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Introduction

Background

Muscle denervation occurs in various clinical settings, including trauma, diabetic neuropathy,
degenerative disc disease, alcoholic neuropathy, pernicious anemia, amyotrophic lateral sclerosis
(ALS), spinal muscular atrophy, Charcot-Marie-Tooth disease (CMT) and viral infections such as
poliomyelitis. The consequences of denervation-induced skeletal muscle atrophy may be severe. In
disorders such as ALS and spinal muscular atrophy, skeletal muscle atrophy contributes to weakness,
respiratory failure, loss of independence, and mortality. In patients with diabetic neuropathy,
localized denervation of small foot muscles leads to foot deformities, a major risk factor for ulcers
and amputations. However, despite the prevalence and severity of denervation-induced muscle
atrophy, its molecular pathogenesis remains incompletely understood (1).

The body’s response to periferal nervous system nerve damage involves multiple cell types, including
axonal Schwann cells (SCs), terminal (perisynaptic) Schwann cells (tSCs), endothelial cells, and
immune cells such as macrophages, neutrophils and T-cells. Schwann cells are non-myelinating glial
cells that reside at the neuromuscular junction (NMJ) and perform a wide variety of roles, including
maintaining NMJ structure, phagocytosing nerve debris after injury and facilitating endplate
reinnervation. Macrophages are an incredibly diverse cell type; they can both stimulate and control
inflammation and they have the capacity to promote nerve repair. They are known to phagocytose
debris of necrotic tissue fragments, secrete growth factors, promote angiogenesis, and interact with
tSCs and immune cells. Several macrophage phenotypes plays a significant role in different stages of
nerve degeneration and regeneration, distinguished by differential growth factor expression, which
influences the surrounding environment (2).

Despite the heterogeneity of the pathological conditions previously described, they share common

features such as denervation of the neuromuscular junction (NMJ) and muscle function loss with



subsequent paralysis. Defining the role of the macrophage-mediated immune response at the level of
the nerve, muscle, and NMJ across different types of peripheral nerve diseases provides a broader
perspective on the overall activity of macrophages in neuromuscular disorders and may offer insights
for the identification of new biomarkers and potential therapeutic targets, with potential translational
applications. To date, the most well-characterized immune response model related to denervation is
the one associated with traumatic nerve injury.

The macrophage response to tissue injury is highly dynamic and influenced by microenvironmental
signals that drive the emergence of diverse subpopulations, phenotypes and functional profiles. In the
setting of peripheral nerve injury, macrophages are key regulators of the complex cascade of events
required for effective nerve regeneration and restoration of function. Within the first three days
following peripheral nerve injury, resident macrophages and Schwann cells (SCs) actively clear
degenerated axonal fragments and contribute to the disruption of the nerve-blood barrier. Following
denervation, Schwann cells (SCs) recruit blood-derived (hematogenous) macrophages to the site of
injury. Macrophage accumulation typically peaks between 3 and 7 days post-injury (3).

Peripheral nerve injury vary from simple compression (neuroapraxia) to complete rupture of the nerve
(neurotmesis). Following axonal section, the distal nerve stump undergoes the so-called Wallerian
degeneration, in wich axons are fragmented and myelin breaks down. Initially, myelin is removed by
Schwann cells via autophagy, then clearence is improved by macrophage-mediated phagocytosis.
Myelin removal is an important step for nerve regeneration since myelin contains axon growth-
inhibitory proteins. Neurotrophic and growth factors are released by Schwann cells and immune cells,
such as macrophages, to stimulate nerve regeneration. Macrophages undergo polarization depeding
on local stimuli. In the acute phase of Wallerian degeneration, proinflammatory cytokines (TNF-a.,
IL-1B) contribute to the differentiation of classically activated M1 macrophages that apart
phagocytosis produce proinflammatory substances and realese reactive species, such as nitric oxide;
this latter damages membranes, proteins and nucleic acid, contributing to tissue degeneration. At later

stages of tissue clearence and under anti-inflammatory stimuli (IL-10, IL-4), alternatively activated



M2 macrophages are found in the nerve, wich act to remove cell debris, attenuate inflammatory
responses and heal wounds (4)(5).

The temporal specificity and distinct cytokine expression profiles of M1 and M2 macrophages
suggest that these cells may play differentiated roles in the recovery from nerve injury (6). Within the
first three days following nerve injury, perisynaptic Schwann cells (pSCs) surrounding denervated
synapses recruit macrophages to phagocytose debris from degenerated axons and myelin sheaths.
Macrophage density peaks approximately one week post-injury, and, in concert with the activity of
pSCs, these cells support the reinnervation process by promoting angiogenesis and tissue
regeneration. Current evidence suggests that macrophages may play a similar role at the
neuromuscular junction (NMJ); however, the specific macrophage phenotype active at the NMJ and
its functional contribution to reinnervation remain to be elucidated (7).

Hereditary motor and sensory neuropathies (HMSNs) comprise a genetically heterogeneous group of
disorders characterized by progressive muscular atrophy and sensory neuropathy, primarily affecting
the distal extremities.

Charcot-Marie-Tooth (CMT) disease

Charcot-Marie-Tooth (CMT) disease constitutes the most common form of inherited peripheral
neuropathy (8). Charcot-Marie-Tooth (CMT) disease exhibits considerable genetic heterogeneity,
with documented modes of inheritance including autosomal dominant, autosomal recessive, X-linked
recessive, and, in rare instances, X-linked dominant transmission (9). The most frequently implicated
genes in Charcot-Marie-Tooth (CMT) disease are three myelin-related genes: PMP22, P0, and Cx32.
The most common demyelinating subtype, CMT1A, is caused by a 1.5-Mb genomic duplication on
chromosome 17 that includes the peripheral myelin protein 22 gene (PMP22). This gene duplication
leads to PMP22 overexpression, which in turn results in peripheral nervous system (PNS)
demyelination, as evidenced by reduced nerve conduction velocities and segmental demyelination

observed in nerve biopsies (10). Less commonly, CMT1 is caused by point mutations in



the PMP22 gene or in the gene encoding myelin protein zero (MPZ), the latter associated with the
CMT1B subtype (11) (12,13).

CMTXI1 is the second most prevalent form of Charcot-Marie-Tooth disease and is caused by
mutations in the gap-junction B1 (GJB1) gene, which encodes connexin 32.

CMT?2 is characterized by a highly heterogeneous genetic profile, with no single predominant gene
responsible of the disease. The most frequently involved mutated gene is mitofusin 2 (MFN2),
accounting for up to 20% of CMT2 cases, followed by MPZ (approximately 5%) and then by
neurofilament light chain (NEFL) (14-20).

Autosomal recessive forms tend to be more severe than autosomal dominant ones, typically have
an earlier onset, and may manifest as either axonal (AR-CMT2) or demyelinating forms (CMT4).

In both cases, AR-CMT2 and CMT4, the most frequently mutated gene is GDAP1, which encodes
the ganglioside-induced differentiation-associated protein-1 (21,22).
Distal hereditary motor neuropathies (lHMNs) are also genetically heterogeneous and are classified
based on their mode of inheritance and the specific mutated gene involved.

Regardless of the underlying metabolic or structural defect, that may primarily affects the myelin or
the axon, the final common pathway typically involves an axonal degenerative process, which, in
most cases, predominantly affects the largest and longest nerve fibers (23-25).
The secondary axonal degeneration accounts for the characteristic phenotype of Charcot-Marie-Tooth
(CMT) disease, marked by distal limb muscle wasting, weakness, and sensory loss, as well as a
progressive spread from distal to proximal regions over time (23,26).

Clinically, Charcot-Marie-Tooth (CMT) disease is characterized by a denervating process leading to
slowly progressive distal muscle atrophy and weakness; motor symptoms typically begin in the feet,
leading to the development of high arches (pes cavus), hammer toes, and progressive weakness and
wasting of the intrinsic foot muscles. Than the disease gradually affect the legs and the thighs leading
to the typical atrophy of the distal lower limbs; at the end hands and forearms are also affected.

Sensory loss follows a similar pattern, primarily affecting the feet and hands. It commonly involves



reduced sensitivity to vibration, light touch, and pain. The disease typically begins within the first
two decades of life and than follows a slowly progressive course over several decades.
Clinical symptoms and signs suggestive of Charcot-Marie-Tooth (CMT) disease include: pes cavus
(or, less commonly, pes planus that may later evolve into cavus deformity), hammer toes, difficulty
in running, frequent ankle sprains or tripping, walking difficulties, foot drop, and a steppage gait.
Progressive muscle wasting, weakness, and sensory loss usually start in the distal lower limbs and
later involve the upper limbs, often leading to impaired hand function. Deep tendon reflex are reduced
and pain is common, generally affecting feet, lower limbs and lumbar spine.
Additional common signs and symptoms include hand tremors, muscle cramps (especially in the feet
and legs), cold feet, foot callosities, and acrocyanosis. In more advanced stages, patients may also
develop hand deformities, including the characteristic claw hand. The disorder shows a tendency to
affect mutiple members of the same family (11) (27) (28).

CMTIA, caused by a duplication of the PMP22 gene on chromosome 17p11.2, represents the most
extensively characterized and prevalent subtype of Charcot-Marie-Tooth disease. Some patients with
CMT1A present with delayed motor milestones, such as severe skeletal deformities proximal muscle
weakness, and may require walking aids or, in rare cases, become wheelchair-bound; in contrast,
others remain nearly asymptomatic and lead a normal or near-normal life. Symptoms typically begin
in childhood or adolescence, with early signs including pes cavus or pes planus, areflexia in the lower
limbs, and wasting and weakness of the intrinsic foot muscles, followed by involvement of
the peroneal and anterior tibialis muscles.
In many cases, subtle hand involvement is also present from the early stages. Motor impairment and
disability generally progress slowly over time. Clinical impairment and disability are closely
associated with secondary axonal loss, as evidenced by reduced compound muscle action potential
amplitudes and alterations in motor unit number estimation. (29-37)

Charcot-Marie-Tooth (CMT) disease is broadly classified into two main types: the demyelinating

form, designated as CMT1 when inherited in an autosomal dominant pattern and CMT4 when



autosomal recessive. This form is characterized by significantly reduced nerve conduction velocities
(typically <38 m/s in upper limb motor nerves) and marked myelin abnormalities.

The second one is the axonal form (CMT2), which presents with relatively preserved or only mildly
reduced nerve conduction velocities (>38 m/s) and pathological evidence of chronic axonal
degeneration and regeneration. Intermediate forms between CMT1 and CMT2 have been identified,
the most prominent is the X-linked CMT (CMTX1). In addition, rare dominant-intermediate (DI)
forms of CMT have been described.

Some patients with mutations in genes typically associated with either CMT1 or CMT2 may present
with mixed phenotypic features, reflecting overlap between demyelinating and axonal characteristics.
A third, smaller group consists of the pure motor forms, also known as distal hereditary motor
neuropathies (dAHMN), which are characterized by the absence of sensory involvement on clinical,
electrophysiological, and pathological examination.
The Charcot-Marie-Tooth (CMT) phenotype may sometimes be complicated by additional features,
such as pyramidal involvement in HMSN type V (CMTS5) or optic atrophy in HMSN type VI
(CMT6). The term CMT3 (HMSN III) is occasionally used to refer to Déjerine-Sottas neuropathy,
historically described as a severe, early-onset hereditary neuropathy characterized by motor delay,
profoundly reduced nerve conduction velocities, elevated cerebrospinal fluid protein levels, nerve
hypertrophy, and severe dysmyelination on nerve biopsy,
considered as the most severe form of demyelinating CMT (14,15,23,26).

According to some studies, even in these hereditary conditions, an endoneurial infiltration of
macrophages between individual nerve fibers can be observed. This infiltration appears to contribute
detrimentally to the progression of peripheral neuropathy by exacerbating clinical symptoms and
accelerating the denervation process (23).

The diagnostic workup for Charcot-Marie-Tooth (CMT) subtype identification is inherently complex
and cannot rely solely on clinical phenotype, as multiple genetic variants often produce overlapping

clinical features, rendering them clinically indistinguishable in  individual patients.



Clinical and laboratory findings as well as electrophysiological studies are essential in
guiding molecular investigations, allowing for more targeted genetic testing and helping to narrow
down the CMT subtypes.
Therefore, in addition to establishing the mode of inheritance, performing nerve conduction studies,
and conducting nerve biopsy in selected cases, a thorough clinical examination of both the patient
and affected family members may provide additional diagnostic clues (38) (15,39-42).

Magnetic Resonance Imaging (MRI) and ultrasound are two imaging modalities that provide valuable
additional informations in the diagnostic evaluation of patients with Charcot-Marie-Tooth disease,

particularly in detecting structural and pathological changes in nerves and muscles (43—45).

Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a progressive, devastating neurodegenerative disorder that
affect both upper and lower motor neurons; it is characterized by progressive muscle weakness,
atrophy, fasciculations and paralysis. Fasciculations are a prominent and diagnostic feature of ALS,
resulting from ectopic activity originating within motor neurons. Evidence suggests that these
fasciculations arise proximally during the early stages of the disease and shift to a more distal origin
in later stages. In ALS, fasciculation potentials (FPs) are detectable from the earliest clinical stages
of the disease, even in muscles that retain normal strength. However, they tend to become less evident
in end-stage, severely wasted muscles, suggesting that their origin may vary throughout the course of
the disease. Mortality typically occurring within 2 to 5 years of symptom onset generally due to
respiratory failure (46)(47)(48). The disease is marked by the selective degeneration of motor neurons
in the central nervous system (CNS), accompanied by denervation of neuromuscular synapses in the
peripheral nervous system (PNS). The underlying causes and mechanisms of motor neuron
degeneration in ALS are complex and remain incompletely understood. Nearly 90% of all ALS cases
occur sporadically, while the remaining 10% are familial. Among familial cases, approximately 20%

are associated with one of over 160 mutations in the gene encoding the ubiquitously expressed human



superoxide dismutase 1 (SOD1), the first gene identified to be linked to ALS-related neurotoxicity.
Given the wide range of genes and mutations identified in familial ALS (fALS), along with the
discovery of de novo genetic alterations and various environmental factors contributing to the
pathogenesis of sporadic ALS (SALS), it is now evident that ALS has a highly heterogeneous
etiology. Nevertheless, these different causes ultimately converge on common pathological
mechanisms, leading to similar clinical manifestations (46). Electrophysiological changes are among
the first measurable alterations to occur in ALS and form a major component of the diagnostic tests
used in humans, as outlined in the (modified) El Escorial criteria. Alongside the Awaji criteria, these
provide electrophysiological data which, when combined with the ALS Functional Rating Scale,
contribute to a more definitive diagnosis. Nerve conduction measurements, such as Muscle Fiber
Conduction Velocity (MFCV), have shown up to 89% effectiveness in predicting the development of
ALS in patients who already exhibit denervation on muscle biopsy but do not yet meet the diagnostic
thresholds of the other criteria. Altered axon excitability in ALS patients has been observed to
progress in distal-to-proximal manner (46,47,49-54).

Changes in fasciculation potentials have recently been shown to precede and predict neuromuscular
junction (NMJ) instability and reinnervation, consistent with an early phase of increased axonal
excitability (46,48). Many studies have identified potential causes of sporadic ALS (sALS), including
excitotoxicity, astroglial and/or microglial dysfunction, oxidative stress and mitochondrial
dysfunction, endoplasmic reticulum stress, defects in RNA processing, growth factor abnormalities,
impairments in axonal transport, metabolic alterations, and the accumulation of protein aggregates
(46,55). In recent years, the 'dying-back' hypothesis has gained increasing support; this hypothesis
has received considerable attention in the context of ALS pathophysiology. It suggests that
pathological changes in motor neurons and nerve terminals occur before motor neuron degeneration
and the onset of clinical symptoms. Specifically, it proposes that ALS is a distal axonopathy, in which
changes first arise distally at the neuromuscular junction (NMJ) and then progress proximally toward

the cell body (46).



The neuromuscular junction (NMJ) is a specialized structure comprising motor axon terminals,
muscle fibers, and various supporting cells, including terminal Schwann cells (TSCs). Also referred
to as perisynaptic Schwann cells, TSCs are glial cells localized at the NMJ and are involved in
synaptic transmission, synaptogenesis, and nerve regeneration. NMJ dissociation-defined as the
separation of TSCs and motor axons from the motor endplate of the muscle is a characteristic
pathological feature of amyotrophic lateral sclerosis (ALS) and has been observed to precede
symptom onset in both ALS rodent models and human patients. Although it remains unclear whether
NMIJ dissociation occurs before or after motor neuron death, accumulating evidence suggests that this
process plays a more significant role in ALS progression than previously recognized.

Inflammation may contribute to NMJ dissociation during the progression of ALS, although its precise
role and underlying mechanisms remain largely unclear. It is well established that inflammation is
involved in motor neuron death and is associated with motor neuron degeneration within the central
nervous system. As ALS advances, both pro-inflammatory and anti-inflammatory cytokine levels
have been observed to increase in the cerebrospinal fluid of affected patients (56).

In both ALS patients and mouse models, motor neuron degeneration is accompanied by robust
inflammatory responses. Within the central nervous system (CNS), microglia and astrocytes become
activated as the disease progresses, while peripheral immune cells-such as T lymphocytes and natural
killer (NK) cells infiltrate the spinal cord. The role of macrophages in the progression of amyotrophic
lateral sclerosis (ALS) is complex. These cells act at both the peripheral nerve and the neuromuscular
junction, where they appear to exert a protective effect during the early stages of the disease, while,
in later stages, they contribute to degenerative changes. Despite the significant infiltration of
macrophages observed in the peripheral nerves and muscles of SOD I mice, no significant alterations
were detected in the expression levels of classical pro-inflammatory cytokines, including TNF-a and
IL-6 (57).

The diagnosis of ALS is based on three main principles: the presence of symptoms indicating

functional impairment in specific regions of the body, the evidence of both upper (central) and lower



(peripheral) motor neuron involvement in one or more anatomical regions and a progressive
worsening of functional impairment over time. Electromyography (EMG) and nerve conduction
studies are fundamental tools in the diagnosis of ALS; it is currently the most effective method for
evaluating lower motor neuron (LMN) impairments and it plays a crucial role in early diagnosis. They
not only help to distinguish ALS from other conditions that may mimic its clinical presentation but
also provide evidence of motor unit loss, which is a core pathological feature of the disease.

Motor evoked potentials (MEPs) elicited by transcranial magnetic stimulation (TMS) are used to
confirm lesions of the upper motor neurons (UMNSs) or the corticospinal tract. In ALS, TMS typically
reveals cortical hyperexcitability, characterized by an increased motor threshold and impaired
intracortical inhibition, particularly a reduction in short-interval intracortical inhibition (SICI).
Advanced magnetic resonance imaging (MRI) techniques have demonstrated early degeneration of
upper motor neurons, as well as involvement of other systems such as the sensory pathways and basal
ganglia, supporting the view that ALS is a multisystem disorder. The use of non-conventional MRI
modalities, such as diffusion tensor imaging (DTI), magnetic resonance spectroscopy (MRS), and
magnetisation transfer imaging (MTI), may provide further insight into the underlying
pathophysiological processes of ALS. Cerebrospinal fluid (CSF) analysis is particularly important in
the early stages of the disease to exclude other neurological disorders that may mimic ALS.
Ultrasound (US) has gained popularity in the assessment of neuromuscular disorders, driven by
technological advancements and improved resolution. Ultrasound (US) can measure muscle size and
echogenicity, as well as detect fasciculations. Given the diagnostic importance of fasciculations, and
the fact that ultrasound is a quick, non-invasive, and reliable technique, especially for evaluating
proximal limb and cranially innervated muscles, it is a valuable tool to use alongsidewith
electromyography (EMG). The integration of these methods offers a more efficient, less invasive,

and more sensitive approach to diagnose ALS (58-62) (63).



Traumatic peripheral nerve injuries (PNIs)

Traumatic peripheral nerve injuries (PNIs) encompass a range of conditions characterized by damage
to one or more peripheral nerves, often resulting in partial or complete loss of motor and/or sensory
function. Among the etiological factors contributing to peripheral nerve injuries, traction, transection,
radiation, compression, thermal, and electrical forces are of particular relevance, as they elicit similar
pathophysiological responses, including demyelination and Wallerian degeneration. Optimal
functional recovery is typically achieved through early diagnosis, appropriate surgical timing (if
surgical intervention is required), and the selection of the most suitable surgical approach. However,
several factors can influence the outcome, including patient age, sex, comorbid conditions, the type
and anatomical level of the nerve injury, as well as the presence of associated injuries (64).

Traumas represent the most common cause of peripheral nerve injuries. Among traumatic
mononeuropathies of the upper extremity, the radial nerve is most commonly affected, followed by
the ulnar and median nerves. In the lower extremity, the sciatic nerve is the most frequently involved,
followed by the peroneal nerve. As previously mentioned neurons can be damaged through various
mechanisms and the resulting pathological processes are primarily related to demyelination and
Wallerian degeneration. In cases of focal demyelination, the injury remains localized without distal
pathological effects. In contrast, axonal disruption leads to Wallerian degeneration of the distal nerve
segment, characterized by axonal loss. In cases of traction injuries, the nerve exhibits a certain degree
of resistance to the applied traction forces owing to their intrinsic tensile strength and elasticity. This
tensile strength reflects the nerve’s capacity to endure elongating forces. Structural adaptations
contributing to this resistance include the undulating trajectory of the nerve along the limb, the wavy
course of individual nerve fibers within fascicles, which provides mechanical slack, and the tensile
properties of the perineurium. However, as tensile stress increases beyond physiological limits,
rupture of the perineurium may occur. In case of compression injuries, the compressive strength of a
nerve reflects its capacity to withstand forces that decrease its diameter. While the perineurium

confers resistance to traction injury, the epineurium plays a critical role in resisting compressive



forces by dissipating externally applied pressure. Consequently, nerves with a greater amount of
epineurial tissue demonstrate enhanced resistance to compression. Additionally, the fascicular
architecture contributes to this resistance: a higher number of smaller fascicles more effectively
dissipates compressive forces compared to a smaller number of larger fascicles. Compressive forces
induce nerve injury through two primary mechanisms: direct damage to nerve fibers (axon or myelin)
and the development of endoneurial edema. Endoneurial edema compromises nerve function by
elevating endoneurial fluid pressure, thereby impairing axonal transport, disrupting intraneural
microcirculation, and potentially leading to fibrosis. When compressive forces are brief in duration,
neurological symptoms are generally transient and positive (such as paresthesia). Prolonged
compression, however, may result in negative neurological features (such as numbness and weakness)
due to myelin or axonal injury. In cases of transection injuries, complete or partial disruption of axonal
structures, along with their associated connective tissue components, may be observed. Based on the
nature of the causative force, these injuries are further categorized as either sharp or blunt. In complete
transections, the proximal and distal nerve stumps often retract, forming a physical gap that
significantly hinders axonal regeneration and prevents successful reinnervation of distal targets. Due
to the extent of structural damage and the inherent the challenges associated with axonal regrowth,
transection injuries are typically associated with a poor functional prognosis (65-67).

Two predominant classification systems have been proposed for traumatic peripheral nerve injuries:
the Seddon classification and the Sunderland classification. Seddon classified peripheral nerve
injuries into three categories: neurapraxia, axonotmesis, and neurotmesis.

Neurapraxia is a relatively mild form of peripheral nerve injury, characterized by temporary motor
and sensory deficits without evidence of Wallerian degeneration. Distal nerve conduction remains
preserved, and the conduction block is typically caused by focal demyelination and/or transient
ischemia. As a condition that is largely defined by its clinical presentation, neurapraxia is associated
with motor paralysis, though muscle wasting is generally minimal or absent. Electrical excitability of

the affected muscles remains intact. Subjective sensory disturbances, such as numbness, tingling, and



burning sensations, are common, while objective sensory deficits are usually partial and often
minimal. Loss of proprioception and vibration sense may also be present, although these findings are
generally mild. Recovery typically occurs within hours to days, weeks, or up to a few months.
Axonotmesis is frequently observed in crush injuries, nerve stretch injuries (such as those resulting
from motor vehicle accidents or falls), and percussion injuries (such as gunshot wounds). In
axonotmesis, the axons and their myelin sheaths are disrupted, while the surrounding connective
tissue structures, including Schwann cell tubes, endoneurium, and perineurium, remain preserved.
Although Wallerian degeneration occurs distal to the injury site, axonal regeneration may still
proceed along the preserved endoneurial tubes. The success of functional recovery largely depends
on the extent of internal nerve disorganization and the distance between the lesion and the target end
organ. Following a latency period of several weeks to a few months, regenerating axons may traverse
the scar tissue at the injury site. If the supporting structures remain sufficiently intact, axonal
regeneration can proceed in an anatomically organized manner along the distal (peripheral) stump.
Neurotmesis refers to the most severe form of peripheral nerve injury, characterized by complete
transection of the nerve or profound structural disorganization due to fibrosis, which renders axonal
regeneration impossible. This type of injury may result from sharp trauma, severe traction forces,
high-energy blunt (percussion) trauma, or the intraneural injection of neurotoxic substances. Given
the complete loss of neural continuity, the prognosis for spontaneous recovery is extremely poor in
the absence of surgical intervention. At the site of nerve injury, a localized swelling known as
a neuroma often develops at the proximal (central) stump; it consists in disorganized regenerating
nerve fibers, fibrous scar tissue, and newly formed connective tissue. The neuroma may be palpable
and tender to the touch. A similar swelling may also form at the distal (peripheral) stump. Clinically,
the injury results in complete sensory loss and motor paralysis in the distribution of the affected nerve.
The innervated muscles undergo denervation atrophy and exhibit the classic signs of degeneration,
including the characteristic response to electrical stimulation known as the reaction of degeneration.

In the absence of surgical repair, functional recovery is virtually non existent (68,69).



Sunderland proposed a more detailed classification system for peripheral nerve injuries, dividing
them into five distinct degrees, in contrast to Seddon's original three-tiered model.

First-degree nerve injury corresponds to a conduction block without structural damage to the nerve’s
supporting connective tissue (stroma), and aligns with Seddon’s classification of neurapraxia.
Prognosis is excellent, as nerve function typically recovers fully.

Second-degree injury involves disruption of the axon while preserving the endoneurium and overall
stromal architecture. This allows for axonal regeneration along the intact endoneurial tubes.
Third-degree injury is characterized by transection of both the axon and the endoneurial tubes, while
the perineurium remains intact. Recovery depends on the ability of regenerating axons to cross the
lesion site and accurately reenter appropriate endoneurial pathways.

Fourth-degree injury involves disruption of axons, endoneurial tubes, and perineurium, with only the
epineurium remaining intact to maintain gross continuity of the nerve trunk. These injuries are often
caused by traction forces and are associated with severe internal disorganization and fibrosis.
Prognosis is poor without surgical intervention due to the lack of guidance structures for axonal
regeneration.

Fifth-degree injury represents complete transection of the entire nerve trunk, including all connective
tissue layers, and is functionally equivalent to neurotmesis in Seddon’s classification. Surgical repair
is typically required to restore any functional outcome (69,70).

A sixth degree was later added to Sunderland’s classification by Mackinnon, to account for peripheral
nerve injuries (PNIs) with a mixed pattern of damage (64,71).

The detection of nerve trauma is possible through neuroimaging techniques such as ultrasound (US)
and magnetic resonance imaging (MRI). While electrodiagnostic tests, such as nerve conduction
studies and needle electromyography (EMG), have traditionally been used for the localization and
grading of nerve lesions, their utility is limited, particularly in the acute phase, and they are often

poorly tolerated by patients (72)(73).



In contrast, ultrasound (US) and magnetic resonance imaging (MRI) have emerged as valuable, non-
invasive complementary tools for accurately localizing and characterizing peripheral nerve injuries.
Ultrasound (US) has demonstrated significant utility in improving the localization and
characterization of peripheral nerve injuries and offers several advantages over magnetic resonance
imaging (MRI). Specifically, US provides high spatial resolution for visualizing superficial nerves,
is not affected by ferromagnetic artifacts, involves fewer contraindications related to implants, and is
often better tolerated by patients. Furthermore, US is particularly well-suited for guiding perineural
injections, making it a valuable tool not only for diagnostic purposes but also for the therapeutic
management of painful neuropathies (73-75).

On short-axis ultrasound, peripheral nerves exhibit a characteristic honeycomb appearance, with
hypoechoic fascicles surrounded by hyperechoic connective tissue (73,76).

At ultrasound examination, low-grade peripheral nerve injuries consistent with clinical and
conductive neurapraxia (Sunderland grade I) may present with no detectable abnormalities on
ultrasound, although mild hypoechogenicity and/or nerve swelling can occasionally be observed.
Sunderland grade II injuries involve axonal damage accompanied by a more robust reparative
response. These injuries may demonstrate increased edema and fascicular enlargement on ultrasound.
In contrast, grade III injuries, characterized by damage to the endoneurium, often present with more
pronounced, homogeneously hypoechoic nerve enlargement due to endoneural scarring. Despite this,
careful imaging assessment may still reveal preserved fascicular continuity, wich correlates with a
preserved perineurium. Sunderland grade II and III injuries can be difficult to differentiate on
imaging; however, grade III injuries may present with focal, fusiform hypoechoic nerve swelling,
commonly referred to as a pseudoneuroma. Grade IV injuries are characterized by disruption of the
perineurium, leading to intraneural scarring that significantly impairs axonal regeneration. The
resulting disorganized regrowth of axons, combined with fibrosis, often gives rise to a neuroma in
continuity, an imaging and clinical hallmark of Sunderland grade IV nerve injury. In these lesions,

nearly all internal connective tissue features become sonographically imperceptible, including a loss



of the normal fascicular architecture. However, the hyperechoic epineurium typically remains intact.
In cases of neurotmesis (Sunderland grade V), sonographic imaging typically reveals complete
transection of the echogenic epineurium, often with an intervening gap filled by hemorrhage or
fibrosis. A stump neuroma is commonly present at the site of injury. These neuromas are identified
as markedly enlarged hypoechoic nodules in continuity with the proximal or distal nerve stump and
are frequently associated with tenderness, pain, or paresthesia when compressed with the ultrasound
probe. Mixed-type (grade VI) injuries involve variable damage to different layers within a single
nerve cross-section, with partial nerve laceration being a common example. In such injuries, some
nerve segments may remain intact, while others exhibit complete transection of axons, endoneurium,
perineurium, and epineurium, similar to grade V injuries. Imaging typically reveals focal thickening
or discontinuity of the epineurium, accompanied by heterogeneous and disrupted fascicular patterns.
Following a nerve injury, it is essential to evaluate the innervated muscle territory. Normal muscle
typically appears hypoechoic with fine echogenic internal septa on ultrasound. In contrast, denervated
muscle demonstrates increased echogenicity and volume loss, along with progressive effacement of
the normal muscle architecture over time (73,74,76—80).

MRI is a valuable imaging modality for visualizing peripheral nerves and characterizing surrounding
soft tissue structures, particularly when assessing atypical sites of compression. It also provides
critical information regarding muscle denervation and atrophy. Moreover, MRI is especially useful
for evaluating nerve lesions located in anatomically complex regions that may be challenging to
localize with electrodiagnostic studies or difficult to visualize with ultrasound (78).

Morphologic MR neurography has substantially expanded its clinical utility through the use of two-
dimensional and three-dimensional imaging sequences, both with and without fat-suppression
techniques. However, these sequences are limited by their inability to provide pathophysiological
information regarding the functional integrity or axonal transport within peripheral nerves. In this
context, functional MRI techniques, such as diffusion-weighted imaging (DWI) and diffusion tensor

imaging (DTI), serve as valuable complementary tools for the initial evaluation of peripheral nerve



trauma and for the assessment of nerves following surgical repair. These methods provide not only
detailed morphologic data but also critical functional information about the extent and severity of
nerve damage. Furthermore, functional MR neurography is essential to the evaluate the functional
status of affected nerves and the integrity of axonal flow. Functional MR neurography, utilizing
diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) offer valuable
pathophysiological insights into both healthy and pathological peripheral nerves. Diffusion-weighted
imaging (DWI) is based on the ability to detect and quantify the movement of water molecules within
the extracellular space. Diffusion tensor imaging (DTI) shares the same biophysical principles as
DWTI but takes into account the presence of a dominant direction of water molecule movement within
three-dimensional (3D) space. DTI has been particularly utilized for the evaluation of the central
nervous system (CNS). Quantitative parameters derived primarily from DTI neurography enable the
detection of signal intensity changes in injured peripheral nerves with greater sensitivity and
specificity than morphologic MR neurography. These parameters provide crucial pathophysiological
information regarding the extracellular space, fiber organization, axonal flow and myelin integrity.
Functional MR neurography thus holds significant potential to enhance treatment selection, guide
therapy, monitor progress, and predict outcomes in patients with peripheral nerve injuries (81).

Schwann cells play a central role in initiating many of the cellular and molecular events involved in
Wallerian degeneration. At the site of nerve injury, alterations in their protein expression are crucial
for supporting axonal regeneration. In the absence of axonal contact, Schwann cells undergo a
phenotypic shift to a non-myelinating state, characterized by the downregulation of several key
proteins, including PMP22, Krox-20, PO, and connexins. Protein synthesis is suppressed, while
cellular differentiation is promoted, accompanied by the upregulation of c-Jun and the production of
neurotrophic factors such as nerve growth factor (NGF) and ciliary neurotrophic factor (CNTF).
These neurotrophic factors promote the generation of a population of newly differentiated Schwann
cells, a process that is further supported by the protective and regenerative properties of endogenous

molecules such as erythropoietin. These changes are further driven by neuregulin, as well as by



mitogenic signals released from proximal stump neurons, such as ATP. Together with acetylcholine,
these factors contribute to the maturation of newly differentiated Schwann cells into a myelinating
phenotype (82-90).

Schwann cells play a key role in debris clearance following nerve injury, both by performing
phagocytosis themselves and by actively recruiting macrophages. This phagocytic activity is
supported by the expression of the protein MAC-2, which facilitates the phagocytic capacity of
Schwann cells. In addition, Schwann cells are a major source of monocyte chemoattractant protein-1
(MCP-1), a chemokine that plays a crucial role in recruiting circulating macrophages to the injury
site (90-93).

Following nerve injury, macrophages are rapidly recruited to the lesion site in response to signals
released by Schwann cells, a process that depends on the disruption of the blood-nerve barrier. Once
at the injury site, macrophages play multiple roles: they facilitate the recovery of essential lipids, such
as cholesterol, from degenerating nerve tissue, and they synthesize apolipoprotein E along with other
lipoproteins. In addition, macrophages secrete various growth-promoting factors that further
stimulate Schwann cell proliferation, thereby supporting nerve regeneration (90,94-98).

Schwann cells play a pivotal role in promoting axonal regeneration, primarily by serving as the main
source of neurotrophic factors. These factors typically interact with tyrosine kinase receptors on
neurons, leading to changes in their gene expression profiles that support and enhance the

regenerative process (90).



Molecular imaging

Molecular imaging has emerged as a powerful and non-invasive approach for investigating the spatial
and temporal dynamics of microinflammatory processes in vivo. This methodology allows a non-
invasive visualization, characterization and quantification of biological processes at the molecular
and cellular levels in living organism including humans (99).

While traditional anatomical imaging remains essential for diagnosis, surgical planning, follow up
and monitoring treatment response, the field of molecular imaging is rapidly advancing and offers
improvements in specificity and quantification being particularly valuable for early disease detection,
targeted and personalized therapy, and earlier treatment follow-up. One of the major strengths of in
vivo molecular imaging lies in its ability to characterize the molecular features of pathological tissues
offering a non-invasive alternative to conventional biopsy procedures or surgical interventions. This
approach enables clinicians and researchers to gather crucial biological information that can be used
to individualize treatment strategies (100).

A wide range of advanced imaging modalities are now extensively employed to monitor structural,
functional, and molecular alterations within pathological tissues including optical imaging, computed
tomography (CT), magnetic resonance imaging (MRI), positron mission tomography (PET), single-
photon emission computed tomography (SPECT) and ultrasound (101). In particular, new PET
radioligands and MRI contrast agents that target molecular and cellular mediators of
neuroinflammation represent powerful imaging tools for improving our understanding of disease
mechanisms, progression, and therapeutic response (102).

Positron emission tomography (PET) stands out as one of the most promising tools in this field,
particularly when combined with radiotracers targeting immune cells. For example, the PET tracer
DPA-714, which binds to the translocator protein (TSPO) expressed in activated macrophages and
microglia, enables the in vivo visualization of macrophages activation and migration. This makes it
particularly suitable for studying neuroinflammatory responses in various pathological conditions,

including neuromuscular disorders (103).



Magnetic resonance imaging (MRI) also plays a crucial role in molecular imaging, especially when
specialized contrast agents are used. Small superparamagnetic iron oxide (SPIO) and Ultrasmall
superparamagnetic iron oxide (USPIO) particles, serve as effective MRI contrast agents for tracking
immune cell infiltration. These particles are phagocytosed by macrophages of the reticuloendothelial
system and by tissue-resident monocytes, allowing the detection of immune cell accumulation in
target tissues such as muscles and peripheral nerves (104)(105).

High-resolution ultrasound (US), while traditionally considered a purely morphological imaging
technique, is gaining relevance in the context of neuromuscular disease evaluation due to its excellent
accessibility, portability, and non-invasiveness. Although ultrasound does not inherently provide
molecular-level data, recent advances in texture analysis and artificial intelligence (AI) have
significantly enhanced its diagnostic potential. Texture analysis algorithms can extract quantitative
parameters from ultrasound images that reflect underlying tissue heterogeneity, fibrosis, or
degeneration. When these parameters are correlated with clinical, histological, and molecular imaging
findings, ultrasound may serve as a surrogate tool for monitoring disease progression and treatment
response (106)(107).

Altogether, the integration of PET, MRI, and advanced ultrasound techniques, each contributing
complementary informations, offers a multiparametric imaging strategy capable of characterizing the
immune landscape and neuroinflammatory changes in neuromuscular diseases. This multimodal
approach not only improves our understanding of disease mechanisms but also paves the way for the
identification of novel imaging biomarkers for diagnosis, prognosis, and therapeutic monitoring

(101).



Objectives

The present study was carried out with the contribution of a multidisciplinary team, which
collaborated in the various phases of the work, from study design to data collection and analysis. The
animal studies were conducted in collaboration with the staff of the Animal Facility of the San
Martino Hospital in Genoa, who provided technical support and expertise throughout the
experimental procedures. While the experimental studies on animal models have been completed,

patient enrollment and data collection are ongoing.

Objective 1)

In vivo and ex vivo evaluation in murine models of the dynamic of the immune response at the muscle
and nerve level across three different neuromuscular disorders characterized by denervation
(traumatic peripheral nerve injury, genetically inherited peripheral neuropathy, and amyotrophic

lateral sclerosis).

Development of a multiparametric imaging protocol (microPET, MRI, and ultrasound) to be applied
to murine models at defined timepoints.

Tissue harvesting and processing at the same timepoints used for imaging studies.

Histological characterization of collected tissues and correlation analysis between imaging data and
pathological findings.

Post-acquisition fusion of functional microPET images with morphological MRI scans.

Objective 2)

To evaluate the translational feasibility of advanced imaging protocols and their associated findings
from murine models to three distinct cohorts of patients affected by Charcot-Marie-Tooth disease

type 1A (CMT1A), amyotrophic lateral sclerosis (ALS) and traumatic peripheral nerve injury.



Recruitment of patients at the IRCCS Policlinico San Martino Hospital in Genoa.

Clinical assessment of patients using disease-specific clinical rating scales.

Design and implementation of disease-specific multiparametric imaging protocols, including PET
(only for ALS patients), MRI, and ultrasound, guided by findings obtained from murine models.

Post-acquisition fusion of functional microPET images with morphological MRI scans.

Objective 3)

Application of texture analysis techniques to ultrasound images obtained from the aforementioned
patient cohorts and murine models, with the aim of extracting quantitative parameters that correlate
with other imaging modalities (MRI and PET), as well as with clinical and histological data. The goal
is to explore the potential of identifying disease-specific and prognostic biomarkers using ultrasound,

a non-invasive, low-cost, and widely accessible technique suitable for any clinical setting.

Export of ultrasound data (video and static images) to external storage media.

Visualization and analysis of the images using offline software, including the extraction of texture
analysis features.

Statistical evaluation of significant differences in the extracted features among the three patient
groups and murine models; assessment of correlations between texture features and other clinical and

instrumental parameters.



Materials and methods

Objective 1)

Four types of rodents were purchased and housed at the Animal Facility of the IRCCS Ospedale
Policlinico San Martino. After obtaining the authorization from the Animal Welfare and Licensing
Committee of IRCCS Ospedale Policlinico San Martino (Genoa, Italy) and the approval from the
Animal Welfare Body of the Italian Ministry of Health, the experimental procedures were
subsequently initiated. All experiments were conducted in accordance with the guidelines of Animal

Research: Reporting of In Vivo Experiments. The animal models included the following:

SOD1/G93A mouse, B6SJL-Tg (SOD1*G93A)1 Gur, a well-established model of amyotrophic
lateral sclerosis (ALS), characterized by high copy number expression of the mutant human SOD1
protein carrying the Gly93Ala substitution. The control group consisted of wild-type B6SJL mice.
SD-Tg (Pmp22) Kan rat, a model of the inherited neuropathy Charcot-Marie-Tooth disease type 1A
(CMTI1A).

. MpzD61N/+ mouse, a transgenic mouse model of the inherited neuropathy Charcot-Marie-Tooth
disease type 1B (CMTI1B), carrying a heterozygous D61N5 mutation in the myelin protein zero
(MPZ) gene.

. C57BL/6 mouse, used as a model of traumatic peripheral nerve injury, in which a standardized nerve

lesion was surgically induced

All the animal models were examined at specific time points to evaluate the disease progression:

. n=24 SOD1/G93A mice and n = 24 wild-type controls were assessed at 60, 90, and 120 days of age
. n= 16 SD-Tg (Pmp22) Kan transgenic rats and n=16 wild type controls were assessed 90 and 300

days of age



. n=16 MpzD61N/+ mice and n=16 MpzD6IN/N mice along with n=16 wild-type controls were
evaluated at 90 and 300 days of age

. n =24 C57BL/6 mice underwent focal sciatic nerve crush injury at 60 days of age under appropriate
anesthesia and post-operative analgesia. Animals were evaluated at 7, 14, and 90 days after nerve

injury. The contralateral (uninjured) limb was used as healthy control.

The imaging equipment used to carry out the protocol included:

. Magnetic Resonance Imaging system 7 Tesla BioSpin MRI GmbH (Bruker, Ettlingen, Germany),
located in the Animal Facility of IRCCS Ospedale Policlinico San Martino. The system is equipped
with Paravision 360 software and dedicated surface and volume coils.

. Multimodal Imaging Ultrasound System Vevo LAZR-X (FUJIFILM Visual Sonics, Toronto,
Canada), equipped with a 400x linear transducer operating at 30 MHz, located in the Animal Facility
of IRCCS Ospedale Policlinico San Martino.

. MicroPET system (Albira, Bruker, USA), located in the Nuclear Medicine Department of IRCCS

Ospedale Policlinico San Martino.

The PET tracer used to label the TSPO protein was synthesized at the Nuclear Medicine Department

of IRCCS Ospedale Policlinico San Martino.

The superparamagnetic MRI contrast agent is used to identify inflammatory processes in various
body regions; it can be purchased directly from Fujifilm exclusively for research purposes (it does
not have EMA approval for general commercial use). After administration, it is necessary to wait at
least 24 hours to allow the contrast agent to distribute throughout the tissues, be phagocytosed by
macrophages, and accumulate mainly at sites of macrophage infiltration (109). An increase in iron
content at a specific site leads to a decrease in the T2* relaxation time compared to images acquired
before contrast agent administration. This change can be quantitatively measured using T2* mapping

sequences.



At each time point, the murine models were subjected to a series of behavioral tests aimed at assessing

their motor function:

Rotarod test to assess motor coordination (110)

Hanging Wire test to evaluate hind limb strength (maximum observation time: 180 seconds)

Each animal model is organized into groups of 8 subjects per time point, with an equal distribution

of males and females. The following protocol is then applied to each group:

Day 1)

Rodents were evaluated using the aforementioned behavioral tests.

Day 2)

General anesthesia was induced and maintained using 1% isoflurane delivered in a 3:1 mixture of air
and oxygen.

MRI of the lower limbs was performed using the following sequences: T2-weighted sequences with
fat quantification, T2*-weighted GRE sequences, Diffusion Tensor Imaging (DTI), and T1 and T2
mapping sequences (the total scan time was approximately 45 minutes).

Intravenous administration via a tail vein of a superparamagnetic iron oxide contrast agent, at a dose
of 0.08mL/kg.

. Ultrasound imaging of the lower limbs was also performed.

Day 3)

General anesthesia was induced and maintained using 1% isoflurane delivered in a 3:1 mixture of air
and oxygen
MRI of the lower limbs was performed using the 72-weighted GRE* sequence to assess contrast agent

uptake (total scan time was approximately 10 minutes).



. Whole-body microPET imaging was conducted after the administration of the [18F]-DPA-714 tracer,
to detect central and peripheral neuroinflammation (total scan time was approximately 50 minutes)

. Murine models were sacrificed by CO: inhalation, and tissues were harvested, including the spinal
cord, bilateral sciatic nerves, and bilateral muscles of the quadriceps, hamstrings, and lower leg.

The harvested tissues were processed and cryopreserved for subsequent histological analyses, which

include:

- Hematoxylin and eosin staining for the morphological evaluation of muscle and nerve tissues.
- Immunohistochemical staining to assess the presence of immune cells, using rat anti-mouse

antibodies targeting

- Myeloperoxidase (MPO)
- CD206 (AbD Serotec, 1:200, 5 pg/mL)
- CDS86, clone PO.3 (Millipore, 1:100, 5 pg/mL)

- CDI11b (Novus Biologicals, 1:200, 5 pg/mL)

- Prussian blue staining to verify the phagocytosis of iron oxide particles within the analyzed
tissues.
- Immunostaining using rat anti-mouse antibodies against the translocator protein (TSPO), the

molecular target of the PET tracer.



Objective 2)

Three studies have been submitted to the Ethics Committee:

. A prospective observational study for patients affected by CMT1a

. A prospective interventional study (non-pharmacological) for patients affected by traumatic nerve
injury.

. A prospective interventional experimental study involving a pharmacological agent for patients

with ALS.

Studies 1. and 2. received approval from the Regional Ethics Committee (numbers 110/2023-DB
ID13005 and 177/2023-DB ID13073, respectively).
Study 2) is classified as interventional, as it includes a greater number of non-invasive diagnostic
procedures (such as MRI and ultrasound) than those typically performed during routine clinical

monitoring of patients with traumatic nerve injury.

Study 3. involves the use of the PET tracer for neuroinflammation, ['*F]-DPA-714, classified as a
radiopharmaceutical that is currently approved by the EMA for clinical research and has been
employed in various patient populations across Europe; however, it is not authorized for general
circulation or routine clinical use. The submission of an interventional clinical trial protocol involving
human subjects requires the preparation of a dossier on the investigational medicinal product, known
as the IMPD (Investigational Medicinal Product Dossier). Radiopharmaceuticals are fully classified
as medicinal products and are therefore subject to the same regulatory requirements governing clinical
trials. As specified in Regulation (EU) No 536/2014, the submission of the IMPD for the
neuroinflammation PET tracer must be an integral part of the documentation to be prepared and
submitted for approval by the Competent Authority (AIFA) and the Ethics Committee. The approval
is preliminary and mandatory for the use of the radiopharmaceutical in human experimental studies.

Therefore, a dossier was prepared containing all data related to the production process of the



1.

investigational medicinal product, using the equipment specifically designated for
radiopharmaceuticals (cyclotron/synthesizers/quality control instruments) and detailing the specific
expertise of the operators and the qualified personnel of the radiopharmacy unit at IRCCS Policlinico

San Martino in Genoa.

Patients with CMT1a (expected number = 30)

Patients with a confirmed diagnosis of Charcot-Marie-Tooth disease type 1A (CMTl1a), based on
clinical presentation, electrophysiological findings, and genetic testing, and currently followed at
IRCCS  Ospedale  Policlinico San  Martino, were enrolled in the  study.
Given the chronic and slowly progressive nature of the disease, each participant underwent a single
time-point clinical and instrumental assessment.

Patients presenting with coexisting neurological disorders were excluded from recruitment.

The following clinical tests are performed in all patients:

Standard neurological examination (111)

CMT Neuropathy Score (CMTNS) (112)

Overall Neuropathy Limitations Scale (ONLS) (113)

Assessment of lower limb muscle strength using the Medical Research Council (MRC) scale (114)
Measurement of foot strength (flexion and extension) using a dynamometer (115)

6-Minute Walk Test (6MWT) (116)

Berg Balance Scale (BBS) for balance evaluation (117)

Visual Analogue Scale (VAS) for pain, fatigue, and cramps (118)



All patients underwent MRI examination on the same day as their clinical visit, using a 3T Siemens
Prisma scanner (Siemens Healthcare, Erlangen, Germany) located in the Neuroradiology Department
of IRCCS Ospedale Policlinico San Martino. The scanning protocol, lasting approximately 50
minutes, included imaging of the hip and thighs regions. The following MRI protocol with the

subsequent sequences was employed:

T2 DIXON for the assessment of fat fraction (FF) in muscle and nerve tissue.

The Dixon sequence is a quantitative MRI technique used to assess the water—fat ratio within tissues.
It relies on multi-echo acquisition and exploits the difference in resonance frequencies between water
and fat protons to generate multiple image sets, including in-phase, opposed-phase, water-only,
and fat-only reconstructions. Compared to traditional fat suppression methods, T2-weighted Dixon
imaging provides more uniform fat suppression and isless susceptible to magnetic field
inhomogeneities, making it especially advantageous for musculoskeletal imaging applications,
increasing the detection of both soft tssues and osseous abnormalities. Unlike conventional MRI fat
suppression techniques, which eliminate fat signal during image acquisition, the Dixon technique
achieves fat suppression during post-processing, by separating fat and water signals based on their

chemical shift differences (119,120).

T1 mapping

T1 mapping is an MRI technique that generates a quantitative parametric map by acquiring a series
of images at different longitudinal recovery times, allowing for voxel-wise calculation of the T1
relaxation time. T1 represents the time required for longitudinal magnetization to return to its
equilibrium state following an inversion or saturation pulse. This parameter is influenced by several
factors, including magnetic field strength, tissue temperature, water content, and phase contrast
effects. Importantly, gadolinium-based contrast agents, which distribute within the intravascular and

interstitial spaces, shorten T1 relaxation times, enabling contrast-enhanced T1 mapping. However,



T1 mapping can also be performed without contrast ("native T1 mapping"), which can reveal intrinsic
tissue characteristics, such as water, lipid, collagen, protein, and iron content. Notably, iron
deposition leads to a shortening of T1, T2, and T2* relaxation times. When both pre- and post-contrast
T1 values are obtained, it is possible to calculate the extracellular volume (ECV), a quantitative

biomarker of fibrosis and edema (121-128).

T2 mapping

T2 mapping is an MRI technique that produces a quantitative parametric map by acquiring a series
of images at different transverse decay times, allowing voxel-wise calculation of the T2 relaxation
time. T2 represents the time required for the loss of phase coherence of transverse magnetization
following an excitation pulse, primarily due to spin—spin interactions. T2 values are influenced by
tissue composition, particularly water content, with higher T2 values typically observed in water-rich
tissues. Additionally, superparamagnetic substances such as iron and deoxyhemoglobin generate
local magnetic field inhomogeneities, which further reduce T2 values, more prominently
affecting T2* than true T2. T2 mapping can be performed using two main sequence types, the spin-
echo sequence which measure true T2 relaxation times and gradient-echo sequence which
measure T2*. T2 mapping is particularly valuable for detecting pathological changes associated
with fluid accumulation, such as edema and inflammation, which typically present with prolonged
T2 values. Conversely, T2* mapping is well suited for evaluating conditions involving magnetic

susceptibility effects, such as hemorrhage or iron deposition (129—136).

Diffusion Tensor Imaging (DTI)

Diffusion-weighted imaging (DWI) is an MRI technique that captures the random motion of water
molecules within biological tissues, enabling the generation of images based on the diffusivity
differences among various tissue types. In the context of the peripheral nervous system, the highly

organized structure of nerves facilitates preferential diffusion of water molecules along the



longitudinal axis of the nerve fibers, while diffusion across the perpendicular axis is more restricted.
This directional preference in water movement, known as anisotropy, is a key characteristic that
distinguishes nerve tissue from the surrounding isotropic tissues, where water diffuses equally in all
directions. Exploiting this property, diffusion tensor imaging (DTI) extends DWI by modeling the
directionality of diffusion, allowing for the visualization and quantitative assessment of nerve
integrity and architecture. Diffusion Tensor Imaging (DTI) provides valuable quantitative
information on both normal and pathological peripheral nerves through several key biomarkers,
including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD). Among these, FA is the most significant parameter, as it reflects the degree of
directional organization of nerve fibers, with values ranging from 0 (completely isotropic diffusion)
to 1 (fully anisotropic diffusion). FA is a highly sensitive marker of microstructural integrity and
typically shows reduced values in most forms of primary and secondary neuropathies. Mean
diffusivity (MD) measures the average displacement of water molecules within the extracellular
space. Axial diffusivity (AD) reflects water movement along the primary axis of the nerve fiber, and
is closely associated with axonal transport and axonal integrity. In contrast, radial diffusivity
(RD) measures diffusion perpendicular to the main nerve axis, and is strongly related to the integrity

of the myelin sheath (137-142).

The superparamagnetic contrast agent was not administered because studies on murine models
demonstrated its ineffectiveness in identifying immune activation. However, the adopted protocol
compensates for the absence of contrast agent by indirectly assessing damage induced by
inflammatory cells in muscle and nerve tissue. The same study protocol is also applied to patients
undergoing MRI of the pelvis and thigh for non-neurological issues, who serve as the control group.
This control group is matched for mean age and has a similar proportion of males and females. For
both patients and the control group, after image acquisition, each parameter was independently

assessed by two radiologists to evaluate interobserver agreement.



2.

On the same day as the MRI, patients also underwent ultrasound evaluation.

Patients with traumatic nerve injury (expected number = 20)
Patients with traumatic nerve injury, including neurotmesis and all degrees of axonotmesis, affecting
either the upper or lower limb, are enrolled within 15 days of the traumatic event while receiving care

at IRCCS Ospedale Policlinico San Martino.

DAYS SINCE TRAUMA 0-14 15 30 90 180
CLINICAL ASSESSEMENT X X X X X
QUESTIONNAIRES X X X X
IMAGING (MRI, US) X X X
ELECTRONEUROGRAPHY (ENG) X X
ELECTROMYOGRAPHY (EMG)

Table 1. Assessement performed on patients and their corresponding time points.

1. The clinical visit includes the following assessments:

- Segmental strength testing of the affected limb, graded from 0 to 5 according to the Medical
Research Council (MRC) Manual Muscle Testing scale

- Sensory evaluation of the affected limb, assessing pain, light touch, temperature, vibration,
and proprioception

- Deep tendon reflexes, graded from 0 to 4+

The questionnaires used are:

- Disabilities of the Arm, Shoulder and Hand (DASH) for patients with superior arm lesions
(143)

- 36-Item Short Form Survey (SF-36) for patients with superior arm lesions



2. MRI examinations are performed using a 3T Siemens Prisma system (Siemens Healthcare,
Erlangen, Germany) located in the Neuroradiology Department of IRCCS Ospedale
Policlinico San Martino. Both the affected limb and the contralateral healthy limb, serving as
a control, are scanned.
The MRI protocol is the same as that used for CMT 1a patients.

3. Patients also undergo ultrasound evaluation on the same day as the MRI examination.

4. Electrophysiological studies include:

- Nerve conduction studies (electroneurography), assessing the amplitude of the CMAP
(compound muscle action potential), motor onset latency in the target muscle, amplitude
of the SNAP (sensory nerve action potential), sensory latency, and nerve conduction
velocity

- Electromyography (EMQG)

3. Patients with ALS (exptected number = 40)
Patient enrollment will begin once a positive opinion has been obtained from the Ethics Committee

and the National Competent Authority.



Objective 3)

Ultrasound images from animal models were acquired according to the previously specified timing
and intruments. Rats and mice underwent ultrasound examination immediately after MRI while still

anesthetized.

The ultrasound study in murine models includes:

- Acquisition of 3 static axial images (proximal thigh, mid-thigh, and proximal third of the leg)

for each limb, perpendicular to the orientation of the muscle fibers

- Three transverse scan video clips of the same areas

- Export of the ultrasound images saved in bitmap format for offline analysis

All patients undergo ultrasound examination on the same day as the MRI. For this purpose, the Aplio
1800 ultrasound system (Canon Medical Systems, Otawara, Japan), equipped with an 18-5 MHz linear

probe, located in the Radiology Department of IRCCS Ospedale Policlinico San Martino, is used.

The ultrasound study in humans includes:

- Acquisition of 5 static axial images for each thigh, perpendicular to the orientation of the
muscle fibers
- Three transverse scan video clips of the same area

- Export of the ultrasound images, which were saved in bitmap format and analyzed offline



The images are subsequently analyzed using the MaZda software, version 4.6 (Technical University
of Lodz, Institute of Electronics, Lodz, Poland). For each image, a region of interest (ROI) was
manually adapted to the anatomical area of interest. Within each ROI, the following features are

extracted:

First-order textural analysis parameters, such as mean pixel intensity (numerical pixel values) and
heterogeneity (mean standard deviation) of the pixel intensity values

Higher-order textural analysis parameters, including: histogram-derived features, absolute gradient
(spatial variation of gray-level values), run-length matrix (gray-level values and run lengths in a given
direction), co-occurrence matrix (information on the distribution of pixel pairs separated by a defined
distance and direction), autoregressive model (describing the correlation between neighboring

pixels), and wavelets (frequency decomposition of the image at multiple scales)

The reproducibility of the parameters obtained through texture analysis was tested by setting ROIs at
different sizes and applying the Intraclass Correlation Coefficient (ICC) across multiple

measurements, with statistical significance set at P <.05.

First-order parameters were compared between different patient groups using Student’s #-test, or the
Mann—Whitney Rank Sum test in cases of non-normal data distribution. Correlations between first-
order parameters and other imaging data (MRI, PET) as well as histological findings
(semiquantitative assessment of macrophage infiltration in murine tissue) were tested using simple

linear regression analysis.

Higher-order parameters undergo further selection to identify those that most effectively differentiate
between patient groups. This process involves one-way analysis of variance with the Games—Howell
post-hoc test for continuous variables, and Fisher’s exact test for categorical variables. The overall
sensitivity and specificity of the texture-derived parameters will be evaluated by calculating the area

under the curve (AUC) across the different groups.



Results

Objective 1)

The experimental studies and data collection on animal models have been completed. Preliminary
results are presented below. Further analyses on the data already acquired will be carried out in the

coming months.

SOD1/G93A4 Mice

Eighteen out of twenty-four mutant mice and all twenty-four control mice completed the experimental
protocol. The six missing mutant mice (2 at 90 days of age and 4 at 120 days) died on day 3 of the

protocol.

MRI parameters showed a statistically significant difference (p < 0.05) between mutant and control
mice only in the 120-day-old group, and only for Fractional Anisotropy (FA) values obtained from
Diffusion Tensor Imaging (DTI) sequences. These findings diverge from those reported in a similar
study conducted by Riva N. et al., who investigated SOD1/G39A mutant rats. The discrepancy in
results may be attributed to anatomical differences such as the larger diameter of the rat sciatic nerve
compared to that of the mouse, wich enables more accurate value sampling and a better signal-to-

noise ratio.

SOD1/G93A | muscle nerve T1(ms) | nerve T2 FA muscle T2* (delta
T2fws (FF%) (ms) pre-post contrast)
60 gg 5.34£0.6 1893.23 £ 56.17£5.17 | 0.4840.03 | 2,8+ 1
114
90 gg 542104 1906.34 + 57.14+4.16 | 0.47£0.1 [29+0.9
104
120gg 5.8+0.3 1779.28 £99 | 55.23 £4.23 | 0.311£0.06 | 2,7 £1

Table 2. Mean values + standard deviation of MRI parameters in the SOD/G934 mouse model.



WILD TYPE | muscle nerve T1(ms) | nerve T2 (ms) | FA muscle T2* (delta
T2fws (FF%) pre-post contrast)

60 gg 521+£0.7 1902.21 £ 111 | 55.13£5.2 0.52+0.04 |22+1

90 gg 5.30%0.8 1899.03 £ 103 | 52.12 £3.6 0.50£0.23 |2,4+0.9

120gg 57+04 1820.24 £ 102 | 51.29 £4.2 0.49+£0.07 | 2,1+0.3

Table 3. Mean values + standard deviation of MRI parameters in the Wild Type mouse model.

Similarly, behavioral tests revealed significant motor impairment only in the 120-day-old group, with

abnormal values observed in both tests performed.

SOD1/G93A Rotarod (s) Hanging Wire (s)
60 gg 112.46 + 46 180

90 gg 108.43 £ 34 17545

120 gg 80.34 £ 29 80112

Table 4. Mean values + standard deviation of motor impairment in SOD1/G934 mouse model assessed by the Rotarod and Hanging

wire tests.
WILDTYPE Rotarod (s) Hanging Wire
60 gg 111.39 + 41 180
90 gg 110.48 £32 180
120 gg 109.12 £ 22 180

Table 5. Mean values + standard deviation of motor impairment in Wild Type mice assessed by the Rotarod and Hanging wire tests.




MicroPET imaging showed tracer accumulation in the lower limb muscles of all mutant mice starting

at 60 days of age, emerging as the most sensitive parameter for detecting altered muscle metabolism.

Figure 1. MicroPET images comparing the SOD1/G934 mouse model with the Wild Type. The images on the top show tracer
accumulation in all mutant mice starting froma 60 days of age.



Histological analysis revealed increased expression of the TSPO protein in myocytes of mutant mice,

along with a macrophage infiltrate observed by electron microscopy in the sciatic nerve.

Hematoxylin and eosin staining revealed no appreciable inflammatory infiltrates in the quadriceps
muscles of either SOD1/G93A transgenic mice or their wild-type models. In contrast, a progressive
atrophy of myofibers was evident in the transgenic mice compared with control animals. Moreover,
nuclei within the skeletal muscle of mutant mice appeared more numerous, enlarged and positioned
closer together, likely reflecting ongoing tissue degeneration. Furthermore, both muscle atrophy and
nuclear alterations progressively worsened with age in SOD1/G93A mice, while remaining

unchanged in the wild-type mice.
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Figure 2. Hematoxylin and eosin staining of quadriceps muscle from Wild Type mice (left) and SOD1/G93A mice (right) at different
ages revealed the absence of inflammatory infilitrates and a progressive atrophy of myofibers in the trangenic group.



Immunohistochemical staining using an anti-TSPO antibody (the target of the PET tracer, visualized

as brown staining) revealed an age-dependent increase in TSPO expression in mutant mice.

WT SOD1G93A

120d

Figure 3. TSPO immunostaining of quadriceps muscle in Wild Type mice and SOD1/G93A mice at different ages. Staining was
absent in Wild Type mice, whereas it progressively increased in SOD1/G93A mice.



The electron microscopy shows the presence of macrophages in the sciatic nerve of a SOD1/G93A

model.

Figure 4. Electron microscopy analysis of macrophage infiltration in the sciatic nerve of SOD1/G934 mice.

Figure 5. Electron microscopy analysis of macrophage infiltration in the sciatic nerve of SOD1/G934 mice.



CMTIA Model: SD-TG (Pmp22) Kan Transgenic Rats

Sixteen out of sixteen mutant rats and sixteen out of sixteen control rats successfully completed the

experimental protocol.

MRI revealed statistically significant differences compared to controls for both Fractional Anisotropy

(FA) and T1 values (derived from T1 mapping sequences) in the proximal segment of the sciatic

nerve at 300 days of age (p < 0.05).

CMTIA muscle nerve T1(ms) | nerve T2 (ms) | FA muscle T2* (delta
T2fws (FF%) pre-post contrast)

90 gg 49+0.5 1956.34 £ 102 | 58.23 £ 5.11 0.53+£0.17 | 3+ 0.34

300gg 52+09 2400.19+ 68 | 52.23+4 0.35+0.03 | 2,2 £1.2

Table 6. Mean values + standard deviation of MRI parameters in the CMT1A4 mouse model.

WILD muscle T2fws | nerve T1 (ms) | nerve T2 (ms) | FA muscle T2* (delta
TYPE (FF%) pre-post contrast)
90 gg 47+t04 1996.03 £87 | 55.12+3.4 0.57£0.25 |2,5£0.5
300gg 4.9+0.8 1900.24 +£93 |49.29+438 0.491+0.14 |2,6%+1.7

Table 7. Mean values + standard deviation of MRI parameters in Wild Type rats.

No significant differences were observed between mutant and control rats in behavioral testing.

This finding is not in agreement with data previously reported in the literature, where mutant rats in

the advanced stage of the disease show a significant decline in motor coordination at 300 days of

age, as assessed by the Rotarod test (144). This discrepancy could be explained by differences in the

Rotarod device used. The instrument employed in the referenced study is characterized by a larger

diameter than the one available in our Animal Facility, potentially resulting in increased physical

demand and stress on the animals during the tests.




MicroPET imaging did not show increased tracer uptake in muscle tissue.

Figure 6. The images above show a morphological MRI scan (on the top) and the corresponding PET scan (on the bottom); no
evidence of abnormal tracer uptake was detected in the muscles of CMTIA rats.



Histological analysis revealed pronounced structural degeneration of peripheral nerves, which
became more evident at 300 days of age. This was characterized by a marked increase in intraneural

collagen deposition, in the absence of any detectable inflammatory infiltrate.



CMTIB Model: MpzD6I1N/+ mutant mice

Sixteen out of sixteen MpzD61N/+ mice (heterozygous form), sixteen out of sixteen MpzD61N/N
mice (homozygous form) and sixteen out of sixteen wild type mice were examined at 90 and 300

days of age.

Using a dedicated 7T MRI system, we aimed to evaluate the disease progression and severity, by

measuring three parameters potentially linked to nerves and muscles damage:

T1 relaxation time in the quadriceps muscle. While T1 values are often associated with fat, in muscle
tissue they may also reflect changes due to edema, cellular depletion or expansion of the extracellular
space

AT2* in the quadriceps muscle, calculated as the difference in T2* values before and 24 hours after
the administration of Ferumoxytol, a contrast agent phagocytosed by macrophages. We hypothesized
that the magnitude of AT2* would correlate with the extent of macrophage infiltration in the tissue.

Fractional anisotropy (FA) in the sciatic nerve is a well established marker of structural integrity.

While T1 and AT2* parameters remained unchanged in mutant mice, MRI analysis demonstrated a
progressive reduction in fractional anisotropy (FA) values between the 90 and 300 day old mutant
mouse groups (p < 0.035), with lower values observed in homozygous mice. FA thus appears to be a

valid biomarker of disease severity.



Spinal cord

T2-WI axial section

Figure 7. MRI image of an axial cross-section of the hind limbs of a mutant CMT1B mouse; the sciatic nerve is indicated by the red
arrow.
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Figure 8. Graphical representation of MRI parameters, specifically Tl and AT2*, evaluated at the level of the quadriceps muscle,
and fractional anisotropy of the sciatic nerve in WT mice and CMTIB mice in the heterozygous (MPZ"D61N/+") and homozygous
(MPZ"D61N/DG6IN) forms.



The translocator protein (TSPO) is highly expressed by activated macrophages. Consequently, TSPO-
targeted molecular imaging has been proposed as a strategy to detect and quantify inflammation in
vivo. To evalutate this approach, we assessed the accumulation of DPA-714, a TSPO-specific ligand,
in regions innervated by the sciatic nerve in homozygous, heterozygous and wild type mice, using
microPET imaging. The analysis revealed no differences in the standardized uptake value (SUV)
between mutant and wild-type mice, suggesting the absence of significant macropaghe infiltration at

the muscle level.

MPZD61N/+ MPZD61ND61N

Figure 9. MicroPET images of WT, CMTI1B heterozygous,and CMTI1B homozygous mice showed no sign of TSPO upregulation at
the muscle level.
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Figure 10. Graphical representation of standardized uptake value (SUV) wich remained unchanged between Wild Type and mutant
mice,



At 365 days, mutant mice showed lower performance in both the Rotarod test (p < 0.03) and the
hanging wire test (p < 0.02) compared to healthy controls, with homozygous mutant mice displaying
the worst performance.

At 3 months of age etherozigous mutant mice showed motor performace comparable to wild-type
controls, wherease the omozygous mutant mice exhibited marked coordination deficits. At 10 months
of age, both etherozygous and homoygous mutant mice showed significantly impaired coordination
in comparison to wild-type. These findings suggest that, while the MPZ-D61N heterozygous mutation
is associated with a severe early onset neuropathy in humans, it may lead to a more gradually

progressive form of the disease in rodent models.
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Figure 11. Graphical representation of motor performance in WT, homozygous, and heterozygous mutant mice at 3 and 10 months of
age.



Histological analysis revealed disorganization of nerve fibers similar to that observed in CMT1A. To
assess the inflammatory status of the sciatic nerve, we performed immunofluorescent staining
for myeloperoxidase (MPO), a marker of neutrophils. We observed a marked increase in the density
of MPO-positive cell in the sciatic nerve of adult homozygous mice at 300 days. This finding may
suggests that the presence of a persistent inflammatory state in homozygous mice, may contribute to

exacerbate the pathological phenotype.
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Figure 12. Immunofluorescent staining for myeloperoxidase (MPO) showing an increased density of MPO" cells in the sciatic nerve
of homozygous mutant mice, along with an increased nuclear density in the endoneurium of both MPZ"D61N" heterozygous and
homozygous mice.



Traumatic nerve injury (TNI) model: C57BL/6 mice

Twenty-one out of twenty-four mice with sciatic nerve crush injury completed the experimental
protocol. Three animals died within the first 7 days post-injury due to hemorrhagic shock.

MRI analysis showed an increase in nerve size proximal to the lesion at 14 days compared to 7 days
post-injury, associated with an elevated T2 signal. A significant reduction in T2 values was observed
at 90 days compared to 14 days (p < 0.02). These findings are consistent with increased fluid content
within the nerve due to intraneural edema. No significant difference in fractional anisotropy (FA) was

observed proximal to the lesion compared to the contralateral limb.

Affected limb | muscle nerve T1(ms) | nerve T2 FA nerve T2*
T2fws (FF%) (ms) (delta pre-post
contrast)
7T gg 53+1 203531 +£99 |53.23+2.2 0.53+0.17 | -3+£0.34
14 gg 57+1.2 2412.19+45 | 68.23+£3.6 0.58+0.09 | -4+£1.2
90 gg 5.8%0.7 2234.45 22 | 59.23 + 4.2 0.57+0.06 | -3,8 £1.2

Table 8. Mean values + standard deviation of MRI parameters in TNI model.

Contralateral | muscle nerve T1(ms) nerve T2 FA nerve T2*

limb T2fws (ms) (delta pre-post
(FF%) contrast)

7 gg 49+0.8 1986.34 £ 102 51.25+£2.6 |0.51£0.11 -3.2+£0.36

14 gg 54+£1.1 2400.19 £ 68 53.12+£3.2 | 0.54£0.09 |-3.1+£1.2

90 gg 53104 2200.19 £ 45 52.13+£3.1 | 0.49+0.1 -3,8+1.2

Table 9. Mean values + standard deviation of MRI parameters in healthy control (contralateral limb).



In our study, we were unable to demonstrate an increase in contrast agent uptake at the level of the
nerve, despite the presence of an increase inflammatory infiltrate. This finding contrasts with previous
studies in which an increase in SPION uptake in nerve and muscle tissue was observed (145). The
explanation is probably related to the difference in the animal model used (mouse vs. rat), as the
mouse nerve is smaller, more challenging to sample, associated with a less favorable signal-to-noise
ratio.

MicroPET imaging analysis, showed tracer uptake in the muscles innervated by the sciatic nerve

distal to the crush site supporting the highly expression of TSPO in activated macrophages.

Crush site

/
O

Figure 13. MicroPET images of a healthy control (left) and a mouse with traumatic nerve injury (vight). On the right the yellow
ellipse indicates increased uptake in the hind limb distal to the sciatic nerve crush site.

The hanging wire test showed a significant difference (p< 0.04) between the injured limb and the
contralateral one at all time point, with a significant reduction in strengh and mobility on the affected

side.



Histological analysis, at days 7 and 14, revealed a CD68+ and MPO+ inflammatory infiltrate in the
muscle innervated by the injured sciatic nerve, while at day 90 the infiltrate was predominantly
composed of CD11b+ macrophages. Iron-containing particles were consistently observed within
macrophages and confirmed by Prussian blue staining. Despite the consistent presence of these iron
particles in macrophages, contrast-enhanced MRI did not reveal signal differences between the

injured limb and the contralateral one.

{

Figure 14. Unaffected limb on the left and injured limb on the right. In the denervated muscle (right), iron particles indicated by
black arrows are visible, indicating the presence of macrophages that have phagocytosed the contrast agent used in MRI.



Objective 2)

The enrollment of patients with hereditary neuropathy and traumatic nerve injury has started.
Although only a small number of patients has been examined so far, preliminary data are presented

below.

CMTIA patients

Currently 14 patients (8 females, 6 males) have completed the observational study protocol, with a
mean age of 47.57 + 14.39 years.

MRI data were also obtained in a control group of 9 patients (5 females, 4 males), with a mean age
of 46.5 + 12.1 years.

The inter-observer reliability of the MRI measurements was good (ICC = 0.65).

The cross sectional area, fractional anisotropy (FA), and T1 and T2 relaxation times of the
lumbosacral plexus roots and the sciatic nerve were significantly different between the two groups (p
<0.05)

T1 relaxation times and FA values of L5 and S1, measured bilaterally, were significantly correlated
with CMTNS (R =0.86,p=0.013 and R =0.77, p=0.04, respectively) and BBS (R =0.62, p=0.041
and R =0.75, p = 0.042, respectively).

Sciatic nerve fractional anisotropy (FA) showed significant correlations with both CMTNS (R =0.92,

p=10.010) and BBS (R =0.89, p=0.019).
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Figure 20. DTI values in CMTIA patient. The red ellipse highlights the fractional anisotropy (FA) value.



Descriptive Statistics (summary of the results in CMT1A patients)

Minimum Maximum Mean Std. Deviation
FDFdx 38.20 80.80 57.90 13.11
FDFsx 40.20 89.80 59.02 17.41
CMTNS 7 20 13.28 5.02
BBS 45 56 52 4.24
L5 dxT1 relax time 1464.22  3462.78 2408.64 763.55
L5 dx T2 relax time 80.98 137.81 108.77 22.51
L5 dx Mean FA 204.00 361.27 292.78 50.97
L5 sxT1 relax time 1662.62  3744.59 2374.90 861.52
L5 sx T2 relax time 87.69 170.26 107.73 29.84
L5 sx Mean FA 171.38 2028.47 575.58 647.42
S1 dx T1 relax time 1928.66 334245 2658.38 595.63
S1 dx T2 relax tim 81.89 226.81 124.87 48.17
S1 dx Mean FA 174.27 318.38 256.10 45.175
S1 sx T1 relax time 2183.99  3431.97 2734.37 542.02
S1 sx T2 relax time 87.13 205.66 121.92 40.83
S1sx mean FA 184.96 392.85 265.23 72.24
S2 dx T1 relax time 1541.57  3143.28 2188.93 557.99
S2 dx T2 relax time 87.41 144.14 115.92 19.64
S2 dx Mean FA 147.94 341.53 270.82 73.02
S2 sx T1 relax time 1510.34  2587.73 2006.23 395.03
S2sxT2relaxtime 89.97 155.84 119.74 25.45
S2 sx Mean FA 187.40 334.87 265.86 55.71
Sciatic nerve dx T1 1068.30  2199.73 1600.46 420.43
Sciatic nerve dx T2 38.78 83.36 57.78 14.64
Sciatic nerve dx FA 294.58 364.46 323.23 28.57
Sciatic nerve sx T1 949.79 2185.47 1601.53 473.30
Sciatic nerve sx T2 48.84 87.88 67.09 13.15
Sciatic nerve sx FA 243.27 358.42 300.97 42.53
Tibial nerve dx T1 1560.11  2099.08 1815.94 209.88
Tibial nerve dx T2 54.55 98.05 75.85 16.01
Tibial nerve dx FA 249.80 378.85 296.57 50.30
Tibial nerve sx T1 1532.67  2205.27 1809.93 281.78
Tibial nerve sx T2 66.46 126.03 84.10 24.03
Tibial nerve sx FA 229.96 343.00 285.61 52.90
Common peroneal nerve dx T1 1126.67  1799.68 1537.36 294.41
Common peroneal nerve dx T2 64.00 125.93 89.56 26.13
Common peroneal nerve dx FA 266.00 295.69 285.17 11.35
Common peroneal nerve sx T1 1254.02 1792.10 1574.09 226.87
Common peroneal nerve sx T2 68.50 101.13 84.49 13.81
Common peroneal nerve sx FA 195.09 409.88 280.49 79.49
age 24 61 47.57 14.386




Patients with traumatic nerve injury

To date, 5 patients (3 males, 2 females; mean age 35.6 + 8.9 years) have completed the interventional
study protocol, including the 180-day follow-up, while 1 patient has completed follow-up up to 90
days.

Preliminary data show that lower fractional anisotropy (FA) values at 7 and 14 days were observed
in patients with poorer strength recovery (assessed by MRC) at 180 days.

However, the limited number of patients enrolled does not allow for statistically significant
conclusions to be made.

Electroneurographic parameters proved to be less effective than ultrasound and MRI examinations in
distinguishing neuroapraxia from high-grade neurotmesis at 15 days, as 3 out of 5 patients did not

have recordable CMAPs at that time.



Objective 3)

Ultrasound is a widely used imaging thecnique that offer several advantages over other medical
imaging techique: it is not invasive, low-cost, and portable. Given these benefits we aimed to evaluate
ultrasound as a potential tool to assess and quantify nerve and muscle damage. We measured the
sciatic nerve diameter and performed textural analisys of the muscles. These imaging parameters will
be correlated with levels of inflammatory mediators in muscle and nerve tissue, as well as with motor
and sensory performance with the goal of identifying advanced imaging biomarkers of disease
progression.

In CMTI1A rats and CMT1B mice, ultrasound images showed a statistically significant increase in
the cross-sectional area of the sciatic nerve compared to healthy controls. First-order textural analysis
of muscle images did not reveal any statistically significant differences either among animals of

different ages or in comparison with healthy controls.

Figure 21. Ultrasound sampling technique of the sciatic nerve in mouse model. On the left the device used enables to maintain the
probe in the same fixed position and helps to avoid excessive pressure on the tissue. On the right, the ultrasound image shows the
sciatic nerve (arrowheads). The sciatic nerve was sampled just distal to its exit from the greater sciatic foramen (black asterisk). The
greater traochanter is indicated with the letter “T".



In SOD1/G93A mice, ultrasound images showed a significant increase in muscle echo-intensity
values as well as a reduction in muscle size at the advanced stage of the disease (120-day-old mice),

indicating a biomarker of muscle atrophy.

4 months WT

Figure 22. Axial ultrasound image of the hind limb in 4-month-old wild type mouse.



4 months SOD1/G93A

Figure 23. Axial ultrasound image of the hind limb in 4-month-old SOD1/G934 mouse which shows reduced muscle volume and
increased echogenicity.
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Figure 24. The images show the muscle echointensity sampling technique (a first-order texture analysis parameter) using the
freewere ImageJ (NIH, Bethesda, MD,USA). The echointensity is calculated by drawing a circular ROI (yellow circle) of 150x150
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Figure 25. Muscle echointensity increases bilaterally with disease progression in SOD1/G3A4 mice compared to WT mice.
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Table 12. This table reports a statistically significant difference (p<0.05) observed in hind limbs muscle echo-intensity between 120
day-old mice and 120-day-old healthy controls, and only for the left side, between 120-day-old mice and 60-day-old mice.
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Figure 26. Muscle area decreases bilaterally with disease progression in SOD1/G3A4 mice compared to WT mice.
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Table 13. This table reports a statistically significant difference (p<0.05) observed in muscles area of the hind limbs in 120-day-old
mice compared to 120-day-old healthy controls.



Discussion

In this study, we compared three distinct models of peripheral nerve denervation:

(1) Genetically inherited peripheral neuropathy (Charcot-Marie-Tooth disease)

(2) Amyotrophic lateral sclerosis (ALS)

(8) Traumatic nerve injury
Our primary aim was to evaluate the extent and nature of immune system activation across these
models, and to explore its potential role in both nerve degeneration and regeneration.
We observed clear differences in immune activation among the three models.
Charcot-Marie-Tooth (CMT) disease constitutes the most common form of inherited peripheral
neuropathy (8). The most frequently implicated genes in Charcot-Marie-Tooth (CMT) disease are
three myelin-related genes: PMP22, PO, and Cx32. The most common demyelinating subtype,
CMTIA, is caused by a 1.5-Mb genomic duplication on chromosome 17 that includes the peripheral
myelin protein 22 gene (PMP22). This gene duplication leads to PMP22 overexpression, which in
turn results in peripheral nervous system (PNS) demyelination, as evidenced by reduced nerve
conduction velocities and segmental demyelination observed in nerve biopses (10).
Less commonly, CMT1 is caused by point mutations in the PMP22 gene or in the gene encoding
myelin protein zero (MPZ), the latter associated with the CMT1B subtype (11,13,146).
In the literature, several studies have suggested that neuroinflammation, specifically lymphocytic and
macrophage infiltration, has been observed in both CMT1A and CMT1B, supporting the hypothesis
that these immune responses may contribute to the degenerative features and progression of the
disease (10,147). Furthermore, studies in the literature, on an homozygous mouse model of CMT1B,
have shown that endogenous antibodies contribute to early macrophage-driven demyelination and
accelerate the disease progression. These findings support the notion that the innate and adaptive
immune systems are intricately linked in this genetic context (148). The underlying mutation may

play a pivotal role by inducing structural disruptions in myelin, potentially unmasking normally



sequestered neural antigens. This antigen exposure could, in turn, initiate a secondary autoimmune
response, adding an immune-mediated component to the pathogenesis of peripheral nerve damage
In our study, no evidence of immune system involvement was observed in the CMT1A model,
indicating an absence of neuroinflammatory activity in this chronic genetic neuropathy. On the other
hand, in the homozygous CMT 1B model, which does not have a direct human correlate, we observed
a clear macrophage infiltrate within the peripheral nerve. However, the functional significance of this
inflammatory response remains uncertain. This supports the hypothesis that inflammatory infiltration
may not be a common feature across all peripheral neuropathies, but rather a phenomenon limited to
specific subtypes. In any case, further studies are necessary to determine whether this inflammatory
response plays a pathogenic role in exacerbating the disease phenotype or merely represents a
secondary epiphenomenon.

Regarding the application of MRI in CMT1A disease, to date there are few studies in the literature
that have evaluated the application of T1 mapping in the peripheral nervous system making it a
potentially novel approach. Until now, T1 mapping has been primarily utilized in cardiac imaging to
quantify intrinsic pathological processes affecting the myocardium, including diseases involving the
intracellular or extracellular compartements such as edema, amyloidosis and iron overload with
particular focus on myocardial fibrosis; it also provide information about myocardial inflammation,
infiltrative diseases and storage disorders (127).

Generally, in pathological conditions, such as CMT1a disease, an increased water content within the
nerve may occur, representing a potential confounding factor in nerve imaging as it can affect the T1
signal. This aspect remain to be fully clarified. Notably, we observed a statistically significant
correlations with T1 mapping, but not with T2 mapping, which indicate that T1 provides distinct
information. If the changes were solely due to water content, one would expect concordant results
between T1 and T2 mapping. Instead, T1 mapping correlated more strongly with DTI parameters.
This suggests that although T1 may be influenced by water, it also detects additional pathological

features within the nerve, likely related to fibrosis.



With regard to humans, the most promising findings that emerged was the potential use of T1
mapping in MRI as a biomarker of disease severity in certain types of peripheral neuropathy,
especially in CMT1a patients. The exact histological alteration underlying the T1 signal change
remains unclear, although intraneural fibrosis and increased collagen content are possible candidates.
Nevertheless, this finding clearly merits further investigation to validate its relevance.

To date, the immune response model most thoroughly characterized among the various forms of
denervation is the one associated with traumatic nerve injury. In this context, macrophages play a
pivotal role in modulating the inflammatory response and supporting nerve repair processes.
Following peripheral nerve transection, the distal segment rapidly undergoes Wallerian degeneration.
During this phase, endoneurial macrophages express CCL7 ligands, which promote the recruitment
and activation of both classically activated (M1) and alternatively activated (M2) macrophages at the
lesion site (3,4). The temporal dynamics and distinct cytokine expression profiles of M1 and M2
macrophages indicate that these subsets may exert complementary and stage-specific functions
during nerve repair following injury (6). In the early post-injury phase, within approximately three
days, perisynaptic Schwann cells (pSCs) located around denervated synapses actively recruit
macrophages to clear debris from degenerating axons and myelin sheaths. This macrophage-mediated
clearance is a critical step in creating a permissive microenvironment for regeneration. Macrophage
density typically peaks around one week after injury, and in concert with the activity of pSCs, these
immune cells contribute to the reinnervation process by promoting angiogenesis, axonal sprouting,
and overall tissue remodeling. Current evidence suggests that macrophages may play a comparable
role at the neuromuscular junction (NMJ). However, the specific macrophage phenotypes active at
this site and their precise functional contribution to the reinnervation process have yet to be fully
elucidated (7). In traumatic nerve injury model our study confirmed what is already well-documented
in the literature: the immune system actively participates in the repair process. In this context, immune
cell recruitment, particularly macrophages, plays a beneficial role by clearing debris and supporting

axonal regeneration. In our study, MRI images were unable to demonstrate an increase in



macrophage-specific contrast agent uptake at the level of the nerve, despite the presence of an increase
inflammatory infiltrate. This finding contrasts with previous studies in which an increase in SPION
uptake in nerve and muscle tissue was observed (145). The explanation is probably related to the
difference in the animal model used (mouse vs. rat), as the mouse nerve is smaller, more challenging
to sample, associated with a less favorable signal-to-noise ratio. Moreover, the use of functional MRI
sequences was limited by several technical challenges, including the sub-millimeter diameter of the
murine peripheral nerve and the high noise levels associated with 7 Tesla MRI scanners, which
reduced the reproducibility and reliability of the acquired data.

In the context of traumatic nerve injury, the existing literature on the role of MRI and ultrasound is
limited and lacks a systematic approach. Specifically, previous studies have not evaluated nerve
damage at well defined timepoints and did not incorporate quantitative MRI sequences into their
imaging protocols. Our study addresses this gap by employing a structured methodology and
advanced imaging techniques.

Similarly, ultrasound imaging of the murine muscle was only effective in detecting pathological
changes at advanced stages of disease, when severe muscle atrophy had already occurred. As such,
ultrasound appears less suitable for early-stage monitoring in preclinical models of neuropathy.

As expected, among the imaging techniques, microPET proved to be the most sensitive in detecting
alterations associated with immune system activation. In our study it was able to clearly identify
inflammatory infiltrates in the traumatic nerve injury model, and also to detect early metabolic
alterations in SOD1/G93A transgenic mice.

Amyotrophic lateral sclerosis (ALS), is a neurodegenerative disorder characterized by the progressive
loss of both upper and lower motor neurons. Traditionally, ALS has been conceptualized primarily
as a disease of the motor neurons themselves, with skeletal muscle alterations regarded merely as
secondary consequences of motor neuron loss, axonal degeneration, and neuromuscular junction
disruption. However, increasing evidence has challenged this neuron-centric view, demonstrating that

motor neurons, skeletal muscle fibers, and Schwann cells should be viewed as functionally



interdependent components of a single neuromuscular unit, rather than as separate or isolated
elements. This evolving perspective suggests that skeletal muscle cells may play a more active role
in ALS pathogenesis, shifting their status from passive targets of neuronal degeneration to potential
contributors to the disease process (149). Our experimental data are consistent with this hypothesis
and support the occurrence of a selective, cell-autonomous degeneration within the skeletal muscle.
This feature is reflected by both the upregulation of TSPO expression and the increased uptake of its
specific radioligand, ["*F]DPA-714. Although the present data do not conclusively demonstrate that
binding to TSPO is the mechanism responsible for the enhanced tracer uptake, our results show that
the skeletal muscle of SOD1*G93A mice exhibits a significant accumulation of radioactivity after
['!)F]DPA-714 administration, as revealed by microPET imaging. This observation was consistent
with TSPO expression as confirmed by immunohistochemistry and Western blot analyses. Tracer
uptake was specifically localized to myocytes, with no evidence of significant inflammatory
infiltrates detected by hematoxylin/eosin staining or CD68 immunohistochemistry. In contrast it
demonstrated progressive myofiber atrophy in the transgenic mice compared to controls; the nuclei
in the mutated skeletal muscle appeared more numerous, enlarged, and positioned closer together,
likely as a consequence of tissue degeneration. These findings suggest that ['"*F]DPA-714 is not an
exclusive marker of inflammation but may also reflect a direct reaction of damaged tissue (150).
Moreover, these changes appear to be more closely related to muscle metabolic dysfunction rather
than to direct neuroinflammation.

Interestingly, our study revealed clear differences in immune activation across the three models. In
the case of traumatic nerve injury, both microPET imaging and Prussian blue staining detected
inflammatory infiltrates in the muscles innervated by the sciatic nerve in the mouse model. In contrast,
no significant immune activation was observed at the muscle level in the other models. These findings
suggest that muscle atrophy due to denervation may be indirectly influenced by the immune system,

although there is no evident accumulation of intramuscular macrophages.



We are now currently working to establish correlations between advanced imaging metrics, both from
nerve and muscle, and the extent of inflammatory cell infiltration, with the goal of identifying non-

invasive biomarkers of disease activity.
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