's phosphate-buffered saline (DPBS), and let dry again. Laminine (Thermo Fisher 

SCIENTIFIC) was diluted, in a DMEM/F12 medium - Neurobasal A medium mix, to a final 

concentration of 20 µg/mL. It was added to dried dishes and incubated at 37°C, for, at least, 2 hours. 

On day 5/7, EB were plated in poly-L-ornithine/laminine-coated dishes, in Neural medium, 

extemporaneously complemented with 10 µM SB431542, 5 µM Dorsomorphin, 10 µM Retinoic Acid 

(RA) (Sigma-Aldrich, Merck), and, only when EB were seeded, 5 µM Y-27632 ROCK inhibitor 

(Calbiochem Millipore, Merck). It was changed every two days. At day 10/14, neural “rosettes”, 

emerged in seeded EB, were picked up using a 25G needle, and collected in a tube. Once they 

sedimented, supernatant was discarded, and 1 mL 0.05% Trypsin-EDTA solution was added to allow 

rosettes’ disaggregation. Cellular clusters were incubated at 37°C for 5 minutes to favor enzymatic 

activation, then softly dissociated with a mechanic action. In order to stop trypsin’s activity, Neural 

medium, complemented with 10% FBS, was added to cellular suspension, which was then 

centrifuged at 200 x g for 5 minutes. Cellular pellet was resuspended with Neural medium, 

extemporaneously supplemented with 5 µM RA, 100 ng/mL Sonic Hedgehog (Shh) (PeproTech), 10 

ng/mL Insulin-like Growth Factor 1 (IGF-1), 10 ng/mL Brain-Derived Neurotrophic Factor (BDNF), 10 

ng/mL Glial cell-Derived Neurotrophic Factor (GDNF), and 5 µM Y-27632 ROCK inhibitor. Rosettes-

derived neural progenitors (NP) were seeded at high density (>100,000 cells/cm2), and passed every 

3/4 days in poly-L-ornithine/laminine coated dishes. To induce the final differentiation of NP in motor 

neurons (MN), they were seeded at low density, between 20,000 and 30,000 cells/cm2, in poly-L-

ornithine/laminine coated dishes, and cultured in Neural medium, as previously described.  
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Table 3 Culture conditions of hiPSC differentiation into motor neurons. 

 

 

 

III. Molecular Biology 

 

III.1. DNA 

III.1.1. DNA Extraction 

DNA was extracted either from blood either from in vitro cultured cells.  

 

III.1.1.1. DNA Extraction from blood 

Blood samples were collected in EDTA tubes, after providing informed consent (Families 1 and 2). 

Genomic DNA was extracted from white blood cells using the Illustra Nucleon Genomic DNA 

Extraction kit (GE Healthcare Life Sciences), following manufactory instructions. DNA extraction was 

carried out at Biochemistry and Molecular Genetics Department of University Hospital of Limoges. 

 

III.1.1.2. DNA Extraction from cell culture 
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Genomic DNA was extracted from fibroblasts and hiPSC, using the Puregene Tissu kit (©QIAGEN) 

(Families 3 and 4, and controls). Cells of the dried pellet were lysed in the Lysis Buffer, incubated at 

65°C for 15 minutes, then two minutes at 55°C. After adding the Proteinase K, the sample was again 

incubated at 55°C for 15 minutes. Then, RNA was degraded by the RNase A, and proteins were 

precipitated with the Protein Precipitation solution. After centrifugation, at 13,000 x g for 3 minutes, 

DNA-containing supernatant was transferred to a new tube, while protein pellet was discarded. 

Lastly, DNA was precipitated with Isopropanol 100%, isolated by centrifugation, washed once with 

ethanol 70%, and resuspended in 1X TE low EDTA buffer.  

DNA concentration and purity were assessed using the NanoDrop 2000 spectrophotometer (Thermo 

Fisher SCIENTIFIC). Extracted DNA was conserved at -20°C.  

 

III.1.2. Sanger Sequencing 

Sanger Sequencing was performed in multiple steps. First, sequence of interest was amplified with a 

Polymerase Chain Reaction (PCR). Primers were designed using the Human GHCh37/hg19 genome as 

reference genome. Their sequences are reported in Table 4.  
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Table 4 MFN2, MORC2, and GDAP1, primers for Sanger Sequencing. 

 

 

Samples were amplified with a positive and a negative control. Reactions were performed in the 

Mastercycler (Eppendorf®), setting standard parameters.  

Amplifications products were displayed on a 1.5% agarose gel. Migration of samples and molecular 

weight maker (Gene Ruler 100 pb RTU, Fermentas, Thermo Fisher SCIENTIFIC) was run at 100 V for 

20-30 minutes. Before performing the Sanger sequencing, PCR products were purified using the 

QIAquick gel extraction kit (© QIAGEN). Sequencing reactions were prepared with forward or reverse 

primers, and the BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher SCIENTIFIC). Lastly, 

after products’ purification with the DyeEx 2.0 Spin Kit (© QIAGEN), sequencing was run on the 

Applied Biosystems 3130 xl Genetic Analyzer (Applied Biosystems), and sequences aligned and 

analyzed with the Sequencher 4.7 software.  

 

III.1.3. Targeted NGS – CMT Panel 
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For the NGS analysis, a panel of 93 genes was used. 44 of them are known to be involved in Charcot-

Marie-Tooth disease, 27 in Hereditary Sensory Neuropathies (HSN) and Hereditary Motor 

Neuropathies (HMN), and 22 in neuropathies of differential diagnosis. Their complete list is reported 

in Table 5.  

Table 5 93-gene custom panel for CMT and hereditary neuropathies [R = recessively-inherited; D = 

dominantly-inherited]. 

GENE CMT1D CMT2D CMT1R CMT2R HMN D HMN R HSN D HSN R Other 
AARS   X               
ABHD12          R 

AIFM1       X           
ARHGEF10                 D 
ATL1             X     
ATL3             X     
ATP7A           X       
BICD2         X         
BSCL2         X         
CCT5               X   
CTDP1               X   
C12ORF65         R 

DCAF8                 D 
DCTN1         X         
DHTKD1   X               
DNAJB2       X           
DNM2 X X               
DNMT1             X     
DST               X   
DYNC1H1   X               
EGR2 X   X             
FAM134B               X   
FBLN5                 D/R 
FBXO38         X         
FGD4     X             
FIG4     X   X         
GAN                 R 
GARS   X     X         
GDAP1   X X X           
GJB1 X X               
GJB3                 D/R 
GNB4 X X               
HARS   X               
HINT1                 R 
HK1     X             
HSPB1   X     X         
HSPB3         X         
HSPB8   X     X         
IFRD1                 D 
IGHMBP2       X   X       
IKBKAP               X   
INF2 X X               
KARS     X X           
KIF1A               X   
KIF1B   X               
KIF5A         D 

LITAF X                 
LMNA       X           
LRSAM1   X               
MARS   X               
MED25       X           
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GENE CMT1D CMT2D CMT1R CMT2R HMN D HMN R HSN D HSN R Other 
MFN2   X               
MPV17                 R 
MPZ X X X             
MTMR2     X             
NDRG1     X             
NEFL X X               
NGF               X   
NTRK1               X   
PDK3   X               
PLEKHG5     X X   X       
PMP22 X                 
POLG                 D/R 
PRPS1       X           
PRX     X             
RAB7A   X               
REEP1         X         
SACS         R 

SBF1     X             
SBF2     X             
SCN9A               X   
SCN10A             X    

SCN11A             X     

SEPT9                 D 

SETX         X         
SH3TC2     X             
SLC12A6                 R 
SLC5A7         X         
SMAD3                 D 
SOX10                 D 
SPTLC1             X     
SPTLC2             X     
SURF1     X             
TFG                 D 
TRIM2       X           
TRPV4   X     X         
TTR                 D 
TUBB3                 D 
UBQLN2         X         
VAPB                 D 
VCP                 D 
WNK1               X   
YARS X X               

 
Libraries were prepared using the Ion P1 HiQ Template OT2 200 kit (Ampliseq Custom, Life 

technologies), and sequenced on the Ion Proton sequencer (Life technologies), at Biochemistry and 

Molecular Genetics Department of University Hospital of Limoges. 

 

III.1.4. Whole Exome Sequencing (WES) 

For WES, genomic DNA was first fragmented using the Bioruptor® Pico Sonication System 

(Diagenode), to obtain fragments of 180-220 bp. Then, libraries’ preparation, capture and 
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amplification, were performed with the NimbleGenSeqCapEZ-Library-SR-kits (Roche). Finally, libraries 

were sequenced on the NextSeq 500 System (Illumina®). 

 

III.1.5. Real-Time Quantitative PCR (qPCR) 

Relative qPCR on DNA was performed in order to confirm the occurrence of Copy Number Variations 

(CNV). Primers were designed in target genes, AARS1 and SACS, and in a reference gene, Albumin 

(ALB), on Human reference genome GHCh37/hg19. Sequences of forward and reverse primers are 

reported in Table 6. 

Table 6  ALB, AARS1, and SACS, primers for qPCR. 

 

 

Reactions were prepared with the Rotor-Gene SYBR Green PCR Kit (400) (©QIAGEN), and performed 

on the Corbett Rotor-Gene 6000 Machine (© QIAGEN). 

Resulting Ct values of target genes were first normalized using Albumin as endogenous control gene. 

Then, normalized Ct of patients (V1) were compared to normalized Ct of control subjects (V2), 

applying the following formulas:  
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All reactions were performed in triplicate.   

 

III.1.6. Array Comparative Genomic Hybridization (aCGH) 

For Array Comparative Genomic Hybridization, DNA samples were denatured and labeled, by random 

priming, with fluorescent dyes. Genome to be tested and reference genome were differently tagged 

with Cyanine 5 (Cy5, Red) or Cyanine 3 (Cy3, Green), then mixed together. After purification, samples 

were hybridized, for 24 hours, on G3 Human CGH microarrays 8x60K (Agilent Technologies) and 

analyzed with the Agilent CytoGenomics software (Agilent Technologies). aCGH was carried out at 

the Department of Cytogenetics of University Hospital of Limoges. 

 

  

III.2. RNA 

III.2.1. RNA extraction 

Total RNA was extracted from fibroblasts, hiPSC, NP, and MN, using the miRNeasy Mini kit 

(©QIAGEN). After lysing cells with QIAzol, nucleic acids were isolated trough a phenol-chloroform 

extraction, then transferred to the RNeasy Mini columns to let them bind the silica gel membrane. 

DNA was digested by DNase I solution, while membrane-binding RNA, was washed twice, before 
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being eluted in RNase-free water. RNA was dosed with the NanoDrop 2000 spectrophotometer, and 

conserved at -80°C.  

 

III.2.2. Evaluation of RNA integrity  

The integrity of extracted RNA, given by the RNA Integrity Number (RIN), was tested by the Agilent 

2100 Bioanalyzer, through the Agilent RNA 6000 Nano kit (© Agilent Technologies).  

 

III.2.3. Reverse-Transcription PCR (RT-PCR) 

For this two-step amplification, the QuantiTect® Reverse Transcription kit (©QIAGEN) was employed. 

Firstly, all residual DNA contaminations were eliminated during the 5-minute incubation with the 

gDNA Wipeout Buffer, at 42°C.  Secondly, RNA was converted to complementary DNA (cDNA) in a 

Reverse-Transcription reaction, using a mix of both oligo-dT and random primers, allowing the cDNA 

synthesis from all the RNA regions.  

 

III.2.4. Real-Time Quantitative PCR (qPCR) 

For each primer pair of qPCR, at least one of forward and reverse primer was designed spanning the 

exon/exon boundaries. TBP was chosen as housekeeping gene, GDAP1 was the gene to be tested. In 

Table 7, sequences of all primer pairs are reported.  

Table 7 TBP and GDAP1 primers for qPCR. 
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As previously described in 2.1.4 Paragraph, samples were prepared with the Rotor-Gene SYBR Green 

PCR Kit (400), and reactions performed on the Corbett Rotor-Gene 6000 Machine. In this case, for 

each subject, GDAP1 Ct values were normalized using TBP as reference gene.  

 

 

 

III.3. Bioinformatic Analysis 

Variants detected by targeted NGS were annotated using Ion reporter. Variants’ pathogenicity was 

tested by Alamut Mutation Interpretation Software (Interactive Biosoftware, Rouen, France). 

Databases as ExAC Genome browser (http://exac.broadinstitute.org), GnomAD browser 

(https://gnomad.broadinstitute.org/), dbSNP135 (National Center for Biotechnology Information 

[NCBI], Bethesda, Maryland, USA, http://www.ncbi.nlm.nih.gov/projects/SNP/), ClinVar 

(www.ncbi.nlm.nih.gov/clinvar) and HGMD professional (www.hgmd.cf.ac.uk), were also used to 

screen variants. The occurrence of Copy Number Variations (CNV) was evaluated with Cov’Cop 

software (Derouault et al. 2017) and with CovCopCan software (Derouault et al. 2020). These 

software allow to detect genomic duplications and deletions, using the read depth values of 

amplicons and comparing them among individuals of the same run.    
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IV. Biochemical analyses 

 

IV.1. Imaging  

 

 

IV.1.1.  Immunocytochemistry (ICC) 

For Immunocytochemistry, cells were fixed incubating them 10 minutes, at RT, with 4% 

paraformaldehyde (PFA) (Sigma-Aldrich, Merck). After washing three times with DPBS, cells were 

permeabilized using a 0.1% Triton-X 100 solution, prepared in 3% Bovine Serum Albumin (BSA) 

(Sigma-Aldrich, Merck) DPBS. Three 5-minute washes were done, before adding the primary 

antibody. Primary antibody solutions were prepared in 3% BSA-DPBS, and incubated with samples 

overnight, at 4°C. Antibodies’ species and dilutions are reported in Table 8. 
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Table 8 Primary antibodies used for characterization of hiPSC and neural cells. 

 

The next day, cells were washed three times, then labeled with the secondary antibody, conjugated 

with the Alexa FluorTM 488 or the Alexa FluorTM 594 (Molecular Probes, Thermo-Fisher SCIENTIFIC). 

Secondary antibodies were incubated 1 hour at RT. Nuclei were stained with 4′,6-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich, Merck), incubated 10 minutes at RT.  ICC images were acquired 

using the Leica DM IRB microscope, and the confocal laser Zeiss LSM 510 Meta microscope. They 

were analyzed and treated with the NIS Element BR software, the Zen lite software, and the Image J 

software.  

 

IV.1.2. 3,3′-Diaminobenzidine (DAB) staining 

The DAB staining was performed with the VECTASTAIN® Elite ABC kit (Vector Laboratories). As well as 

in ICC, cells were fixed, permeabilized, and incubated with the primary antibody overnight, at 4°C. 
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After washing them, they were incubated with the biotinylated secondary antibody for 30 minutes, 

at RT. Cells were washed once again, for 5 minutes, and incubated for 30 minutes with the 

VECTASTAIN Elite ABC Reagent, composed of the Avidin DH and the biotinylated Horseradish 

Peroxidase H. After a 5-minute wash, the DAB+ chromogen, i.e. the peroxidase substrate solution, 

was added, and incubated until the staining appeared. Images were acquired using a Nikon 

microscope and a digital camera Nikon D90®.      

 

IV.1.3. Electron microscopy  

Cells were fixed in 2.5% glutaraldehyde for 30 minutes at RT, then in 2% osmium tetroxide (OsO4) 

(Euromedex) for 30 minutes at RT. Fixation was followed by a water-wash, and the dehydration 

phase in a series of ethanol dilutions (30%, 50%, 70%, 95%, 100%). After a 30-minute incubation in a 

100% ethanol/epon mix, cells were embedded in epoxy resin overnight, at 4°C. Next day, they were 

polymerized 48 h at 60 °C, and ultrathin sections (80/100 nm) were prepared to be stained with 

uranyl acetate and lead citrate. Images were acquired with the TEM JEM-1011 (JEOL), at Anatomy 

Pathology Department of University Hospital of Limoges. 

 

 

IV.2. Functional tests 

IV.2.1. Alkaline phosphatase test 

HiPSC were tested for alkaline phosphatase, highly expressed and active in pluripotent stem cells. 

Test was performed using the SIGMAFAST™ BCIP®/NBT, or BCIP®/NBT Alkaline Phosphatase 

Substrate (Sigma-Aldrich, Merck), which is converted, by the AP, in a blue-purple product. hiPSC were 

first fixed with 95% ethanol, incubated 10 minutes, at RT. They were then washed three times with 

DPBS 1X, and incubated 8 minutes, at 37°C, with the SIGMAFAST™ BCIP®/NBT Alkaline Substrate, 
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extemporaneously dissolved in Ultra Pure Water. When blue/purple staining appeared, solution was 

discarded, and cells were washed three times with DPBS.  

 

IV.2.2. Adenosine Triphosphate (ATP) quantification 

Cells (fibroblasts, MN) were plated in 96-wells plates, preparing 6 wells for each subject. After 3 to 7 

days, ATP was dosed using CellTiter-Glo® Luminescent Cell Viability Assay kit (Promega), following 

manufacturer’s instructions. The employed kit was based on the conversation of Luciferin, in 

presence of ATP molecules, in Oxyluciferin and light (Figure 38). Luminescent signal was then 

recorded by the Fluoroskan Ascent®FL (Thermo Fisher), and normalized to number of cells, measured 

with DAPI staining. The experiment was reproduced three times, for each cell type.  

 

 

Figure 38  Luciferase reaction’s method in the CellTiter-Glo® Luminescent Cell Viability Assay kit. 

Luciferin, in presence of ATP, molecular oxygen, and Mg2+, is converted, by Luciferase, in Oxyluciferin 

and light. Recorded light is proportional to ATP content [From: CellTiter-Glo® Luminescent Cell 

Viability Assay kit User’s Guide, Promega].   

 

IV.2.3. Succinate dehydrogenase (Complex II) activity  

Cells (Fibroblasts, MN) were plated in 96-wells plates, preparing three wells for each condition. 

Succinate dehydrogenase activity was measured using the Cell Proliferation Kit I (Roche), based on 

the conversion of the yellow 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) salt 

into purple formazan crystals, by the succinate dehydrogenase enzyme (Figure 39). Cells were first 

incubated with the MTT to favor formations of formazan crystals. After 2 to 4 hours, according to the 

cell type, the solubilization solution was added, to dissolve crystals, and let act overnight, at 37°C. 
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Next day, absorbance values, at 595 nm, were recorded with the Multiskan™ FC Microplate 

Photometer (Thermo Fisher), and normalized to number of cells, measured with DAPI staining. The 

experiment has been reproduced three times, for each cell type.  

 

Figure 39  The succinate dehydrogenase enzyme catalyzes the conversion of yellow MTT in purple 

formazan crystals.   

 

IV.2.4. Superoxide anion analysis 

Cells (Fibroblasts, MN) were plated in 48-well plates, 6 wells for each subject. Half of the wells were 

treated, 2 hours at 37°C, with 1mM H2O2, prepared in culture medium. Then, medium was removed 

from all the wells, and 5 µM MitoSOXTM Red mitochondrial superoxide indicator (Molecular Probes, 

Thermo-Fisher SCIENTIFIC), prepared in DPBS, was added and incubated 10 minutes at 37°C, 

protected from the light. After removing MitoSOX solution, cells were washed once, fixed with 4% 

PFA, and nuclei were stained with DAPI. Images were acquired using the Leica DM IRB microscope, 

and analyzed with ImageJ software. Fluorescent signal was normalized by the number of cells. The 

experiment was reproduced three times, for each cell type.  

 

IV.2.5. Total (GSH) and oxidized (GSSG) glutathione quantification  

Cells (Fibroblasts, NP, MN) were plated in 35-mm dishes or in 12-well plates, three times for each cell 

type. The Glutathione Assay Kit (Cayman Chemical) was used for the quantification of total and 

oxidized glutathione, according to manufacturer’s instructions. Briefly, cells were collected in 1X 2-
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(N-morpholino)ethanesulphonic acid (MES) with a cell scraper, then sonicated using the VibraCell 

75186 sonicator (Sonics and Materials, Inc.). Lysates were deproteinated in an equal volume of 

metaphosphoric acid (MPA) (Sigma-Aldrich, Merck), centrifuged, and the supernatant mixed with the 

triethanolamine (TEAM) Reagent. For GSSG measurement, GSH was derivatized adding 2-

vinylpyridine solution, in deproteinated samples and in the standards, which were then incubated 1 

hour at RT. All samples and standards were added to the 96-well plate, followed by the Assay 

Cocktail, containing enzymes, cofactors, and 5,5-dithio-bis-(2-nitrobenzoic acid) (DNTB), in the 

suitable buffer, to induce the reaction reported in Figure 40. Absorbance values, at 405 nm, were 

recorded by Multiskan® EX (Thermo Fisher) and concentrations, of GSH and GSSG, were calculated 

from the standard curve.  

 

Figure 40  GSH recycling method for quantification of GSH. GSH reacts with DTNB to form the yellow 

colored 5-thio-2-nitrobenzoic acid (TNB), and the GSTNB, which is reconverted to GHS and TNB. 

Absorbance at 405 nm of TNB is proportional to TNB amount and GSH concentration in the sample 

[From:  Glutathione Assay Kit User’s Guide (Cayman Chemical)]. 

 

IV.2.6. Mitochondrial membrane potential measurement  

The mitochondrial membrane potential (ΔΨm) was assessed with the 5,5′,6,6′-Tetrachloro-1,1′,3,3′-

tetraethylbenzimidazolocarbocyanine iodide (JC-1) dye (Sigma-Aldrich, Merck). JC-1 monomers, with 

a fluorescence emission at ~530 nm, enter in the cell, then in mitochondria, where they are 

converted, by the ΔΨm, in JC-1 aggregates, with an emission of ~590 nm. In apoptotic cells, the ΔΨm 

is perturbed and JC-1 monomers accumulate in cytoplasm.  
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For the JC-1 analysis, cells (Fibroblasts, MN) were cultured in 60 mm dishes. They were detached 

trough trypsinazation, centrifuged and resuspended in DPBS/5% FBS solution. containing 1 µg/mL JC-

1 dye. After 30-minute incubation at 37°C, the excess of JC-1 was discarded by centrifugation and 

cells collected in FACS tubes with DPBS. 1 µM TO-PRO-3 (Thermo-Fisher SCIENTIFIC) was added for 

nuclear counterstaining. Analysis of 590 and 530 nm emissions for JC-1, and 661 nm emission for TO-

PRO-3, was performed with the FACSCalibur (BD biosciences), and the CellQuest software (BD 

biosciences).   

 

V.  Statistical analyses  

All statistical analyses were performed using the Graphpad Prism 5 software (GraphPad Software, 

Inc.). Data were expressed as mean ± SEM (Standard Error of the Mean). They were compared using 

the nonparametric Mann–Whitney U test.   
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Results - Part I  

Genetic analysis of hereditary peripheral neuropathies 
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Article 1 - CovCopCan: An efficient tool to detect Copy Number 

Variation from amplicon sequencing data in inherited diseases and 

cancer 
Published in PLOS Computational Biology (12 February 2020) 

 

The molecular investigation is a fundamental step in the analysis of inherited and somatic diseases. 

The identification of genetic mutations responsible for the pathological condition may help, not only 

the diagnostic process, but also the choice of the more appropriate therapeutic strategy. NGS 

technology, and, in particular, amplicon sequencing, is widely employed for the detection and 

discovery of single-nucleotide mutations or short indels, while Copy Number Variations (CNV) are 

less often explored, since analysis software are limited. In this work we presented CovCopCan, the 

more advanced version of the bioinformatic tool Cov’Cop. CovCopCan allows to detect CNV, as large 

deletions or duplications, using data of amplicon sequencing. Specifically, it analyses and compares 

read-depth values of amplicons of one patient, to read-depth of amplicons of the other patients 

examined in the same run. The main advantage of CovCopCan is that is can be used in inherited 

pathologies, like hereditary peripheral neuropathies, but also in somatic diseases, like cancers. In this 

case, it is capable of detect CNV, even if the ratio of mutated cells to healthy cells is low. Moreover, 

in this paper, we presented all CovCopCan implementations, as regards the statistical approach and 

the software visualization and interface, proposing a more efficient and user-friendly tool.  

 

For this work, all the software conception and implementation took place at University Hospital of 

Limoges, while its validation was supported by the EA6309 research team, at University of Limoges. 

Specifically, I collaborated to the confirmation, by Real-time qPCR, of multiple CNV detected by 

CovCopCan, a necessary step to test CovCopCan sensitivity and further optimize its performance.    
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Conclusion 

 

CovCopCan software has been designed and created with the purpose of increasing information 

achievable from NGS, since it allows to detect CNV, often underestimated. It cannot detect, however, 

different Structural Variants (SV), as translocations and inversions, where the number of genomic 

copies is not modified. In a general way, we think that CovCopCan could be an important tool to 

increase the rate of positive diagnosis, which rests pretty low for some hereditary pathologies, like, 

for instance, peripheral neuropathies. Furthermore, it can be necessary not only in the identification 

of already described CNV, but, above all, in discovery of new duplications and deletions, elucidating 

unknown mechanisms associated with the diseases. It is for this reason, that CovCopCan arose from 

the interaction between the diagnostic field, at Biochemistry and Molecular Genetics Department of 

University Hospital of Limoges, and the research field, at University of Limoges.  
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Article 2 - A mutation can hide another one: Think Structural 

Variants! 
Published in Computational and Structural Biotechnology Journal (online 2 August 2020) 

 

As previously discussed, molecular analyses of hereditary diseases, by NGS, generally focuses on 

single-nucleotide polymorphisms. Consequentially, SV, like CNV, are often neglected, also for the lack 

of valid analysis tools. In Charcot-Marie-Tooth disease, 15% of cases are associated with the 

duplication of PMP22 gene (CMT1A). Anyway, evaluation of SV in other 80 and more CMT-genes is 

rarer. The paper reported here is the genetic investigation of the patient 1-A (described in Materials 

and Methods, Chapter I), presenting peripheral neuropathy and cerebellar ataxia. The targeted NGS 

analysis, conducted with a 93-genes custom panel for CMT and associated neuropathies, had 

revealed the homozygous c.5744_5745delAT in exon 10 of SACS gene, inducing a frameshift and the 

production of a truncated protein. Since mutations in SACS were consistent with the observed 

phenotype, we could suppose to have identified the correct genetic cause. Nevertheless, Sanger 

sequencing detected the same mutation, in homozygous state, in the affected brother (patient 1-B), 

in heterozygous state, in his father (patient 1-C), but not in his mother (patient 1-D). Only looking for 

CNV in NGS data, by CovCopCan analysis, we detected, in patient 1-A, a heterogygous deletion in 

exon 10 of SACS, never described before. It was then confirmed, in heterozygous state, also in the 

affected brother and the unaffected mother. Patient 1-A, as well as his brother, was, therefore, a 

compound heterozygous for SACS, since he carried two different SACS mutations (c.5744_5745delAT 

and deletion) on its two alleles.  

This study highlighted the importance of exploring both point mutations, small indels, and large SV, 

during the diagnostic procedure. The validation of results with multiple technical approaches, and an 

in-depth analysis of the genotype-phenotype correlation, could help, as in the present case, the 

detection of the genetic cause inducing the pathological condition.  
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Also this work, started at the Biochemistry and Molecular Genetics Department of University Hospital 

of Limoges, was developed thanks to the collaboration with the EA6309 research team, for the 

investigation of CNV.  
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Conclusion 

 

We reported here a family case of peripheral neuropathy, whose diagnosis was complicated by the 

unexpected genetic set-up. If we had limited our analysis to single-nucleotide mutations and small 

indels, obtained from NGS data, we would definitely identify the c.5744_5745delAT mutation, in 

SACS, as the only cause of the pathology. With this example, we wanted to show how, sometimes, a 

restricted molecular analysis, can lead to a partial, or incorrect, diagnosis. We think that this is a 

widespread phenomenon, partially responsible for several undiagnosed clinical cases of peripheral 

neuropathies (Mortreux et al. 2020). The routine employment of bioinformatics tools, as Cov’Cop 

and CovCopCan, could significantly  help to overcome the diagnostic challenge.  
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Article 3 - One Multilocus Genomic Variation is responsible for a 

severe Charcot-Marie-Tooth axonal form: a singular case report 

 
Article under review in Brain Sciences 

 

The occurrence of multiple mutations, in different genomic loci, is rarely described in peripheral 

neuropathies. In CMT, two disease-inducing mutations, at most, have been occasionally reported for 

the same patient. In this work, we presented one case of peripheral neuropathy associated with 

three mutations in three different CMT-genes. In this family (described as Family 2, in Materials and 

Methods, Chapter I), the daughter (patient 2-B) had a more severe CMT2 form, with signs of mental 

retardation and learning problems. Her mother (patient 2-A) presented classical motor and sensory 

deficit. Three different strategies were combined to assess the correct molecular diagnosis. First, 

targeted NGS revealed, only in the daughter, the heterozygous p.Arg468His mutation in MFN2, not 

explaining, however, the mother’s phenotype. Cov’Cop analysis detected the complete heterozygous 

duplication of AARS1 gene, in the two affected subjects, but also in the unaffected sisters of patient 

2-A (subjects 2-D and 2-E). Lastly, WES analysis allowed the identification, exclusively in patients 2-A 

and 2-B, of the heterozygous missense mutation c.754C>T (p.Arg252Trp) in MORC2. 

Three different mutations (MORC2, MFN2, AARS1) were, therefore, present in patient 2-B, the more 

affected subject, two mutations (MORC2, AARS1) in patient 2-A, only one mutation (AARS1) in two 

unaffected family members. We can consider that the MORC2 mutation is, presumably, the main 

cause of CMT in the Family 2, while the MFN2 mutation may participate in aggravate the 2-B 

pathological state, as already described in previous works. The role of AARS1 duplication rests 

unclear.  

In this clinical case, the inconsistency between the genetic findings and the clinical manifestation led 

us to test different approaches during the molecular diagnosis. Unfortunately, the molecular 

exploration does not often take into account the “multilocus” possibility, overlooking further 

genomic alterations which could participate in establishing the whole patient’s phenotype. 
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Conclusion 

 

In this study, we demonstrated that multiple genomic mutations may be simultaneously involved in 

inducing CMT disease. The phenotypic heterogeneity observed in Family 2 is probably related to a 

different gene-association in different family members, even if molecular mechanism are still 

unknown. As shown for other genetic diseases (Posey et al. 2017; Karaca et al. 2018), we think that 

multilocus genomic mutations may be more common than expected, also in CMT pathology, and 

their occurrence must be more frequently considered during the molecular diagnosis. Given the huge 

number of data we can obtained from NGS analysis, and the increasing number of bioinformatic 

tools, this phenomenon will be more and more explored in next future.  
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Results - Part II 

A cellular model for hereditary peripheral neuropathies 
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Article 4 - Optimized Protocol to Generate Spinal Motor Neuron 

Cells from Induced Pluripotent Stem Cells from 
Published in Brain Sciences (27 June 2020) 

 

Once examined the genetic aspects of peripheral neuropathies, molecular mechanisms associated 

with genomic mutations need to be explored, using cellular models. In particular, we created a 

cellular model of motor neurons (MN) for an axonal form of CMT disease (CMT2H), caused by 

homozygous codon-stop mutations in GDAP1 gene. In the study reported here, we present the 

protocol we have developed to generate MN from human induced-pluripotent stem cells (hiPSC), for 

five unaffected control subjects, and two CMT-patients, one (patient 3-A) carrying the nonsense 

c.581C>G (p.Ser194*) mutation in GDAP1, the other (patient 4-A) carrying the nonsense c.487C>T 

(p.Gln163*) mutation, always in GDAP1 gene. First, we obtained dermal fibroblasts from skin 

biopsies of the seven subjects, and we cultivated and reprogrammed them into hiPSC, employing the 

strategy elaborated by Pr Yamanaka, in 2006 (Takahashi and Yamanaka 2006). hiPSC were then 

selected, amplified, and checked for all quality controls, before being differentiated in MN. The 

differentiation protocol is presented in detail in this article. It has been established looking at 

molecular pathways involved in embryonic development, with the aim to choose the main MN-

inducing factors, to mimic, in vitro, the same differentiation events. This protocol has allowed to 

obtain, from hiPSC, 100% cells expressing neuronal markers and 80% spinal MN markers. It requires 

20 to 30 days, and it is easy to reproduce.   
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Conclusion 

 

In our study, we presented an efficient protocol to generate MN from hiPSC, in 20-30 days. It is based 

on specific and accurately balanced differentiation factors, and it does not require any particular 

cellular manipulation, like virus transduction (Wang et al. 2017). Moreover, as shown by neural 

markers staining, it allows to obtain a quite pure culture of MN, with a higher efficiency rate than 

that reported in previous protocols (Chambers et al. 2009; Hu and Zhang 2009).  

hiPSC are widely employed to recreate suitable cellular models. Our protocol could provide a new 

strategy in modeling of peripheral neuropathies, like CMT disease, which is fundamental in the 

exploration of their impaired molecular mechanisms.  
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Article 5 - Focus on 1,25-Dihydroxyvitamin D3 in the Peripheral 

Nervous System  
Published in Frontiers in Neuroscience (12 April 2019) 

 

The 1,25-dihydroxyvitamin D3, or calcitriol, is the active form of the vitamin D or calciferol. It has long 

been associated with the phosphocalcium metabolism, but more recent studies highlighted its 

involvement also in tissue proliferation, cell differentiation, and apoptosis. In this review, we focused 

on calcitriol role in nervous system, and, in particular, in PNS. In CNS, vitamin D participates in several 

processes, like calcium trafficking, and regulation of neural proteins’, neurotrophic factors’, and 

neurotransmitters’ synthesis. Its deficiency, therefore, seems to promote neurodegenerative 

diseases, like Parkinson’s disease, Alzheimer’s disease, multiple sclerosis. In the PNS, vitamin D has 

been shown to favor axonal formation and regeneration, but also myelin production and 

remyelination events. On the contrary, its levels appeared reduced in some cases of peripheral 

neuropathies, such as chemotherapy-induced peripheral neuropathy and diabetic neuropathy. At 

molecular level, it has demonstrated that vitamin D could participate in different pathways, as Wnt, 

Sonic hedgehog, and Klotho pathways, which are essential in nervous system development. Lastly, on 

the basis of all previous findings, we suggested that it could be interesting to investigate, with in vitro 

and in vivo studies, whether and how supplementation of calcitriol can contribute to peripheral 

nervous system maintenance and function.   
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Conclusion 

 

As shown in this review, calcitriol seems to actively participate in nervous system development and 

neural cells differentiation. The aim of this study was, therefore, to elucidate calcitriol role in PNS, 

but also to evaluate if its supplementation could be applied to improve neural cell culture. Indeed, 

positive results have already been observed in SH-SY5Y cells’ morphology and features, after 

treatment with vitamin D3 and other neurotrophic factors (Agholme et al. 2010). In the case of our 

cellular model, it could be interesting to test calcitriol in our differentiation protocol to generate MN 

from hiPSC. In particular, we have envisaged to supplement cells with calcitriol from induction of 

rosettes formation, until MN generation. We would like to evaluate if its supplementation could have 

a synergistic action with the already employed differentiation factors, in increasing neural cells 

viability and MN proportion, and in promoting neurites’ formation and maintenance. Given the 

promising role of calcitriol, we hope to start these tests in the next future.     
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Article 6 - GDAP1 defect promotes mitochondrial dysfunction and 

oxidative stress in a Charcot-Marie-Tooth model of hiPSC-derived 

motor neurons 
Article in preparation 

 

The previously described method, to generate MN from hiPSC, has been thus used to obtain and 

analyze a cellular model of GDAP1-associated CMT disease. Specifically, in this study, we focused on 

molecular mechanisms related to the GDAP1 nonsense c.581C>G (p.Ser194*) mutation, to elucidate 

GDAP1 role in physiological and pathological conditions. This is the first GDAP1 functional analysis on 

a human model of MN.  

First, dermal fibroblasts were obtained from a CMT2H patient (patient 3-A), with the homozygous 

GDAP1 p.Ser194*mutation, and two unaffected controls. After amplification, fibroblasts were 

reprogrammed in hiPSC, which were then differentiated in neural progenitors (NP), and, at the end, 

in MN. Once we get the four cellular types (fibroblasts, hiPSC, NP and MN) for each subject, we could 

perform expression, morphological, and functional studies, on all, or some, of them. To begin, we 

evaluated GDAP1 mRNA and protein expression in the four models, revealing its predominant neural 

expression, but also its absence in patient 3-A cells. Secondly, with ultrastructural analysis, we 

detected cytoplasmic vacuoles (maybe lipid droplets) accumulation, and mitochondrial morphology’s 

abnormalities in patient’s MN. Lastly, in these cells, we observed also increased death rate and 

oxidative stress.  

In our study, we assessed a human cellular model to better investigate molecular mechanisms 

impaired in this axonal form of CMT disease. Basing on our preliminary findings, we could suppose 

that metabolism alterations and oxidative stress may play a key role in determine the cellular 

dysfunction and death in patient’s MN, where GDAP1 protein is very weakly expressed.  
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Article 6: Complementary results 

 

Additional functional studies, on fibroblasts and hiPSC-derived PN and MN, were performed, on 

patient 3-A and controls, to investigate other important aspects potentially connected to GDAP1. 

Specifically, we evaluated cellular levels of total glutathione (GSH) and oxidized glutathione (GSSG), 

and the mitochondrial membrane potential. Given technical issues encountered, and difficulties in 

results’ interpretation, we present them here, in a separate section.  

 

 Glutathione quantification 

Cellular levels of total GSH were estimated in fibroblasts, PN, and MN, of the two control subjects, 

and the CMT-patient presenting the homozygous GDAP1 p.Ser194* mutation.  

In fibroblasts, it seemed that total GSH was higher in patient’s cells, compared to Ctrl-1 and Ctrl-2. 

Anyway, in both cases, difference was not significant (Complementary Figure 1A).   

In NP, we did not observe any difference between controls and patient (Complementary Figure 1B).   

In MN, total GSH was apparently reduced in patient’s cells, compared to controls, even if difference 

was not statistically significant (Complementary Figure 1C). In this case, GSH quantification was 

performed at day 7 of NP final differentiation into MN. As shown in the Article 6, at d7, the number 

of patient’s MN was significantly lower than controls’ MN. Since the GHS test does not take into 

account this cells death rate, we cannot directly compare raw values. We can only consider that 

patient’s MN were ~41% of Ctrl-1 MN, and their GSH concentration was ~33% of GSH concentration 

in Ctrl-1 MN. Compared to Ctrl-2 MN, patients’ MN were ~46%, and their GSH concentration was 

36% of theirs. Calculating the ratios, we can suppose that GSH could be slightly lower in patient’s MN 

than in controls’ MN, but with current results, we cannot draw conclusions from this analysis.   

On the other hand, given the limited availability of cells, GSSG levels were not detectable. We were 

not, thus, able to quantify oxidized glutathione. 
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Overall, this test was not suitable for total and oxidized glutathione quantification in our cellular 

models. Alternative tests, which allow also cell counting, could be more appropriate for this type of 

analysis.  

 

Complementary Figure 1: Measurement of GSH in fibroblasts, NP, and MN, of patient, Ctrl-1 and Ctrl-

2. 

 

 

 Mitochondrial membrane potential (ΔΨ) measurement  

Mitochondrial membrane potential was evaluated, on MN of patient and controls, with the JC-1 

probe, analyzed by flow cytometry. Anyway, technical problems occurred in MN labeling, and 

obtained results were not conclusive. Preliminary tests would be necessary before this analysis can 

be performed again. 
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Conclusion 

 

Two models of hiPSC for GDAP1 have already been proposed (Saporta et al. 2015; Martí et al. 2017). 

However, no work has reported the creation of hiPSC-derived MN for GDAP1, and, to date, functional 

studies on human MN have never been described. In the present study, thanks to hiPSC strategy, we 

could obtain a cellular model of human MN, to investigate pathological mechanisms associated with 

a codon-stop mutation in GDAP1. In CMT-patients’ MN, we could detect new features and 

abnormalities, like altered mitochondrial structure and vacuoles (LD?) accumulation, but also confirm 

already suggested GDAP1 functions, in protection from ROS. Further in-depth analyses, on this 

cellular model, will be needed to clarify GDAP1 implication in cellular respiration and metabolism, as 

well as in mitochondrial dynamics. Specifically, oxygraphy, lipidomics analysis, and mitochondrial 

tracking, have been already envisaged, even if limited, so far, by the restricted number of cells. 

Glutathione and mitochondrial membrane potential will be also revaluated, after modification of 

current protocols.  
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Discussion and Perspectives 
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This project entirely focused on hereditary peripheral neuropathies, considering two main aspects of 

this group of diseases: their genetics and molecular analysis, and their functional analysis, through a 

specific cellular model. Here, we argue about our new findings and emerged results, discussing 

whether and how they can actually be relevant for existing, and future, procedures and research.  At 

the same time, we evaluate the main practical limits of our study, and the possible improvements to 

introduce, with the purpose of better exploring and characterizing hereditary peripheral 

neuropathies.  

 

Part I - Genetic analysis of hereditary peripheral neuropathies 

In last years, the introduction of NGS technology, in routine analyses of hereditary peripheral 

neuropathies, has surely improved and simplified the diagnosis procedure. Targeted NGS is widely 

used to directly screen the more than 90 genes involved in Charcot-Marie-Tooth disease and sensory 

and motor neuropathies. At Biochemistry and Molecular Genetics Department of University Hospital 

of Limoges, a 93-gene panel is currently employed, whose libraries are prepared with an amplicon-

based strategy, and sequenced on Ion Proton sequencer. Previously, data derived from target NGS 

were exclusively exploited to search for point mutations and small indels, given the lack of 

bioinformatic tools for CNV detection. Cov’Cop and CovCopCan software were conceived and 

designed, at University Hospital of Limoges, to extend the potential of NGS analysis to CNV. 

 

CMT and CNV 

The lack of a systematic exploration of CNV, in all CMT- and peripheral neuropathies-genes, is due to 

the poor and insufficient knowledge about the role of these large (>1 kb) deletions and duplications 

in the pathology. If we exclude PMP22 duplication, which is the genetic cause of ~15% of all CMT 

diagnosed cases, CNV in other genes have been occasionally described. In 2010, a first study was 

conducted in a cohort of 97 CMT-patients, to evaluate CNV in 34 CMT genes, by comparative 
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genomic hybridization (CGH) microarrays. They detected CNV in three CMT-genes (ARHGEF10, 

MTMR2, SPTLC1), but none of them were considered disease-causing, suggesting the rare implication 

of CNV in CMT pathology (Huang et al. 2010). After few months, another work described, for the first 

time, two different large deletions which entirely eliminated GJB1 coding sequence, in CMT1X 

patients (Gonzaga-Jauregui et al. 2010). Then, CNV occurrence in CMT was also reported in MPZ 

gene, first described as simple duplication (Høyer et al. 2011), then as multiplication and increased 

gene dosage, with the identification of five MPZ copies (Maeda et al. 2012). Further analyses 

highlighted CNV in seven genes already associated with CMT disease (NDRG1, PRX, FGD4, INF2, GAN, 

GDAP1, LRSAM1) (Okamoto et al. 2014; Dohrn et al. 2017; Mortreux et al. 2020). Most of CNV 

reported for CMT were deletions, less often duplications.  

Since, in last years, few studies have explored and identified occurrence of CNV to be responsible for 

CMT pathology, favoring the investigation of point mutations and small indels, this phenomenon is 

still considered rare. In previous studies, CNV frequency in CMT has been estimated between 1% and 

2.5% (Høyer et al. 2011; Pehlivan et al. 2016; Mortreux et al. 2020). In Limoges, the analysis of target 

NGS data, by Cov’Cop and CovCopCan software, has allowed us to detect CNV in 15.4% of CMT 

patients (Miressi et al. 2020) – Article 3), even if their pathogenicity is still under investigation. In any 

case, our findings seem to suggest that CNV could be more frequent than reported in literature. For 

instance, in the two clinical cases (Article 2 and Article 3) presented in this study, we described two 

novel CNV, one deletion, and one duplication, in SACS and AARS1.   

Since 2018, at Biochemistry and Molecular Genetics Department of University Hospital of Limoges, 

the CNV systematic analysis, by bioinformatic approach, has been included in the routine diagnostic 

procedure. Given the emerging role of CNV in CMT disease, the current molecular examination is 

now regularly combined with investigation of genomic deletions and duplications, in CMT-panel 

genes. In some cases, detected CNV are, then, more thoroughly explored by the EA6309 research 

team, at University of Limoges. Other CNV are currently under analysis and several articles are in 

preparation. 
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Between diagnosis and research 

Bioinformatic software, as Cov’Cop and CovCopCan, have been conceived with a dual function. First,  

they are essential in detecting CNV, already described and already linked to CMT. On the other way, 

their main role is surely connected with the research field. Since few CNV have been reported for 

CMT and associated peripheral neuropathies, we can suppose, on the basis of our preliminary 

results, that a huge number of CNV rests to be discovered. The high frequency of PMP22 duplication 

in some CMT1 forms, and the simultaneous subsistence of PMP22 point mutations in other CMT 

forms, reinforces the idea that CNV may occur in genes for which pathological single nucleotide 

mutations have already been confirmed. The detection of new disease-causing CNV could also be 

important in revealing unknown molecular mechanisms, caused by the genomic imbalance (gain or 

loss), and responsible for specific pathological manifestations.  

We think that a solid cooperation between diagnosis and research could help to reduce, at least in 

part, the present high rate of undiagnosed cases of peripheral neuropathies.  

 

Is CMT a multilocus genetic pathology? 

In inherited diseases, we tend to consider the unique correlation “one patient : one mutation”, 

assuming that, in most of cases, only one genomic alteration is responsible for the observed disorder. 

The simultaneous presence of multiple point mutations or SV is generally reported in more complex 

pathologies, like cancers, characterized by high genomic instability (Whitworth et al. 2016). In 2016, 

an extensive analysis, on more than 7,000 patients requiring a molecular diagnosis, showed how 5% 

of diagnosed cases included two or more genomic loci (Posey et al. 2017). Furthermore, a more 

recent study has focused, in particular, on phenotypic expansions, i.e. on clinical cases characterized 

by a set of phenotypic features wider than those already described for the associated genomic locus. 

It revealed that ~32% of families with phenotypic expansions presented multilocus variations, a much 

higher proportion than that reported for the unselected cohort of patients (Karaca et al. 2018). All 



 

Federica Miressi | Ph.D. Thesis | University of Limoges | 2020 252 

 

these findings seem to suggest that complex and blended clinical manifestations could be, in most 

cases, the result of multiple genomic alterations, and, thus, reflect the combination of multiple 

impaired mechanisms. CMT pathology is known to be characterized by a high clinical and genetic 

heterogeneity, since various involved genes present different associated phenotypic features, and 

different modes of transmission  (Morena, Gupta, and Hoyle 2019). In addition, in some cases, a 

moderate or striking intrafamilial variability has also been described (Bo et al. 2008; Kostera-

Pruszczyk et al. 2014; Gogou et al. 2020). In CMT disease, various cases of digenic inheritance, which 

is the simultaneous occurrence of two disease-causing variations in two distinct genes, have been 

reported, for different associations of genes, as for example: EGR2 and GJB1 (Chung et al. 2005), 

PMP22 (duplication) and GJB1 (Hodapp et al. 2006), GDAP1 and MFN2 (Cassereau et al. 2011C; Vital 

et al. 2012), LRSAM1 and MARS, MFN2 and PMP22 (point mutation) (Yoshimura et al. 2019). In some 

of these cases, within the same family, patients carrying both mutations showed a more severe 

phenotype, comparing to other family members carrying one single mutated gene (Chung et al. 2005; 

Hodapp et al. 2006; Cassereau et al. 2011C; Vital et al. 2012). We remarked this variable disease’s 

severity in the case of Family 2 of our study. The daughter, who was more affected and with 

additional clinical signs (learning problems, mental retardation), presented the combination of three 

different CMT-mutated genes (MORC2, MFN2, AARS1), compared to her mother (MORC2, AARS1), 

who was less affected. Moreover, our findings are supported by the emerging role of modifier genes 

(or modifier alleles) in CMT pathogenesis, particularly investigated in recent years. Indeed, evidence 

from genetic studies suggest that the effect of one allele could be modified by a second allele, the so-

called modifier gene (Kousi and Katsanis 2015). The primary mutated gene would be sufficient, by 

itself, to induce the phenotypic manifestation, while the second one would impact, for example, the 

disease severity or progression (Bis-Brewer, Fazal, and Züchner 2020). In the case of our Family 2, we 

cannot exclude that MFN2 mutation and AARS1 duplication can actually act like modifier alleles in 

the daughter, whereas the main CMT manifestation is due to the MORC2 mutation (in mother and 

daughter).   
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Even if this is the first case of CMT disease reporting three variations in three different genes, we 

believe that the multilocus inheritance and the contribution of modifier genes are considerably 

underestimated in peripheral neuropathies, whose molecular diagnosis is often closed after the 

detection of one, or sometimes two, genomic mutations. The detailed assessment of the clinical 

history, as well as the accurate examination of the genotype/phenotype correlation, in all family 

members, are first crucial steps for a correct genetic analysis. The possibility of multiple genomic loci 

and a wilder genetic analysis should be envisaged in families with heterogenous phenotypes, as well 

as in sporadic complex cases.  

 

Perspectives for diagnosis and research 

As previously discussed, the molecular analysis at Biochemistry and Molecular Genetics Department 

of University Hospital of Limoges allows the routine diagnosis for CMT and associated peripheral 

neuropathies. On the other hand, in research, at University of Limoges, it is employed in discovery of 

novel mutations and mechanisms. This research purpose can be supported by more extensive NGS 

strategies, like WES, which has been tested for the complex genetic analysis reported in Article 3. 

WES could allow to go beyond the 93 genes of CMT-panel and reveal further pathogenic mutations in 

other exonic regions. The next step would then involve the examination of intronic regions, but also 

intergenic regions, through the WGS. Rare disease-causing intronic mutations have been detected in 

CMT genes, like MPZ or GDAP1, responsible for modifying splicing process (Sabet et al. 2006; 

Masingue et al. 2018). Furthermore, in some pathological conditions, more complex mechanisms can 

be induced by intronic alterations. For example, this is the case of the neurological disorder CANVAS 

(cerebellar ataxia, neuropathy, vestibular areflexia syndrome), which has been associated to the 

biallelic repeat expansion in an intronic region of RFC1 gene (Cortese et al. 2019).  

In diagnosis, the future systematic combination of the 93-genes panel with WES and WGS strategies 

will surely increase the chances of detecting multilocus genetic mutations in CMT disease. Currently, 

the main limit of these analyses is due to the high cost and the high number of data to interpret.  
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Part II - A cellular model for hereditary peripheral neuropathies 

The genetic characterization is just the first step in the understanding of peripheral neuropathies. 

Even in case the genetic mutation has been well defined, it is necessary to evaluate its direct, or 

indirect, effects on cellular physiology. Cellular models are an essential tool to recreate pathological 

cellular contexts and explore impaired mechanisms induced by genomic mutations. For GDAP1 gene, 

and, in particular, its axonal form of CMT2, we successfully developed a cellular model of human 

motor neurons, derived from human induced-pluripotent stem cells (hiPSC).  

 

From hiPSC to motor neurons 

Our cellular model of hiPSC-derived MN arose from the need to analyze pathophysiology of a specific 

CMT form, reproducing the same involved cellular type (MN), of the same affected species (humans).  

A considerable advantage of our strategy is the possibility to generate MN from dermal fibroblasts, 

an easy-to-obtain cell type. Skin biopsies were obtained thanks to the collaboration with the 

Neuropathies’ Center of Reference of University Hospital of Limoges. Fibroblasts were 

reprogrammed in hiPSC applying the protocol proposed in 2006, by Pr Yamanaka, transfecting them 

with three plasmids expressing Oct4, Sox2, Klf4 et l-Myc genes (Takahashi and Yamanaka 2006). 

Despite the low reprogramming efficiency of plasmids, we opted for this strategy to avoid random 

integration and insertional mutagenesis events, occasionally occurring in virus transduction. We 

cultured reprogrammed hiPSC on feeder cells (MEF), with traditional culture media. With our 

protocol, we did not observe any technical problem, our hiPSC passed all quality controls, and they 

could easily generate embryonic bodies (EB) to be differentiated. We succeeded in created hiPSC for 

two CMT-patients carrying two different codon-stop mutations in GDAP1 (p.Ser194* and p.Gln163*), 

and five unaffected subjects (three women, two men).  
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However, some aspects of our protocol can still be improved. Indeed, hiPSC culture on feeders has 

some drawbacks, since media preparation, MEF preparation, hiPSC cleaning and passage, are labor-

intensive and very time-consuming, but also with a significant related cost. Additionally, culture on 

feeders uses animal-derived cells, which limits its use for eventual clinical application (Sasaki, Suzuki, 

and Takahashi 2015). We have, therefore, envisaged to approach the feeder-free (FF) culture. In 

order to organize this technical transition, a member of our research team has recently followed a 

technical training on FF hiPSC culture, in Regenerative Medicine and Skeleton (RMeS) INSERM U1229 

of University of Nantes. This culture strategy could replace culture on feeders, as already shown in 

previous studies (Nakagawa et al. 2015; Colombier et al. 2020). We have already successfully 

cultured FF-hiPSC for two of the five controls, and for the p.Ser194* patient. The differentiation 

protocol from FF-hiPSC has to be tested in the next future.  

 

In our study, after hiPSC amplification and validation, we could differentiate them into MN. In our 

laboratory team, we developed a new protocol to obtain MN from hiPSC in about 30 days. In last ten 

years, various differentiation protocols have been proposed. In most of them, stem cells were first 

detached to favor formation of EB, which were cultured in suspension, before being sedimented to 

obtain neural rosettes (Hu and Zhang 2009; Corti et al. 2012). Neural rosettes can be then easily 

selected to isolate neural progenitors, which can completely differentiate in MN (Lee et al. 2007; 

Lukovic et al. 2017). This procedure was followed in establishing our protocol. Then, we had to 

choose the most suitable differentiating factors, responsible for activation or inhibition of specific 

cellular pathways. Testing already described protocols, we obtained poor results. That is why we 

decided to focus on main mechanisms of embryonic development, and select main factors involved 

in MN-differentiation. With our new protocol, we obtained 100% cells expressing neuronal markers 

and 80% cells expressing spinal MN markers. MN were also ChAT-positive, and their electrical 

proprieties could be evaluated by patch clamp. The efficiency rate of our differentiation protocol was 

much higher compared to previous works (Dimos et al. 2008; Chambers et al. 2009; Hu and Zhang 
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2009), while the culture period (20-30 days) was on average of the others. More recently, some 

protocols reduced the differentiation time, and improved hiPSC-derived neurons’ purity, through the 

stable expression of a transcription factor involved in neuronal differentiation (Ngn2) (Zhang et al. 

2013; Wang et al. 2017). The hiPSC engineering has been obtained infecting them with lentivirus 

(Zhang et al. 2013) or adeno-associated virus (Wang et al. 2017), which implies all drawbacks of virus 

manipulation, already discussed above. Although our strategy takes, surely, more culture time, it 

does not require further manipulation on cells genome, and it rests a safer and fairly easy-to-achieve 

procedure. 

Recently, we have considered additional factors which could improve our differentiation protocol. In 

a recent review, we explored the role of 1,25-Dihydroxyvitamin D3, or calcitriol, in the peripheral 

nervous system (Article 5). In pathological conditions, like nerve trauma, vitamin D3 administration 

seems to favor axonogenesis (Chabas et al. 2008; Chabas et al. 2013). On the other hand, its 

deficiency has been associated with diabetic peripheral neuropathy (Shehab et al. 2015; Alamdari et 

al. 2015). Calcitriol involvement in axon maintenance and regeneration rests to be investigated. 

Anyway, it could be interesting to evaluate if its supplementation, in hiPSC differentiation into MN, 

may have a synergistic effect with other differentiation factors, to favor the activation of neuronal 

pathways. In our differentiation protocol, Calcitriol could be supplemented after EB seeding, to 

promote rosettes formation, and maintained during all following steps, to help NP and MN growth. 

  

 

A model for GDAP1 study  

For the investigation of GDAP1 functions, many studies have already been conducted on animal and 

cellular models. Animal models (mice, Drosophila melanogaster, Saccharomyces cerevisiae) have 

been fundamental to evaluate the effects of GDAP1 suppression/mutation/over- and under-

expression, on the whole organism, so to reproduce, on them, a pathological condition comparable 

to the human CMT disease (Niemann et al. 2014; Barneo-Muñoz et al. 2015; López Del Amo et al. 
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2015; López del Amo et al. 2017; Estela et al. 2011; Rzepnikowska et al. 2020).  Mice are definitely 

the animal model closer to humans, and their GDAP1 protein share 94% of amino acidic identity with 

the human GDAP1 (Googins et al. 2020). However, the two GDAP1-knockout murine models, 

proposed by two different research teams, presented some differences, in the age of onset of first 

symptoms (19 months vs 3 months), and, at histological level, in nerve structure and myelin aspect 

(hypomyelination vs normal myelin thickness) (Niemann et al. 2014; Barneo-Muñoz et al. 2015). 

These findings suggest that many parameters can vary, also in the same model, so it can be hard to 

evaluate if its features can be really compared to human condition. On the other hand, human 

cellular models are limited, since neurons and Schwann cells, which are the CMT-affected, and 

GDAP1-more expressing, cells, cannot be obtained from patients, and cultured in vitro. Also cellular 

models created by transfection of immortalized cell lines, turned out to be interesting in revealing 

unknown mechanisms associated to GDAP1. Anyway, we have to consider that the cellular context 

can mostly depend on the cell type. This means that, even if we induce GDAP1 expression in a cell, 

we cannot be sure that all protein interactions, and all GDAP1-involving pathways, are conserved and 

activated in the same way as in neurons. The choice of cellular type could, thus, impact the observed 

results.  

After evaluating all positive and negative aspects of existing GDAP1 models, we decided to develop a 

human cellular model of MN for GDAP1, exploiting the hiPSC technology. Our strategy presents 

multiple advantages. First, it is a human model, so there are not species-related inconveniences. 

Then, we recreated a model of MN, the cells directly involved in the CMT disease. Moreover, cells 

derive from dermal fibroblasts of CMT-patients. This means that all patient’s genomic features are 

conserved, and GDAP1 mutations are already present, and do not need to be introduced. MN, 

obtained with our differentiation protocol, can usually be cultured for 7-10 days after the final 

differentiation, enabling to perform all suitable studies, in this time period.  

Our model of hiPSC-derived MN has allowed to obtain interesting results. However, it is not defect-

free, and, in our study, two major drawbacks emerged: the time required for complete 
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differentiation (previously analyzed), and, above all, the number of cells. In fact, we had to face the 

limited availability of MN, mostly due to the high susceptibility of neural cell type. We noticed that, 

although NP are very proliferating cells, they could degenerate when cell passage is too elevated 

(>10), losing their ability to differentiate into MN. Therefore, some analyses, requiring a very high 

number of cells, have been excluded from the study. Specific functional tests will be discussed in the 

next section.   

 

GDAP1 functional analyses  

We successfully obtained MN from the five control subjects, and for the two CMT-patients, carrying 

two GDAP1 homozygous mutations (p.Gln163*, p.Ser194*). Anyway, expression, morphological and 

functional studies were exclusively performed on cells belonging to patient 3-A, with the 

homozygous GDAP1 p.Ser194* mutation, and cells of two controls (Ctrl-1 and Ctrl-2). First interesting 

results derived from expression studies. This was the first analysis that compared GDAP1 mRNA 

expression in different cell types (fibroblasts, hiPSC, NP, MN), which were all human, and all derived 

from the same subject. The expression study has been also fundamental to validate our models, 

since our results, in each cell type, were in agreement with previous expression studies, conducted 

on animal cells and tissues, and human fibroblasts (Niemann et al. 2005; Pedrola et al. 2005; 2008; 

Noack et al. 2012). The confirmation of the higher GDAP1 expression in neural cells supported the 

choice of MN as the more suitable cellular model to investigate GDAP1 functions and its involvement 

in CMT disease. In patient MN, in addition, we demonstrated that GDAP1 mRNA was degraded, and 

its protein quite absent.  

Morphological examination, by EM, concerned the global structure of cells, to focus, then, on 

mitochondria morphology and internal organization, since GDAP1 protein is known to be located in 

the OMM (Niemann et al. 2005). For functional analyses, we selected preliminary tests that, a priori, 

did not require a too high number of cells. In particular, we decided to evaluate two main cellular 
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processes: the energy production (Succinate dehydrogenase activity and ATP quantification), and the 

oxidative stress (MitoSOX and Glutathione quantification).  

First, in patient’s MN we observed a general disorganization of mitochondrial inner space, and 

alteration of mitochondrial cristae structure. This could support the hypothesis that GDAP1 protein 

plays a role in regulating mitochondrial morphology and dynamics. GDAP1 involvement in 

mitochondrial fission and, maybe, fusion events had already been reported in previous works 

(Niemann et al. 2005; 2009; Wagner et al. 2009). However, the structural impairment, observed in 

inner mitochondrial space, seemed to not disturb Succinate dehydrogenase activity and ATP 

production, suggesting that GDAP1 could not be involved in energetic metabolism. Our findings 

appeared in contrast with analyses conducted by Cassereau et al., in 2008 and 2019. In these cases, 

in CMT-patient’s fibroblasts, carrying specific GDAP1 mutations, they detected a deficiency of ETC 

Complex I activity, decreased respiration rate, and decreased ATP production (Cassereau et al. 2009; 

2020). Given the low GDAP1 expression level in fibroblasts, they may not be the most appropriate 

cellular model to detect GDAP1-induced impairment. Anyway, if the metabolic alteration has been 

detected in this cell type, it could be also present, and maybe in more significant way, in MN. That is 

why, a more deepened functional analysis of all ETC complexes, by oxygraphy, has been envisaged 

for future studies, thanks to the collaboration with the MitoLab, UMR CNRS 6015-INSERM 1083 of 

University of Angers. It might be necessary to perform oxygraphy on NP cells, more available than 

MN. 

Secondly, we detected, in patient’s MN, increased levels of oxidative stress, and, in particular, of 

mitochondrial superoxide anion. GDAP1 role in protection from ROS had been suggested in multiple 

studies, on different cellular and animal models (Noack et al. 2012; López Del Amo et al. 2015; 

Cassereau et al. 2020), and we confirmed it with the MitoSOX analysis.  

In cytoplasm of the same cells, ultrastructural analysis revealed accumulation of spherical structures, 

that we supposed to be lipid droplets. This phenomenon has been described in some pathological 

conditions of the CNS, like Amyotrophic Lateral Sclerosis, Huntington’s disease, Parkinson’s disease, 
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even if their role is not completely known (Farmer et al. 2020). In CMT disease, only one recent work 

has described the formation of LD in human cells (Giudetti et al. 2020). This study was conducted on 

CMT2B fibroblasts carrying the p.Val162Met mutation in RAB7 gene. In this case, the alteration of 

lipid metabolism and the LD accumulation have been associated with RAB7 role in controlling lipid 

signaling and lipophagy (Giudetti et al. 2020). In animal models, LD have been observed in embryonic 

motor neurons obtained from GDAP1 knock-out mice (Barneo-Muñoz et al. 2015). In our MN model, 

we suggested that LD formation could be associated with increased oxidative stress state, as shown 

in other cellular and animal models (Bailey et al. 2015; Jin et al. 2018). LD would act as a cellular 

defense system, to sequester and protect lipids from ROS action, when GDAP1 is suppressed. 

Another hypothesis could be that lipids accumulation is the consequence of a dysregulated lipid 

metabolism in MN, as a defect in the carnitine carrier system, which would induce accumulation of 

lipids in cytoplasm, or in the mitochondrial β-oxidation, responsible for lipids catabolism. In fact, in a 

cellular model of primary human muscle cells, it has been observed that GDAP1 silencing reduced 

lipid oxidation, without affecting glucose metabolism (Lassiter et al. 2018).  

A lipidomic analysis could be interesting in establishing the complete lipid profile, for patient’s and 

controls’ MN (or NP), and evaluate which lipid class is more perturbed by GDAP1 mutation. This 

would also help us to identify the origin of LD. The collaboration with the University of Angers will be 

essential for our purpose.   

 

The measurement of total and oxidized glutathione could provide an additional proof about GDAP1 

participation in antioxidant cellular defenses, as shown in previous studies (López Del Amo et al. 

2015). Anyway, as reported in “Complementary results” section, total glutathione quantification, in 

NP and MN, cannot be compared between patient’s and controls’ cells, since number of cells was too 

much variable and not quantifiable. Furthermore, levels of oxidized glutathione were too low to be 

detected. Another Glutathione quantification test has to be evaluated, to make the experiment 

suitable for all cell types.  
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Taken together, functional analyses allowed to discover some altered mechanisms induced, in MN, 

by the homozygous p.Ser194* mutation in GDAP1. Our preliminary results will be deepened through 

additional analyses, to better characterized the pathological state. This study confirmed how it can 

be important to chose the good cellular model in this kind of investigation, and how hiPSC could be a 

fundamental tool to obtain it.  

 

Our project has focused on a GDAP1 mutation, p.Ser194*, associated with a recessive axonal form of 

CMT disease (CMT2H). The same protocol can also be employed for alternative pathological CMT 

axonal forms. Given the remarkable clinical difference observed between GDAP1-autosomal 

dominant and GDAP1-autosomal recessive forms, functional analyses on human MN, obtained from 

AD- and AR-patients, could reveal independent impaired mechanisms in these two different 

conditions. Moreover, GDAP1 mutations have also be described in demyelinating CMT. In fact, 

previous studies revealed that GDAP1 is not only expressed in neuronal cells, but also in Schwann 

cells (Cuesta et al. 2002; Niemann et al. 2005). This strategy, therefore, can reveal impaired 

mechanisms in both cell types. Exactly as for MN, SC can be generated from hiPSC, for patients and 

controls, and some differentiation protocols have already been proposed (Shi et al. 2018; Muller et 

al. 2018). Moreover, it could be interesting to evaluate if the interaction of these two cell types can 

further impact the pathogenic process. To recreate, in vitro, a cellular model that reflects, as much as 

possible, the in vivo condition, we can envisage to establish a MN/SC co-culture. In this way, we 

could first consider if some molecular mechanisms are impaired when cells are separately cultured, 

then, we could analyze if MN/SC co-culture alters the observed features. 

 

 

CMT treatment and further applications for our hiPSC-derived motor neurons  
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The prevalence of Charcot-Marie-Tooth disease is estimated to be 1/2500. Many mutations in many 

genes have been detected, and functional analyses, on animal and cellular models, have revealed 

multiple molecular mechanisms, differentially impaired in CMT forms. In any case, despite the 

current wide knowledge about this pathology and its causes, a treatment for CMT diseases is not yet 

available. A recent study identified three main obstacles in the discovery of a valid CMT treatment: 

the genetic and clinical heterogeneity of Charcot-Marie-Tooth disease, which is often considered as a 

motley group of motor-sensory neuropathies; a relatively small number of patients for each CMT 

form, which can limit the interest of pharmaceutical companies; the mismatch between results 

observed in preclinical studies, on animal and cellular models, and the clinical trials, on human 

subjects (Juneja et al. 2019). Most of existing clinical trials have been proposed for CMT1A, the most 

frequent form. A first interesting study concerned a treatment with ascorbic acid (vitamin C) and 

progesterone antagonists (Wayne State University), but, although promising results on mice, it failed 

in clinical trials (Passage et al. 2004; Pareyson et al. 2011; Lewis 2013). Another advanced study is 

based on PXT3003 (Pharnext), a low‐dose combination of baclofen, naltrexone, and sorbitol. Positive 

preclinical outcomes in rodent models (mice and rats), led PXT3003 to be accepted for an 

exploratory, randomised, double-blind and placebo-controlled phase II study (Chumakov et al. 2014; 

Attarian et al. 2014; 2016). Since, in phase II, clinical effectiveness was demonstrated, PXT3003 is 

currently undergoing a multicenter, randomised, placebo controlled phase III study (Prukop et al. 

2020). More recently, a new targeted strategy has been proposed. It is based on use of antisense 

oligonucleotides (ASO) (Ionis Pharmaceuticals Inc.), to suppress PMP22 mRNA, and, in preclinical 

studies, it showed first promising results on rodent models (Zhao et al. 2017). Alternative therapeutic 

approaches were also proposed for CMT subtypes, other than CMT1A. For example, IFB-088 

(InFlectis BioScience) has been successfully tested on mice models of CMT1B (mutated MPZ gene) 

(Guédat and Miniou 2016), while MFN2 agonists (Washington University) have been shown to 

restore mitochondrial defects in CMT2A murine neurons (Rocha et al. 2018). IFB-088 recently 

completed the phase I of clinical trial.  
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In the complex context of CMT disease, most of proposed therapeutic strategies seem to target 

specific gene-related mechanisms. Given the high number of involved genes, we can suppose that a 

considerable number of potential therapeutic molecules will need to be tested on specific models. As 

already discussed, even if it is a mandatory step of preclinical trials, the employment of animal 

models presents limitations and drawbacks, often related to physiological differences between 

animals and humans. Moreover, their exploitation must always take into account ethical rules and 

restrictions. The advantage of iPSC technology is that it allows to recreate any required human cell 

type, like, in the case of peripheral neuropathies, motor neurons and Schwann cells. In addition, 

patients’ samples, as blood and skin biopsies, are more and more frequently collected by clinicians, 

providing the “raw matter” to establishing new hiPSC lines (Juneja et al. 2019). hiPSC role is, 

therefore, important, not only in investigation of pathological mechanisms, but also in providing 

diversified cellular models, adaptable to the candidate therapeutic strategy. Since they are not 

primary cultures, hiPSC-derived MN and SC can be generated whenever necessary, from hiPSC, 

favoring, in this way, a large-scale drug screen. Definitely, hiPSC will not replace, for now, animal 

models, but they can constitute a valid tool for preliminary analysis.  

As discussed above, treatments are often designed on the basis of pathological mechanisms 

responsible for the specific CMT form. For GDAP1, no preclinical and clinical studies were reported, 

maybe because its functions rest partially unclear, and cellular and animal models are limited. Our 

hiPSC-derived MN, carrying nonsense mutations in GDAP1, may be employed as cellular tool to test 

new therapeutic molecules. Our analysis has revealed that, in MN of patient with the homozygous 

p.Ser194* mutation, GDAP1 mRNA was ~8 fold lower than in Ctrl-1 MN. We supposed that its mRNA, 

presenting a premature termination codon (PTC), is probably degraded by the cellular quality-control 

mechanism known as nonsense-mediated mRNA decay (NMD). Consequentially, a good proportion 

of GDAP1 protein is not formed, as we have shown by ICC. We can, therefore, consider to inactivate 

the NMD system, and enable the translation of GDAP1 mRNA in a truncated protein, using NMD 

inhibitors. Their action can be combined to that of read-through molecules. In basal translational 
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read-through, the ribosome goes past the stop-codon and continues the mRNA translation in the 

UTR region (Li and Zhang 2019). This is a rare natural mechanism of the cell, but, in pathological 

conditions, it can be induced by pharmaceutical compounds (Dabrowski, Bukowy-Bieryllo, and 

Zietkiewicz 2018). Examples of read-through molecules are the aminoglycosides, which can be 

associated with nephrotoxicity and ototoxicity, and the Ataluren or PTC124 (TranslarnaTM), safer and 

suitable for administration (Hirawat et al. 2007). Ataluren has been approved for the treatment of 

nonsense mutation Duchenne muscular dystrophy (nmDMD) (Landfeldt, Sejersen, and Tulinius 2019). 

An example of NMD inhibitors is the Amlexanox, a non-toxic molecule which also acts as read-

through compound (Gonzalez-Hilarion et al. 2012). Furthermore, it has been shown that some fungi 

extracts, like the so-called H7, present the same dual function of Amlexanox (NMD-inhibition and 

read-through) (Benhabiles et al. 2017). We thought that it could be interesting to test this kind of 

molecules on our cellular model of CMT hiPSC-MN, to evaluate if the restoration of GDAP1 protein 

can prevent the occurrence of the pathological condition. It is for this reason that, in our team, 

thanks to the collaboration with the UMR9020 CNRS - UMR-S1277 Inserm of Lille, a new project has 

been initiated to start the exploration of alterative therapeutic strategies for CMT disease. Indeed, 

positive results from these preliminary studies, on GDAP1-CMT MN, could pave the way, for read-

through molecules, to other CMT forms, or other neuropathies, induced by codon-stop mutations.  

 

Lastly, to validate and improve our analysis on peripheral neuropathies and GDAP1, but also to test 

potential therapeutic strategies, an animal model seems to be necessary. That is why, a collaboration 

with The Jackson Laboratory of Bar Harbor (USA) has been created, with the aim of obtaining a 

murine model for GDAP1.  
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Conclusion  
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The complete understanding of hereditary peripheral neuropathies, and Charcot-Marie-Tooth 

disease, still remains a challenge, at genetic and mechanistic level. Moreover, a valid therapy for CMT 

forms has not been found yet. The first aim of this study was to highlight genetic aspects which are 

often underestimated in diagnostic procedure. We showed that multiple genes can collaborate, in 

some cases, to induce CMT pathology, but we also highlighted the importance of looking for CNV. 

This would be important, not only to reduce the rate of undiagnosed cases for hereditary peripheral 

neuropathies, but also to discover unknown CMT pathological mechanisms. Secondly, to help the 

examination of these pathological mechanisms, we presented a differentiation protocol to generate 

motor neurons (the affected cells in CMT), from hiPSC. Once obtained MN, these cells were used to 

compared functional data, between cells of unaffected control subjects, and cells of a CMT2H-

patient, carrying, in particular, a homozygous codon-stop mutation in GDAP1 gene. Our analysis 

revealed that oxidative stress and mitochondrial impairment can be responsible for the pathological 

condition in this CMT form. 

Our study, therefore, ranged from molecular to functional analysis. Further investigations will be 

conducted on our MN cellular model to clarify the involvement of some pathological mechanisms. 

Moreover, we hope to use it, in the near future, to test new potential therapeutic strategies for CMT 

disease, before proceeding on animal models.  
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Neuropathies Périphériques Héréditaires: de la Génétique Moléculaire au modèle 
cellulaire de motoneurones dérivé d'hiPSC 

La maladie de Charcot-Marie-Tooth (CMT) est la neuropathie périphérique héréditaire la plus fréquente. 

Actuellement plus de 80 gènes ont été identifiées comme étant à l’origine des CMT, mais le diagnostic 

génétique est posé seulement dans 30 à 40% des cas. Cette étude avait deux objectifs principaux: dans un 

premier temps, nous nous sommes intéressés aux CMT et neuropathies périphériques associées via une 

approche moléculaire et bioinformatique, pour optimiser leur caractérisation génétique; dans un second 

temps, nous avons étudié les mécanismes altérés dans une forme axonale de CMT, par la création d’un 

modèle cellulaire humain de cellules souches humaines induites à la pluripotence (hiPSc) et leur 

différenciation en motoneurones (MN). Dans la première partie du projet, nous présentons un nouvel outil 

bioinformatique, CovCopCan, développé au sein de l’équipe pour détecter les Variations du Nombre de 

Copies (CNV), à partir des données de NGS. Grâce à CovCopCan, deux nouveaux CNV ont été identifiés 

et nous discutons leur implication dans deux cas complexes de neuropathie périphérique. Nos travaux ont 

également permis de mettre en évidence trois variations génétiques chez un patient CMT, soulignant que la 

CMT peut être une pathologie génétique multilocus. Dans la deuxième partie de ce travail, un modèle 

cellulaire de MN a été créé pour étudier le gène GDAP1 et son implication dans le CMT2H. Nous avons 

reprogrammé des fibroblastes dermiques de cinq sujets contrôles et de deux patients CMT, portant deux 

mutations codon-stop homozygotes sur le gène GDAP1, en cellules souches pluripotentes induites 

humaines (hiPSC). Nous avons ensuite mis au point un protocole de différenciation pour générer des MN à 

partir d’hiPSC. Les MN avec la mutation p.Ser194* sur GDAP1 ont été analysés par des tests fonctionnels, 

morphologiques et d’expression. Nous avons confirmé l’expression neuronale de GDAP1, et nous avons 

mis en évidence que le stress oxydant et la dysfonction mitochondriale étaient à l’origine de la pathologie 

dans les MN CMT2H. Nos résultats ont montré que les analyses génétique et fonctionnelle sont 

essentielles pour la caractérisation complète de la maladie de CMT.  

Mots-clés : Charcot-Marie-Tooth, génétique, motoneurones, hiPSC, mitochondries 

Hereditary Peripheral Neuropathies: from Molecular Genetics to a cellular model of 

hiPSC-derived motor neurons.  

 

Charcot-Marie-Tooth (CMT) disease is the most common hereditary peripheral neuropathy. To date, more 

than 80 genes have been identified to be involved in CMT, but genetic diagnosis is achieved only in 30-40% 

of cases. This study presented two main objectives: first, we focused on CMT and associated peripheral 

neuropathies using molecular and bioinformatic approaches to optimize their genetic characterization; 

secondly, we investigated impaired mechanisms in an axonal CMT form, by creating a human cellular 

model of human induced pluripotency stem cells (hiPSC) and their differentiation into motor neurons (MN). 

In the first part of the project, we developed a new bioinformatic tool, CovCopCan, to detect Copy Number 

Variations (CNV), starting from NGS data. Thanks to CovCopCan, two new CNV have been identified and 

we discuss their involvement in two complex cases of peripheral neuropathy. We also identified three 

genetic variations in a CMT patient highlighting that CMT can be a multilocus genetic pathology. In the 

second part of the project, we successfully generated a cellular model of MN for the study of GDAP1 gene 

and its associated CMT2H form. We reprogrammed dermal fibroblasts of five control subjects and two CMT 

patients, carrying two different homozygous codon-stop mutations in GDAP1, into human induced-

pluripotent stem cells (hiPSC). Then, we established a differentiation protocol to generate MN from hiPSC. 

MN with the GDAP1 p.Ser194* mutation were analyzed by expression, morphological, and functional tests. 

We confirmed the neural expression of GDAP1, and we suggested that oxidative stress and mitochondrial 

impairment could be responsible for the pathological condition in CMT2H MN. Taken together, our results 

highlighted that both genetic and functional analyses are essential in the complete characterization of CMT 

disease. 

Keywords: Charcot-Marie-Tooth, genetics, motor neurons, hiPSC, mitochondria 


