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Abstract

The Nerve Growth Factor (NGF) and its high-affinity tyrosine kinase receptor TrkA play a key role
in pain sensation. Indeed, a functional NGF-TrkA system is an essential requisite for the generation
and maintenance of long-lasting thermal and mechanical hyperalgesia in adult mammals. Mutations
in the gene encoding for TrkA are responsible for a rare condition, named Hereditary Sensory and
Autonomic Neuropathy type IV (HSAN 1V), characterized by the loss of response to noxious stimuli,
sweating defects and cognitive impairment. However, to date, there is no available mouse model to
properly understand how the NGF-TrkA system can lead to pathological phenotypes that are

distinctive of HSAN IV.

Since the diversity of HSAN IV TrkA-related mutations determines variable degrees of clinical
phenotype and intellectual disabilities in affected individuals, we have decided to deeply investigate
the missense Arg649Trp (R649W) mutation, located in the intracellular tyrosine kinase domain of
TrkA receptor and known to induce a diminished kinase activity and reduced phosphorylation after
NGF stimulation in transfected cells. First, by in vitro biochemical and biophysical analyses, I showed
that the pathological R649W mutation leads to kinase-inactive TrkA, reducing the constitutive
ubiquitination and also affecting the membrane dynamics and trafficking. Then, after the generation
of the knock-in mouse line carrying the HSAN IV TrkArv mutation, I demonstrated that Trk Az~
mice displayed a lower response to thermal and chemical noxious stimuli, correlating with reduced

skin innervation and altered expression of nociceptive markers in Dorsal Root Ganglia (DRGs).

By performing a sweat assay, I also found that the pathological TrkA** mutation causes sweating
deficits in HSAN IV TrkA®#¥~mice compared to TrkA" controls. Moreover, the R649W mutation
decreased anxiety-like behavior and compromised cognitive abilities, by impairing spatial-working
and social memory. In addition, the results obtained in this thesis uncovered unexplored roles of

TrkA in thermoregulation and sociability.



By exploiting suitable control animal models such as HSAN V NGFv» and TrkA~ mice, I
demonstrated that HSAN IV TrkA*¥~mice mimic the clinical phenotype of HSAN IV patients and
they can be considered a suitable experimental platform to explain the clinical aspect of HSAN IV

disease, also offering promising new routes for testing future therapies.
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1. Introduction

1. Pain and Nociception: A Historical Perspective

In ancient cultures, it was believed that nobody, except the gods, can live without any pain. For
instance, Egyptians assumed that pain was caused by the religious influences of their gods. From an
etymological point of view, “pain” comes from the Latin word of “poena” that, in turn, comes from
Poiné (mown)), the Greek spirit (daimona) of punishment and penalty for the crime of murder and
manslaughter. Indeed, the ancient Greek Hippocrates, father of Western medicine, believed that pain
was caused by evil spirits that unbalanced the vital fluids in the body, called four humors: blood,
phlegm, yellow and black bile. This mystic sight of pain has been anchored in human beings until the
Renaissance when the French philosopher René Descartes suggested a novel concept of pain. In his
Traité de I’Homme (1964), Descartes proposed that a movement or touch, initiated at the periphery,
propagated to the brain producing a representation of the stimulus. The mechanical view of Descartes
described how a noxious stimulus, such as fire, excites the sensory nerve endings in the foot and then
is transmitted, as an alarm, to the brain triggering the unpleasant sensation called “pain”. The nerves
in the skin were considered “tubes” containing a marrow made of fine threads that transmit sensory
stimuli (Procacci & Maresca, 1994). The description of the involuntary withdrawal of a foot that
makes contact with a noxious stimulus was the beginning of the development of modern physiology
(Figure 1), influencing the study and the treatment of pain for more than 300 years. Beyond the
mechanical description of pain sensation, in his private correspondence, Descartes tackled a more
“conscious” concept of pain: “I once knew a girl who had a serious wound in her hands and had
her whole arm amputated because of creeping gangrene. [...] She complained of feeling pain in her
fingers, wrist and forearm, and this was obviously due to the condition of the nerves in her arm which
formerly led from her brain to those parts of her body [...] ”(Cottingham, John et al., 1985). Descartes
observed that this condition may be caused by a type of pain triggered by the stimulation of the
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remaining nerves. Then, this sensory information was transmitted to the brain but not always it was
interpreted correctly (Finger et al., 2003). Thus, Descartes first hypothesized that some pain
sensations, caused by injuries or trauma, are a misinterpretation of sensory information in the brain.
Later, the doctor Silas Weir Mitchell, providing assistance to injured soldiers on the battlefields
during the American Civil War, noted that amputated soldiers experienced painful complications after
surgery. The great mass of American soldiers, who had undergone amputations, were still able to feel
pain or itch in their lost limb (Finger et al., 2003; Mitchell et al., 2007). This disorder, predicted by
Descartes, was for the first time described with the term “Phantom Limb”. In addition to the itchy
sensation, a discrete percentage of soldiers with wounds and injuries suffered from a pain described
as a “burning”, which usually occurs distal to the site of injury and is associated with red or mottled
skin areas (Klifto & Dellon, 2021). Even if the understanding of pain sensation was becoming denser,
the nature of the sensory nerves in the skin remained still unclear. However, at the end of the 19th
century, it was evident to scientists that the skin can be stimulated by different stimuli (Perl, 2007).
Silas Weir Mitchell tested the ability of patients to react to mechanical stimuli within a wide range of
intensity, from painful stimulus using a pin, to a gentle touch using the tip of a single hair (Louis &
York, 2006). Another pioneering work was made by the Austrian-German physiologist Maximilian
von Frey that developed an easy, reproducible and currently used method to stimulate the skin using
“von Frey filaments”. The skin, our largest sensory organ, is a mosaic of sensory spots. By employing
thin and sharp fibers, it is possible to produce a painful sensation without touch or a soft pressure
sensation without pain (Handwerker, 2014). These findings clarified that sensitive fibers over the skin
responded specifically to different types of stimuli. In the meantime, based on physiological
experiments, Sir Charles Sherrington suggested “[...] There is considerable evidence that the skin is
provided with a set of nerve endings whose specific office it is to be amenable to stimuli that do the
skin injury, stimuli that in continuing to act would injure it still further’’, and, a few years later, called
these fibers “nociceptors” (Sherrington CS, 1906). With the discovery of nociceptors, a new term was

coined by Sherrington: nociception which refers to a physiological process and differs from pain
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which is instead considered a personal experience that emerges somewhere in the brain (Prescott et

al., 2014).

The universality of nociception appears to be one of the most interesting aspects of pain. Indeed,
many diverse animals possess nociceptors, for instance, invertebrates, such as Drosophila
melanogaster and Caenorhabditis Elegans, and many non-mammalian vertebrates including birds,

reptiles, amphibians and fish, and thus process painful stimuli in a similar way (Sneddon, 2017).

Figure 1. The model of pain perception proposed by Descartes.

Image taken from 7raité de [’Homme, René Descartes, 1964.

2. Theories of pain

Over the centuries, different theories have been postulated to describe mechanisms underlying pain

sensation and somatosensory modalities. Specificity, Intensity, Pattern and Gate Control Theories are
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the most influential theories postulated about pain, but are sometimes adopted to explain the other

sensory perceptions and thus they are not completely specific for pain (Figure 2).
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Figure 2. Diagrams of Theories of Pain. Image shows all pain theories: (A) specificity, (B)
intensity, (C) pattern and (D) Gate Control Theory. As taken from Perl, E. R. (2007).

1. Specificity Theory

The term “nociception” came from the Latin word nocere meaning “hurt” and it is described as the
mechanism by which intense thermal, mechanical or chemical stimuli are detected by a subpopulation
of peripheral nerve fibers, called nociceptors (Basbaum et al., 2009). Indeed, the existence of specific
organs and fibers in the skin that detects and transmit different types of stimuli led scientists to suggest
the “Specificity Theory”. According to this theory, noxious, mechanical, warm, and cool stimuli are
encoded by specialized sense organs and transmitted along different pathways that are integrated into

the brain. As suggested by von Frey, each of the four different sensations could be associated with a
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morphologically defined receptor type. Through the discovery of cutaneous receptors (Dallenbach,
1939), the model suggested that non-noxious mechanical stimuli are detected by low-threshold
mechanoreceptors, whereas the high-threshold noxious stimuli by nociceptors. Thus, painful and
mechanical stimuli were encoded by specialized sense organs and then transmitted along distinct

pathways to different brain areas (Moayedi & Davis, 2013).

2. Intensity Theory

The Specificity Theory supported by the discoveries of von Frey (von Frey, 1895) and later by
Sherrington (Sherrington, 1906), was debated from the beginning. The German physiologist
Goldscheider formulated that a weak stimulus applied to the skin induces touch sensations at first,
and only when becoming more intense, this sensation becomes pain. The model was described as a
summation effect in which repeated weak stimulations converge and summate in the spinal cord

leading to the pain sensation (Moayedi & Davis, 2013).

3. Pattern Theory

A completely different theory of pain was postulated by the psychologist Nafe. Ignoring discoveries
about specialized sensory nerves in the skin, Nafe suggested that any sensations were the result of a
specific pattern of neural firing and that the intensity of the stimulus derived from the spatial and
temporal firing of peripheral nerves (Nafe, 1929). Since all cutaneous sensory nerve fibers are similar,
with the exception of those that innervate hair cells in the ear, the perception and consequent
interpretation of the stimulus depends on the brain. Thus, intense stimulation of any of these nerve

fibers can generate the pain sensation (Sinclair, 1955).
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4. Gate Control Theory

The most revolutionary theory of pain was developed by Ronald Melzack and Patrick D Wall in 1965
(Melzack & Wall, 1965). A few years before, they had examined the controversial issues about two
precedent theories, the specificity and the pattern theories (Melzack & Wall, 1962). The specificity
theory proposed the existence of specialized sensory nerves in the skin but did not examine in depth
the psychological dimension of pain. Similarly, the pattern theory missed some significant aspects of
somatosensation (Melzack & Wall, 1962). The Gate Control Theory (GTO) (Figure 3) developed in
1965 was considered a bridge between the precedent findings. During a stimulus, sensory signals
produced in primary afferents are precisely transmitted to the spinal cord. Here, in the dorsal horn of
the spinal cord, a group of inhibitory neurons located in the substantia gelatinosa (SG) modulates the
transmission of information from the sensory afferents to transmission cells (T-cells). This gating
mechanism, which modulates the transmission of nerve stimuli from afferent fibers to spinal cord
transmission cells, is controlled by. the activity of large- and small-diameter fibers. Large-fiber (A-
fiber) activity inhibits (or closes) the gate, whereas small-fiber (C-fiber) activity facilitates (or opens)
the gate (Melzack & Wall, 1965). When the C-fiber input exceeds that of the A-fibers, the gate opens,
permitting activation of the projection neuron. This theory still has profound implications for the

managing of pain and how pain is viewed by clinicians and patients.

CENTRAL

CONTROL
GATE CONTROL SYSTEM
L \/
A
- L i
INPUT SG T ACTION
B SYSTEM
- e
S /

Figure 3. Diagram of the Gate Control Theory mechanism. As taken from Melzack and Wall, 1965
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3. The peripheral nervous system and the nociceptive system: anatomy and physiology

Sensory neurons are the principal elements of the Peripheral Nervous System (PNS) and are also
known as afferent neurons. They perceive and react to stimuli originating outside and inside of the
body using their receptors, such as chemosensors, thermosensors, mechanosensors, nociceptors etc.
All these sensors, located in the skin, muscle, joints, and viscera, detect and transmit information
about pain, touch, temperature, and body position to the Central Nervous System (CNS). The cell
bodies of sensory neurons located within the Dorsal Root Ganglia (DRG) are pseudo-unipolar
neurons containing one axon branching that innervate the hairy and the glabrous skin, and a second
axon terminating in different laminae of the spinal cord. Based on the level of myelination of the
nerves, conduction velocities, adaptation properties, and mechanical threshold, these primary sensory
neurons, referred also to as DRG neurons, can be classified into A, Ad, or C (Brown and Iggo, 1967;
Zotterman, 1939). The thickly myelinated A fibers (diameter 6-20 pm) have the faster conduction
velocity (16-100 m/s), followed by myelinated Ad-fibers (diameter 1- 5 um) with a conduction
velocity of 5-30 m/s. Lastly, the small (diameter 0.2- 1.5 pm) and unmyelinated C-fibers have a

conduction velocity of 0.4-1.5 m/s (Brown & Iggo, 1967).

Electrophysiological studies based on the mechanical threshold of DRG neurons have shown the
existence of low-threshold and high-threshold sensory neurons. The low-mechanical threshold of the
majority of AB-fibers makes them “light-touch sensitive”, whereas many Ad- and C- fibers with high-
threshold are considered nociceptors. However, there are also large subsets of Ad- (D-hairs) and C-
fibers that show a low-mechanical threshold to von-Frey filaments stimulation suggesting their role

in detecting innocuous mechanical stimuli (Brown & Iggo, 1967; Burgess et al., 1968).

The sensory inputs detected in the skin and deep visceral organs are processed in the pseudounipolar

DRG soma and finally transmitted to the dorsal horn of the spinal cord with a specific distribution
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pattern dependent on (1) functional class of sensory fibers and (2) the region of the body that they
innervate. The dorsal horn of the spinal cord can be divided into six laminae, each specific for a
sensory modality (Perl, 2007). In general, superficial laminae I and II receive nociceptive and
thermoreceptive Ad and C afferents and the vast majority of lamina I projection neurons nociceptive-
sensitive express the receptor for neurokinin I (NK1R). Whereas low-threshold mechanoreceptive
(LTMR) C-fibers project to the inner portion of lamina II (Ili), AP tactile and hair afferents reach the
deeper laminae III and part of lamina V that receive also information about the position of limbs
(proprioceptors). The complex anatomy of the dorsal horn of the spinal cord also includes projection
neurons recognized as an essential element in sensory processing, including pain (Figura 4). The
axon of projection neurons, located mainly in laminae [ and IV-V of the dorsal horn, cross the midline
and move rostrally in the contralateral white matter to reach different nuclei in the brainstem and
thalamus, where pain and temperature perception are initially processed. Thus, the pain experience
appears the result of a series of connections between the periphery, the spinal cord and the higher

brain centers.

|/ﬂ,\?\?‘\ ~ A8 nociceptors (1)

il \\ —~ C/Ad peptidergic fibres (I-110)
\\ C non-peptidergic fibres (I1)

/
Il / / / \\ Ad hair follicle afferents (Hi-I11)
‘_; N AB hair follicle ar~d tactile
vV AR afferents (lli-V
V%
X Vi
vil Dorsal horn
Viil

Figure 4. Organization of laminae in the dorsal horn. As adapted from Todd, 2010
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4. The development of primary sensory neurons

Sensory neurons are derived from the neural crest cells (NCCs) that, under a defined spatio-temporal
control from the neural tube, delaminate and migrate ventrally to generate the dorsal root ganglia
(DRG) (Marmigeére & Ernfors, 2007). The spatial and temporal signals from the neighborhood
tissues, such as the spinal cord, lead to a generation of multiple types of DRG sensory neurons that
will specify in the detection of different sensory modalities. Indeed, each neuronal population
expresses a unique pattern of molecular markers including ion channels and neurotrophin receptors
warranting the responses to unique sets of stimuli (Y. Liu & Ma, 2011; Marmigere & Ernfors, 2007).
However, the mechanisms that allow DRG neurons differentiation and specialization during the
development remain unclear. The genetic cascade that controls the development and differentiation
of sensory neurons is based on the interaction of several genes during the time, such as the two
proneural genes, Neurogeninl and Neurogenin2 (Ngnl/2) (Ma et al., 1999) and the Runt domain
transcription factors Runx1 and Runx3 (Chen et al., 2006). However, for complete comprehension of
the sensory neuron development, it is necessary to understand the role of neurotrophin receptors,
TrkA, TrkB and TrkC, in this process. Indeed, the vertebrate DRGs need neurotrophic factors, such
as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3) and
neurotrophin 4 (NT4) and their receptors TrkA, TrkB and TrkC respectively, for controlling the cell
survival, the target innervation, functional interactions between cells and for the phenotypic
maturation. A combination of factors, including Runxl and 3, Ngnl and 2, TrkA and TrkC
expression, and Ret receptor (glial-derived growth factor GDNF-receptor) begin in early

neurogenesis producing large TrkB+ and TrkC+ neurons (Montelius et al., 2007).

Cells expressing Runx3 and TrkC will become proprioceptors, whereas the loss or the reduction of
Runx3 expression will lead to different subpopulation of mechanoreceptive neurons, expressing

TrkB+/TrkC+, TrkB alone, Ret alone or Ret+/TrkB+ (Chen et al., 2006).
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The expression of the isoform 1 of Runx (Runx1) seems to drive the differentiation of small-diameter
TrkA-dependent neurons (Levanon et al., 2002). It has been shown that the mice embryos lacking
Runx1 activation also lose TrkA+ trigeminal sensory neurons during neurogenesis (Theriault et al.,
2004). Indeed, Runx1 drives not only the diversification of the TrkA+ neurons into different types of
nociceptors during the late embryonic and postnatal stages but also the segregation of TrkA+ and
Ret+ nociceptors, and the expression of the transient receptor potential (TRP) channel family
members (Kramer et al., 2006; Marmigére & Ernfors, 2007) (Figure 5). Moreover, during the
embryogenesis, TrkA controls not only the specification of nociceptors, but also of thermoceptors
and pruriceptors, becoming a key player in the development of a great variety of sensory neuronal

populations (Liu & Ma, 2011).

The late stages of the differentiation of sensory neurons in nociceptors, mechanoreceptors, and

proprioceptors, will be described in the following sections.

NF1 NF2 NF3 NF4 NFS NP1 NP2 NP3 PEP1 PEP2 TH
LOHS LDHE LOHB LOHB LOsB PLXNCT™  PLXNGI™  PLANCI™ TRAKA TAKA PIEZOZ™"
CACNATH  CACNATH  TRKC™"  TRKC'™ K¢ P2x3 P2x3 P2X3 CoAP CGRP VGLUT3
TRKE"# TRKB™®  FAMI1OAY PV GFRA2 S§T KIT GFRA2
NECAB2 CALBY SPP1 SPPY MRGFPRD CNTNAPZ
RET g > FAMISA
L
LTMAs
NEFH NEFH
RET

Figure 5. Classification of DRG sensory neurons based on unbiased full RNA transcriptome
analyses. As adapted from Usoskin et al., 2015
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1. Nociceptors

Nociceptors, the first drivers of noxious stimuli, are high-threshold sensory neurons activated by
intense mechanical, thermal, or chemical stimuli and classified as Ad- and C- nociceptors (Woolf &
Ma, 2007). Another classification is based on the molecular phenotype of these neurons. One group
expresses the GDNF-receptor, Ret, and comprises around 60% of total DRG neurons. The other group
is smaller and expresses the high-affinity NGF-receptor, TrkA (Molliver et al., 1997; Priestley et al.,

2002).

Contrary to large diameter neurons, at late embryonic stages, the differentiation of small sensory
neurons is dependent on the expression of Runx1. Indeed, neurons that maintain Runx1 expression
become TrkA— /Ret+ /Runx1+ cells and are called non-peptidergic nociceptors, by their ability to
bind to the lectin Griffonia simplicifolia IB4. On the other hand, the downregulation of Runx1 drives
embryonic sensory neurons to acquire a peptidergic phenotype (TrkA+ /Ret—/Runx1-—) expressing the
neuropeptide calcitonin gene-related peptide (CGRP) (Luo et al.,, 2007; Patel et al., 2000).
Interestingly, the Runx1 deficiency in DRG of mice (Runx1-/-) causes a switch of non-peptidergic

neurons to peptidergic phenotype affecting also in vivo the thermal sensation (Chen et al., 2006).

During the early embryonic events of the development the majority of cells are TrkA+ and are
responsive to NGF (White et al., 1996). However, around embryonic day 16 (E16), some sensory
neurons switch from NGF- to GDNF-dependence, downregulating TrkA expression (Molliver et al.,
1997). The selective downregulation of TrkA in Ret+/Ib4+ non-peptidergic nociceptors persists also
during postnatal (PN) life, up to PN21 (D. L. H. Bennett et al., 1996). The central axonal projections
of mature non-peptidergic Ret+/Ib4+ and peptidergic TrkA+/CGRP+ nociceptors reach different
portions of the dorsal horn of the spinal cord. TrkA+/CGRP+ peptidergic central innervation
terminates in lamina I and outer lamina II (Ilo), while the Ret+/Ib4+ neurons end in inner lamina II
(ITi) (Luo et al., 2007). Both “nociceptive” laminae in the spinal cord are characterized by the presence

of excitatory interneurons that express the isoform gamma of protein kinase C (PKCy), which has
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been implicated in injury-induced persistent pain (Malmberg et al., 1997), and a great number of
nociceptive-sensitive lamina I projection neurons respond to noxious stimuli and express the receptor
for neurokinin I (NKI1R) (Peirs et al., 2015). An important role for the development and
differentiation of nociceptors, is played by the low-affinity NGF-receptor p75™' %, deeply discussed
below, that is expressed and required for survival of a subpopulation of RET+ nonpeptidergic
nociceptors, indeed its absence causes the loss of 20% of adult mouse DRG neurons (Chen et al.,

2017) (Figure 6).

Ngn1/2 ? NGF
‘ Ret and GFRs TrpC3, TrpMs,
\ TrpV1, MrgD
I | TrpA1, MrgA1

MrgA3, MrgB4

Figure 6. Critical role of NGF on the development of sensory neurons destined to become non-
peptidergic RET+ neurons. As adapted from Luo et al., 2007

2. Mechanoreceptors

The ability to detect mechanical forces is crucial for all living organisms to interact with the physical
world. This capacity is known as mechanosensation, which is described as the conversion of
mechanical stimulus into electrical currents and represents the basis of physiological processes such
as the sense of touch, balance, proprioception and hearing. In mammals, mechano-sensitive afferents

that detect a wide range of mechanical forces with specific threshold sensitivities are classified in
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low-threshold mechanoreceptors (LTMRs) and high-threshold mechanoreceptors (HTMRs). Both
LTMRs and HTMRs afferents are extensively distributed in the skin, tendons, muscles, joints and

viscera.

LTMRs are classified in AP, Ad, or C fibers, based on different properties, such as action potential,
level of myelination and conduction velocities. Ad- and AB- LTMRs are lightly and heavily
myelinated, exhibiting intermediate and rapid conduction velocities, respectively, whereas the latter
are unmyelinated with the slowest conduction velocity. A further classification is based on the
cutaneous end organs they innervate. Indeed, Ad LTMR fibers innervate hairs in the skin and detect
hair movement, Ap-fibers terminate on Merkel cells, Pacinian corpuscles and hair follicles detecting
texture, vibration, and light pressure and C-fibers terminate as free nerve endings and are associated
with ‘tickling’ sensations (Iggo & Andres, 1982). The kinetic characteristics of LTMRs currents
determine another classification in rapidly adapting (RA) (~3-6ms) or slowly adapting (SA) (~200-
300ms). Both RA-LTMRs and SA-LTMRs can be further classified into type I and type II that are
common to most, if not all, vertebrate animal models (Zimmerman et al., 2014). The sensory
structures in mammals glabrous skins responsible for discriminative touch (texture and shape), such
as Merkel cell-neurite complexes, Ruffini corpuscles, Meissner and Pacinian’s corpuscles, are
innervated by SA and RA LTMRs (Abraira & Ginty, 2013). The response to a complex touch, as
usually happens in vertebrates, results from the combined action of SA and RA LTMRs. Indeed, in
case of an accident, indentation on skin, like a jab, would activate SA and RA LTMRs that are both
mainly made up of Ap-fibers, and so called “indentation detectors” and “velocity detectors”,

respectively (Bai et al., 2015) (Figure 7).

HTMRs represent a broad group of mechano-nociceptive sensory neurons that are activated by
noxious mechanical stimuli. This category includes Ad- and C- fibers that innervate both glabrous

and hairy skin. The mechano-nociceptors A3-HTMRs are responsible for the detection of mechanical

20



pain, noxious both heat and cold pain. On the other hand, C-HTMRs respond specifically to

mechanical but not thermal stimuli (Abraira & Ginty, 2013).
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Figure 7. Glabrous and Hairy skin innervation. Meissner corpuscle, Merkel cells and nerve endings
mainly innervate glabrous skin, while hair follicles are innervated by different subtypes of
longitudinal lanceolate endings. As taken from Abraira & Ginty, 2013.

3. Proprioceptors

The “sense of self” in mammals is detected by specialized sensory neurons located in muscles, joints
and tendons, and called proprioceptors. Information about joint angle, muscle length, tension etc are
necessary to sense the position and movement of the limb in the space and the sense of balance
(Proske, 2005). Muscle spindle and Golgi tendon organs, innervated by different fibers that detect
and then transduce information from the periphery to the CNS, are the most characterized
proprioceptors. Muscle spindles notice changes in muscle length and the velocity of contraction,
whereas Golgi tendon organs provide information about changes in muscle tension (Hillier et al.,
2015). Because primary sensory neurons, cell bodies of proprioceptors are located in DRG and their
projections reach the dorsal horn of the spinal cord in lamina V. They are large neurons (13-20 pum)

with myelinated axons and a conduction velocity of 80-120 m/s. Recently, using deep single cell
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RNAseq coupled with virus and genetic tracings, researchers have identified three main types of
proprioceptive sensory neurons (PNs), type Ia, Ib and II, that segregate into eight distinct subgroups
(Wuetal., 2021). These discoveries contribute to filling the gap in the scientific knowledge about the
understanding of the molecular diversity within proprioceptors and to develop new strategies to study

and modulate the sense of self.
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5. Sensory transductors

1. TRP channels

The superfamily of Transient Receptor Potential (TRP) channels was discovered for the first time in
Drosophila melanogaster, in which a spontaneous mutation made blind the animal during prolonged
intense light (Cosens & Manning, 1969). Electrophysiological studies highlighted that, instead of a
sustained current of wild-type channels, the mutant Drosophila photoreceptors displayed a “transient”
current, and so it was named TRP (Cosens & Manning, 1969). Expressed in a large number of tissues,
from nerves to epithelial cells, the 28 types of TRPs identified so far in mammals were initially
classified in 6 subfamilies: TRPC (classical or canonical), TRPV (vanilloid), TRPM (melastatin),
TRPA (ankyrin-like), TRPPP (polycysteine), TRPML (mucolipin). However, more recent studies
have discovered other three subfamilies, such as TRPN (no mechanoreceptor potential C), TRPVL
(vanilloid-like) and TRPML (mucolipin) widely expressed across vertebrates (Himmel & Cox, 2020)
(Figure 8). Of the nine sub-families, only TRPV1, TRPA1 and TRPMS8 seem to be associated with
pain sensation. Indeed, these members of the TRP channel family are activated by different plant-
derived agents that produce irritation or pain, such as capsaicin, menthol, the cooling agent from mint,
as well as isothiocyanate and so on. Molecular, functional and histological analyses have revealed

that sensory neurons express specific patterns of these three channels (explained in detail below).

23



. Cinnamon A
Horseradl.sh \\\ -
A~ 2
W
Garlic A ;"p.
g A
‘ 2
iy L
TRPA1 TRPMS TRPVA4 TRPV3 TRPV1 TRPV2
m
[[]]]
([}
({11}
20 30 40 50 60

Figure 8. Schematic description of the six mammalian Transient Receptor Potential

(TRP) channels. As taken from Vay et al., 2011

TRPV1. The Transient Receptor Potential Vanilloid 1, TRPV1, is the prototype and the most studied
receptor within the TRP family. It can be activated by high temperature (>43°C) and capsaicin, its
main natural agonist (Caterina et al., 1997). Moreover, due to its sensitivity to low pH (<5.9) that
usually occurs during an injury, TRPV1 is a key mediator during inflammation, contributing to pain
state (Marrone et al., 2017). The TRPV 1 transcript and protein were found to be abundantly expressed
in sensory neurons, especially in small-diameter unmyelinated C-fibers (Caterina et al., 1997). These
C-fibers labeled by TRPV1 also express different neuropeptides such as substance P (SP), TrkA, and
CGRP and constitute approximately 30—50% of all DRG somatosensory neurons, contributing to key
events during inflammation (Kobayashi et al., 2005; Tominaga & Tominaga, 2005). TRPV1 is indeed
considered one of the leading molecular markers for defining the nociceptor subpopulation involved
in the response to noxious stimuli, inflammation, and thermal hyperalgesia (Julius, 2013). In addition

to its role in inflammatory pain attenuation, (Caterina et al. 2000; Davis et al. 2000), TRPV1
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transduction is involved in other processes such as, itch- and warm-temperature-coding neurons
(Bautista et al. 2014; Yarmolinskyet al. 2016), thus suggesting a broader role in the somatosensory

system.

TRPAL. Originally called ANKTMI1, or Wasabi receptor, the Transient Receptor Potential Ankyrin
1 (TPRAL1) is the only member of the ankyrin subfamily found in mammals and it is abundantly
expressed in nociceptors. The function of TRPAI is to detect noxious cold, less than 17°C, and
chemical irritants that elicit acute and inflammatory pain (Story et al., 2003). A key role of TRPA1
is also to contribute to cold hypersensitivity caused by an injury in which reactive oxygen species and
proinflammatory mediators are released and activate the channel (Camino et al., 2010; Obata et al.,
2005). Among TRPA1 activators, irritants such as mustard oil and garlic that contain isothiocyanate
or thiosulfinate compounds, respectively, activate sensory nerve fibers that express TRPA1, causing
acute pain and inflammation (Bandell et al., 2004; Bautista et al., 2005, 2006). This activation leads
to a peripheral release of CGRP and SP neuropeptides and other transmitters that trigger robust
thermal and mechanical hypersensitivity (Bautista et al., 2006). After inflammation, the increased
expression of TRPA1 in DRGs, especially in TrkA+ neurons, seems to be dependent on NGF
signaling (Obata et al., 2005), and interestingly, in trigeminal sensory neurons, NGF contributes to
the upregulation of TRPA1 activity leading to the development of hyperalgesia in the orofacial region

(Diogenes et al., 2007).

TRPMS. Transient Receptor Potential Melastatin 8 (TRPMS), is a cold-sensitive ion channel,
activated also by natural and synthetic cooling agents, such as menthol, and for this reason called the
“menthol receptor”. ~15% of somatosensory neurons, mostly small-diameter unmyelinated C-fibers,
express TRPM8 and a small subset of these are polymodal, expressing also TRPV1
(TRPMS8+/TRPV1+) (Julius, 2013; Kobayashi et al., 2005). Indeed, these menthol-sensitive neurons
also respond to capsaicin, highlighting that TRPMS8-expressing sensory neurons derive from the

population of TRPVI1-expressing neurons (Hjerling-Leffler et al., 2007)). The involvement of
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TRPMS in cool sensation is evident in TRPMS8-deficient mice that show profound diminished

responses to cold and fail to distinguish warm from cool (Bautista et al., 2007).

2. ASICs

A large number of painful stimuli, such as inflammation, causes a decrease in the extracellular pH
that is promptly detected by pH-sensitive receptors expressed on nociceptive fibers. These receptors
are called Acid-Sensing Ion Channels (ASICs). ASICs are a family of proton-gated ion channels
composed of 7 isoforms, mostly expressed in mechanosensory and nociceptive neurons (Lingueglia
et al., 1997; Moshourab et al., 2013). Evidence of the importance of ASICs channels in sensory
neurons came from analysis of somatosensation in mice lacking the subunits 2 or 3 (ASIC2 or ASIC3)
showing an opposite phenotype. Indeed, ASIC2-null mice showed a reduced mechanical sensitivity
(Price et al., 2000), whereas ASIC3-null mice exhibit an altered response to mechanical stimuli and
a reduced sensitivity to acid and noxious heat (Price et al., 2001). The differences among the various
isoforms of ASIC channels seem to be dependent on the different sensitivity to pro-inflammatory
mediators, including NGF, that determines the increased level of ASIC mRNA during inflammation.
NGF injections in rat DRG neurons lead to upregulation of ASIC3, promoting the acid-mediated

NGF-sensitization (Mamet et al., 2002).

3. Voltage-gated sodium channels (VGSCs or Navs)

Since the first discoveries of Hodgkin and Huxley in studying the squid giant axon (Hodgkin &
Huxley, 1952), the voltage-dependent activation of the sodium current (due to movement of Na+

algon the axon) is fundamental for the generation and propagation of the action potential.

This important task is mediated by Voltage-gated sodium channels (VGSC or Navs) that are,

nowadays, of special interest also in pain sensation due to their involvement in the genesis and
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propagation of sensory stimuli. Navs are widely expressed throughout the body and mainly three
different Nav-subtypes are expressed in adult mammalian sensory neurons: the tetrodotoxin-sensitive
(TTX-S) subtypes Navl.7; and the two TTX-resistant (TTX-R) subtypes Navl.8 and Navl.9
(Goodwin & McMahon, 2021). All these three channels have been deeply investigated because of

their direct link with abnormal sensitivity to pain (Niels Eijkelkamp et al., 2012).

Navl.7. Navl.7 encoded by SCN9A gene, has been of particular interest because it is related to a
large number of human heritable pain disorders. Indeed, gain-of-function mutations are responsible
of debilitating chronic pain conditions, such as inherited erythromelalgia and paroxysmal extreme
pain disorder, causing episodes of burning pain sensations in affected individuals (Dib-Hajj et al.,
2005; Fertleman et al., 2006). In contrast, loss-of-function mutations cause congenital pain conditions
characterized by insensitivity to a wide range of noxious stimuli that normally elicit pain (Cox et al.,

2006).

Nav1.8. Navl.8, encoded by SCN10A gene, is widely expressed in C-fibers and it is linked to painful
states (Goodwin & McMahon, 2021). The expression of Nav1.8 in nociceptors seems to be regulated
by NGF-TrkA signaling (Dib-Hajj et al., 1998) and, surprisingly, the electrophysiological properties
of some Ap- rapidly adapting fibers Nav1.8+ are influenced by TrkA (Fang et al., 2005). Some
mutations causing a gain of Navl.8 function have been identified in individuals diagnosed with
painful peripheral neuropathies (Faber et al., 2012) as well as loss-of-function Nav1.8 mutations that
are associated with a reduced pain sensitivity (Duan et al., 2016). Moreover, Nav1.8 hyperexcitability
leads to an increase in calcium influx into nociceptors through mitochondrial proteins contributing to
neuropathic pain conditions and nerve degeneration that usually occurr in diabetic patients (George

etal., 2022).

Navl.9. Navl.9, encoded by the gene SCNI11A, has been found at all neuronal compartments in
DRG, in the neuronal somata, along the nerve fibers and in central terminals within the spinal cord
(Bennett et al., 2019). Predominantly expressed in C-fibers, Nav1.9 has been also detected in
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myelinated nociceptive Ad and AP fibers (Fang et al., 2002). The involvement of this Nav in pain
sensation, it is evident in SCN11A knockout mice that exhibit a robust painless phenotype confirming
Navl.9 is an important player in generating hyperalgesia in inflammatory pain states and in the

response to cold in chronic pain conditions (Priest et al., 2005).

4. PIEZO2

Until 2010, the mechanisms underlying the response to mechanical stimuli through the activation of
ion channels expressed by sensory neurons, have remained elusive. Indeed, the discovery of Piezo
proteins, Piezol and Piezo2, opened new findings about mechanosensation (Coste et al., 2010).
Piezol is expressed in endothelial cells and it is fundamental in the development of blood vessels in
mice (Ranade et al., 2014). On the other hands, Piezo2 has been detected in around 20% of DRG
sensory neurons and it is activated by innocuous mechanical stimuli (Ranade et al., 2014; Woo et al.,
2014). In addition to touch, Piezo2 is also associated with mechanical pain (N. Eijkelkamp et al.,
2013; Murthy et al., 2018)The loss of Piezo2 in adult sensory neurons and Merkel cells caused a
profound loss of touch sensation in mice, without affecting the response to thermal stimuli (Ranade
et al., 2014), whereas the conditional knock-out of Piezo2 showed profound defects in proprioceptive
behavior related to limb position and fine movement (Woo et al., 2015). Interestingly, the Piezo2
knockdown in DRGs mediated by intrathecal injections of Piezo2 antisense oligodeoxynucleotides
leads to reduced activation of Piezo2+ fibers that innervate bones. Since these fibers are also TrkA+
and the loss Piezo2 prevents the NGF-induced sensitization of bone afferent neurons, Nencini and
colleagues reported that Piezo2 is involved in the response to noxious mechanical stimuli and

interactions with NGF are essential for its function (Nencini et al., 2021).
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6. Central pain processing: spinal, cortical and subcortical organization

1. Dorsal horn: ascending and descending pain pathways

Pseudounipolar primary sensory neurons located in the dorsal root ganglion (DRG) have distal nerve
projections that reach the skin and deep tissues and apical central projections in the dorsal horn of the
spinal cord. As aforementioned, the dorsal horns are organized into distinct laminae relying on pain,
itch, touch and temperature. Indeed, the sensory modalities detected in the periphery are processed in
the different laminae of dorsal horn of the spinal cord through neuronal and non-neuronal circuits of
excitatory and inhibitory neurons and microglia (Chen et al., 2018). Neurons within the dorsal horns
can be divided into projection neurons that reach the brain regions, and interneurons whose axons
make contact with other spinal neurons. Pain- and itch-related projection neurons, distributed in the
superficial laminae, are a heterogeneous excitatory neuronal population fundamental to stimulus
transmission (Wercberger & Basbaum, 2019). In addition to these cells, also interneurons play a key
role in sensation. By using histological procedures, it has been shown that spinal interneurons belong
in inhibitory cells, which use GABA and/or glycine and excitatory interneurons, which use Glutamate
(Todd, 2017). Interestingly, the intra-laminae connections in the dorsal horns mediated by
interneurons seem to be responsible for pain sensation observed under pathological conditions, such
as mechanical allodynia, discussed below (Cheng et al., 2017; Takazawa & MacDermott, 2010).
Recently, to have a comprehensive classification of the molecular profile of dorsal horn neurons,
Haring and colleagues performed RNA-sequencing of 1,545 single neurons from the dorsal spinal
cord, identifying 15 inhibitory and 15 excitatory molecular subtypes of neurons, then confirmed in
situ in the spinal cord (Héring et al., 2018). The anatomical and molecular complexity of the dorsal
horn of the spinal cord results in a precise organization of projection neurons within laminae. In fact,
from lamina [ and V, neurons send projections up to the brain via ascending spinothalamic and dorsal
column—medial lemniscal tract, in which axons decussate at the spinal level and then ascend on the

contralateral side towards the thalamus, and finally terminate in the parabrachial nucleus and
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periaqueductal gray (PAG) nucleus. On the other hand, descending tracts that originate from several

brain regions such as hypothalamus, amygdala, hippocampus, prefrontal cortex, synapse within the

rostral ventromedial medulla (RVM), and locus coeruleus (LC) building up the descending

projections that reach the dorsal horn laminae (Harding et al., 2020) (Figure 7).
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Figure 7. Spinal circuits of somatosensation, focusing on ascending and descending tracts.

As taken from Harding et al., 2020
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2. Brain matrix of pain

The advancement made about pain brought to expand the definition of pain itself. Indeed, the
International Association for the Study of Pain (IASP) defines pain as “An unpleasant sensory and
emotional experience associated with, or resembling that associated with, actual or potential tissue
damage”, referring to the “subjective” nature of this sensation (IASP, 1978). As commonly thought
in the past century, painful information was integrated and limited to subcortical brain regions, not
extending beyond the thalamus. The importance of the cortex as a multidimensional integration site
turned up with Melzack and Casey that defined pain experience as a result of the interaction of three
dimensions: sensory, affective and cognitive (Melzack & Casey, 1968). Nowadays it is known that
noxious stimuli detected in the periphery reach and activate both subcortical and cortical brain
regions, resulting in an orchestrated activation in time and space that can lastly generate the “pain

sensation” (Larrea & Peyron, 2013).

The coordinated network of several brain areas activated by different painful stimuli was defined as
the “pain matrix”, a slightly modified version of the “neuromatrix” proposed by Melzack (Melzack,
1990). By using Positron-Emission Tomography (PET) and functional Magnetic Resonance Imaging
(fMRI) that evaluate the human brain activity during a pain state, it has been possible to identify the
main central components of this matrix, such as primary and secondary somatosensory cortices,
insular cortex (IC), anterior cingulate cortex (ACC) and prefrontal cortex, amygdala, nucleus
accumbens (NAc), thalamus and periaqueductal gray (PAG) (Apkarian et al., 2011; Larrea & Peyron,
2013); Baliki and Apkarian, 2015) (Figure 8). Through these non-invasive functional neuroimaging
techniques, investigating cortical and subcortical structures involved in pain sensation allowed to find
that there is a strong connection between the intensity of painful stimuli and the magnitude of the
neural responses in the Pain Matrix, and consequently, factors modulating pain also affects the neural

activation of the pain matrix (Iannetti & Mouraux, 2010). The pain matrix represents a novel view of
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pain perception that cannot be referred exclusively to as nociception but also includes consciousness.
Indeed, if nociception refers to a peripheral noxious stimulus independent of conscious perception,
pain means a more complex sensation based on a cortical and subcortical representation (Apkarian &
Baliki, 2015). This new concept is constantly confirmed by studies in which pathological conditions,
such as chronic pain, lead to a re-modulation of brain connectivity. Recently, researchers have shown
that peripheral nerve injury modulates functional connectivity of NAc and causes a sustained decrease
in the expression of dopaminergic receptors (Pei-Ching et al., 2014). Another key brain area involved
in the top-down response to pain is the PAG which conveys and regulates the processing of
nociceptive inputs from the spinal cord, modulating the brainstem-spinal cord communication

(Eippert & Tracey, 2014).

Figure 8. Cortical and sub-cortical brain areas involved in the elaboration of pain sensation.

As adapted from Apkarian et al., 2005
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3. Neuroimaging of human pain

The recent progress of neuroimaging techniques applied to humans allowed us to understand how
pain is encoded in the brain. Since pain is a complex combination of sensory, emotional, cognitive,
and motor responses, fMRI, PET and Electroencephalography (EEG) techniques offer a potential
breakthrough in these efforts. Using the intracranial EEG approach, nociceptive responses of 27
patients were recorded by 300 intracortical electrodes, highlighting around 14 sensory, associative,
limbic and cortical brain areas involved (Bastuji et al., 2016). Interestingly, based on this data,
researchers try to build a spatio-temporal picture of the brain activity during pain state, discovering
three main sets of areas that are active in different moments. Indeed, the noxious stimulus was found
to immediately activate sensory cortices (posterior insula and parietal operculum), motor regions and
amygdala, suggesting a simultaneous activation of these areas. A few milliseconds later, Bastuji and
colleagues registered the activation of cortical structures, which may lead to the transition from
unconscious to conscious pain perception, and lastly, brain areas involved in memory encoding, such

as the hippocampus (Figure 9).

Noteworthy, there is no evidence that the activation of a set of brain areas is specific to pain perception
because the same brain areas are observed to be active also during touch or visual stimuli. A similar
pattern of brian areas active during pain state was found also in individuals with congenital
insensitivity to pain. As mentioned above, loss-of-function mutations in Nav1.7 encoded by SCN94
are associated with pain insensitivity (Cox et al., 2006). Brain activity recorded by fMRI of Nav1.7-
null patients, referred to as “pain-free” during the administration of noxious mechanical stimuli,
resulted in a similar level of sensation to healthy control individuals, revealing normal activation of

brain regions involved in the pain-matrix (Salomons et al., 2016).

In order to improve and fill the knowledge gap about pain processing, recently it has been highlighted
the individual variability in brain representations of pain based on the activation of several brain

regions. Indeed, contrary to somato-motor cortices that show more stable pain representations across
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individuals, ventro-medial and ventro-lateral prefrontal cortices have a larger variability across

people tested suggesting that individual differences in pain elaboration may be helpful in the

development of personalized treatment for pain conditions (Kohoutova et al., 2022).
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Figure 9. Electroencephalogram recording of brain areas involved in human pain perception.
Onset latencies of the nociceptive responses are different across areas.

As adapted from Bastuji et al., 2016
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7. Neuropathic pain

The ability to experience pain has a fundamental and protective role across all vertebrate species.
Avoiding potential or actual tissue damage elicits a complex pattern of behavioral responses making
pain in fact an evolutionary necessity. On the other hand, chronic pain conditions do not have any

biological advantages and are responsible for suffering and distress (Woolf & Mannion, 1999).

Based on clinical considerations and findings obtained in animal models, the current definition of
Neuropathic Pain (NP) is “Pain caused by a lesion or disease of the somatosensory nervous system”

(Loeser & Treede, 2008), in other words, “pain due to a stimulus that normally does not cause pain”.

Neuropathic pain thereby develops as a result of damage or disease affecting the somatosensory
nervous system either in the periphery or centrally. Peripherally, lesions damage peripheral fibers
(AP, Ad and C fibers) inducing a dramatic fall in pain threshold and amplifying both the duration and
the amplitude of the response. Whereas in the central nervous system, spinal neurons are the main
players. NP can be classified as spontaneous or evoked. The former occurs when an injured fiber
discharges spontaneously, the latter is caused by a non-noxious stimulus able to generate a painful
sensation, such as the touch of a feather. This evoked condition is usually referred to as Dynamic
Mechanical Allodynia (DMA) or touch-evoked allodynia which is a type of allodynia caused by a
stimulus that normally, is not capable of activating nociceptors (Laird & Cervero, 1996). This
persistent and weakening condition can appear as an enhanced response to a noxious stimulus, called
hyperalgesia, or as a pain sensation caused by an innocuous stimulus, allodynia. The former usually
happens in the site of the injury or in an adjacent area and it is believed to be caused by the
sensitization of free nerve endings after a noxious stimulus or by changes in sensory processing
(Treede & Baron, 2008). The latter refers to pain that is clearly caused by the excitation of low-

threshold sensory nerve fibers. Both hyperalgesia and allodynia are thought to be mediated mainly
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by peripheral sensitization of C-fibers that thus show a reduced activation threshold resulting in an
increased response to a stimulus (Woolf & Mannion, 1999). Peripheral sensitization is usually
followed by central sensitization which occurs in the spinal cord driven by nociceptor activation after

nerve injury. Together these mechanisms are responsible for neuropathic pain conditions.

1. Primary hyperalgesia

The phenomenon of hyperalgesia, caused by different damages, is a neural mechanism in which

peripheral nerve fibers show enhanced responsiveness to noxious stimuli (Treede et al., 1992).

Tissue damage, for instance, a heat damage, leads to the peripheral sensitization of nociceptive fibers
in the skin and to the central sensitization in the spinal cord. This neural adaptation is named “primary
hyperalgesia” and it is generally associated with the release of inflammatory mediators. The
“inflammatory soup” is constituted by peptides, such as CGRP and substance P, cytokines,
chemokines and the nerve growth factor NGF, mainly released by non-neuronal cells, including mast
cells, platelets, endothelial cells, macrophages and fibroblasts, that directly act modifying the
thermal/mechanical thresholds and activation properties of peripheral C- and Ad- nerve endings
(Basbaum et al., 2009; Woolf & Ma, 2007). The most common condition is heat hyperalgesia that
usually causes a burning sensation. Studies on mice lacking TRPV 1, the heat and capsaicin receptor,
have shown the importance of this ion channel in the onset and maintenance of heat hyperalgesia,
indeed TRPV1 knockout mice failed to develop inflammatory hyperalgesia (Caterina et al., 2000).
The inflammatory soup released during damage includes also Bradykinin which is involved in
mediating a variety of inflammatory responses such as vasodilation and (Dray & Perkins, 1993). The
key role of bradykinin in hyperalgesia is highlighted by the over-expression of its receptor B1 during
inflammation which leads to amplified responsiveness of the inflamed tissue (rat hindpaw) to
bradykinin resulting in a significant reduced mechanical threshold (Fox et al., 2003), and the selective

blocking of B1 bradykinin-receptor by antagonist administration reduces mechanical hyperalgesia in
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animals (Schuelert et al., 2015). Another pro-algesic agent is the neurotrophin NGF which activates
TrkA receptors promoting peripheral sensitization of nociceptors during inflammation (Lewin et al.,
1993). Interestingly, nociceptors sensitization mediated by both bradykinin and NGF modulates the
activation of other pain mediators like TRPV1 possibly via PLC activation (Chuang et al., 2001). The

biological role of neurotrophin, especially NGF, will be deeply discussed in the following sections.

2. Mechanical allodynia

As mentioned above, mechanical allodynia, also referred to as Dynamic mechanical allodynia (DMA)
or touch-evoked allodynia, is a pathological condition in which pain sensation is caused by a non-
noxious stimulus (Treede et al., 2008). Since this condition usually occurs in an area surrounding the
site of injury, it is also called secondary mechanical hyperalgesia which is defined as “increased pain

sensitivity outside of the area of injury or damage” (Treede et al., 1992).

In the past years, with developments in genetic labeling techniques, many works have shown that the
selective blocking of A-fibers abolished brush-evoked allodynia, whereas Ad- and C- nociceptors
were not required for the induction of mechanical allodynia in a nerve injury animal model
(Abrahamsen et al., 2008). This view has been supported by the discovery of several populations of
peripheral sensory neurons. LTMRs AB- and D Ad- nerve fibers expressing TrkB (BDNF high-
affinity receptor) have been suggested implicated in mechanical allodynia. Indeed, the ablation of
TrkB-expressing sensory neurons erased the sensitivity to light touch, under physiological conditions,

and mechanical allodynia after nerve injury (SNI model) in mice (Dhandapani et al., 2018).

Usually associated only with the control of pain, Delta and Mu opioid receptors, DOR and MOR
respectively, are reported to be also involved in mechanical allodynia. However, since both DOR and
MOR are expressed in subpopulation of myelinated and unmyelinated CGRP+ neurons, their

involvement in the understanding of neuropathic conditions is limited (Bardoni et al., 2014; Ceredig
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et al., 2020). Toll-like receptor 5 (TLRS) has been identified as a new marker of AB-fibers and the
targeted silencing of A-myelinated TLR5+ fibers suppresses mechanical allodynia-induced in mice
(Xu et al., 2015). Piezo2, a proper marker of mechanotransduction, mediates RA-currents in sensory
neurons and its permanent blockade recovers neuropathic pain conditions in mice (N. Eijkelkamp et

al., 2013).

Noteworthy, the onset and maintenance of mechanical allodynia state are also due to spinal central
neurons. Indeed, after a peripheral injury, it has been shown dramatic neuronal plasticity at the spinal
cord level resulting in a shift of LTMR AB-fibers onto ‘nociceptive’ fibers. The injury can cause a
disinhibition-mechanism of dorsal horn spinal circuits guiding mechanosensitive neurons towards
pain projecting neurons in lamina I through a polysynaptic circuit composed of Somatostatin (SOM)+
and SOM+ /Protein Kinase Cy (PKCy)+ excitatory interneurons (Duan et al., 2018). The Vesicular
Glutamate Transporter isoform 3 (VGLUT3), required for acute mechanical pain and chronic
mechanical pain (Seal et al., 2009) and expressed by neurons located in lamina III, a region important
for touch because the LTMR inputs, is fundamental as “critical entry point” in spinal pain circuit

participating to persistent mechanical pain (Peirs et al., 2015).

There are several possible theories proposed for the development and maintenance of allodynia
including alteration in gene expression in DRGs and spinal cord neurons, sprouting of myelinated
fibers within dorsal horn laminae from lamina III/IV to lamina I, and a disinhibition of inhibitory
interneurons in the dorsal horn (Lolignier et al., 2015). Another interesting mechanism proposed by
Campbell and colleagues is related to a human study in which the mechanical allodynia injury-
induced was erased by the selective blockade of AB-fibers while the selective blockade of the C- and
Ad-fibers did not affect the condition, suggesting a cross-talk mechanism at the site of injury that
leads to a cross-activation of fibers (Campbell et al., 1988). Examples reported in this section clearly
indicate that mechanical pain condition is the result of both peripheral and central sensitization, and

the latter can be perfectly explained by the gate control theory.
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3. Spinal mechanisms of hyperalgesia and allodynia: role of glial cells

The importance of the immune system in the onset and maintenance of pain hypersensitivity has been
reported in many models of peripheral neuropathies (PNI). For instance, mechanical allodynia
observed in patients affected by chemotherapy-induced PNI is caused by nociceptors that produce
and release CCL2 chemokine that regulates local macrophage activation in DRG via Toll-like
receptor TLR-signaling, resulting thereby in a neuropathic pain state (Zhang et al., 2013). Moreover,
the activation of the chemokine CXCL12/CXCR4 signaling in nociceptors is fundamental in the
pathogenesis of mechanical allodynia conditions in painful diabetic neuropathy (Jayaraj et al., 2018).
Among immune cells, a fundamental contribution to the understanding of pain sensation has been
given by new findings on microglia. Microglia is located only in the central nervous system and for
this reason, it has never been detected in DRGs. As a point of interest, microglia has been abundantly
investigated in the last decade as a pain-modulator in brainstem regions and, especially, in the spinal
cord, in which it was observed a robust microglia proliferation few days after injury (Chen et al.,
2018). The inflammation injury-induced causes a great release of cytokines and chemokines that can
rapidly activate immune cells, including microglia. In particular, the activation of C-fiber elicits
spinal microglial activation, but the activation of large A-fibers is central for the maintenance of
microglial activation, indeed under physiological conditions, only stimulating microglia themselves
can lead to pain hypersensitivity. Indeed, injections of fractalkine, also named CX3C ligand-1
(CX3CL1) are able to produce mechanical allodynia in a dose-dependent manner. On the other hand,
fractalkine antagonists reduce the hypersensitivity caused by nerve injuries (Clark & Malcangio,
2014). Recent findings have suggested that spinal microglia exist in “surveillance mode”, switching
to a “reactive state” in case of injury, leading to an enhancement of the excitability of spinal
nociceptive circuits (Salter & Stevens, 2017). However, peripheral nerve injuries can promote the

microglia shift to a reactive state causing a long-term condition of pain hypersensitivity through the
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persistent expression of some markers, such as P2X purinoceptor 4 (P2X4), which interacts with
BDNF-TrkB pathway, or through the activation of the neuronal K-CI cotransporter 2 (KCC2)
pathway that modulates the GABA receptor activation, compromising the neuronal excitability (Chen
et al., 2018; Salter & Stevens, 2017). Interacting with excitatory and inhibitory neurons, microglia
participate in the spinal cord synaptic plasticity after nerve injury, the phenomenon already referred
to as central sensitization (Carniglia et al., 2017). Its role in the modulation of spinal pain circuitry
has been recently reported to be linked to the extracellular matrix, especially perineuronal nets, that
are degraded by microglia after peripheral nerve injuries contributing to enhancing the activity of

projection neurons and inducing robust pain-related behaviors (Tansley et al., 2022).
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8. Modulation of pain: anti-pain therapies

Nowadays, understanding the mechanisms underlying neuropathic pain (NP) and developing
appropriate treatments is still challenging. NP causes a heterogeneous set of symptoms, including
sleep disorders, anxiety, psychosis, strongly affecting the quality of life of patients. It is reported that,
in western societies, one in five individuals is affected by NP, and the failure of pharmacological

therapies has a high economic impact on the individual and society (Dahlhamer et al., 2018).

Peripheral neuropathies (PNI), which include those caused by metabolic dysfunctions, diabetes,
chemotherapeutic agents, infectious diseases and inherited neuropathies and channelopathies, make
the assessment and diagnosis of the condition difficult. Recently, a meta-data analysis of all NP drug
treatments published and unpublished since 1966, finds that available treatments for NP are still
insufficient and with a modest efficacy (Finnerup et al., 2016). Among several drugs administered
for the treatment of NP, the Special Interest Group on Neuropathic Pain (NeuPSIG) has suggested as
first-line drugs gabapentinoids, tricyclic antidepressant (TCAs), selective serotonin—norepinephrine
reuptake inhibitors (SNRI) and nonsteroidal anti-inflammatory drugs (NSAIDs) whose analgesic

effects results, sometimes, not completely valid for the treatment of NP.

Based on their ability to bind voltage-dependent channels reducing Ca2+ influx into the cells, the
antiepileptic drugs gabapentinoids are known for their analgesic effects acting on neurotransmitter
release or neuronal firing. Both gabapentin and pregabalin approved by FDA are used for the

treatment of diabetic neuropathies, sciatic nerve injury and also for phantom limb conditions.

The efficacy of antidepressant drugs TCAs and SNRI, especially amitriptyline and duloxetine
respectively, is evident in a variety of painful neuropathies, by their capacity to inhibit the reuptake

of serotonin and norepinephrine at the synaptic level.
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Used as second- and third-line drugs for NP, the opioids need to be administered cautiously due to
their long list of contraindications including a history of substance abuse and suicide risk. Widely
used for pain management, opioid-agonists block the transmission of nociceptive chronic stimuli by
binding p-opioid receptors. By their ability to inhibit the serotonin and noradrenaline reuptake,
opioid-agonists, such as tramadol, block pain transmission at different levels of both ascending and
descending pain pathways, acting on multiple brain areas (PAG, ACC, amygdala, etc ) whose
inhibition is usually associated with a decrease of pain sensation (Martinez-Navarro et al., 2019;
Ossipov et al., 2010). Although the analgesic effect and the clinical efficacy in the treatment of
chronic pain conditions, opioids are responsible for an abuse epidemic called the “opioid overdose
crisis” with dramatic consequences representing a tremendous issue in the United States (NIDA,

2021).

To avoid abuse consequences and behavioral side effects, scientists have proposed the inhibition of
the neurotrophin NGF as a potential therapeutic candidate in the treatment of musculoskeletal
conditions such as osteoarthritis (OA) and chronic low back pain (CLBP). Indeed, in 2008, among
several neuropathic conditions, OA and CLBP affected more than 100 million individuals in the USA
resulting in the most frequent and invalidating NP conditions (Wise et al., 2021). NGF-inhibition via
anti-NGF monoclonal antibodies that bind inactivating NGF, are today tested for their efficacy in the

reduction of pain (Lane & Corr, 2017).

Among several anti-NGF clinical candidates as a therapy for chronic pain, one of the most prominent
is Tanezumab, a humanized monoclonal antibody that neutralizes NGF directly blocking the

interaction with TrkA and p75~'}

(Abdiche et al., 2008). Tanezumab administration during clinical
trials in mild-OA patients demonstrated both the efficacy and safety of the treatment, suggesting that
anti-NGF treatment significantly reduces chronic pain caused by OA (F. F. Hefti et al., 2006; Lane et

al., 2010). However, preclinical and clinical studies with tanezumab have reported side effects such

as increased cartilage and joint damages, slowed down the treatment and culminating in the loss of
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FDA approval for tanezumab in OA (LaBranche et al., 2017; Wise et al., 2021; Lilly and Pfizer
2022). The systemic administration of anti-NGF-based therapies has been investigated also in
rescuing the thermal hyperalgesia observed in animal models of chronic constriction injury (CCI).
Indeed, the local injections of anti-NGF was able to prevent the sensory hypersensitivity and the
sprouting of nociceptive fibers into rodent skin (Ro et al., 1996). In other studies, the administration
of both rodent and human anti-NGF aD11 monoclonal antibodies has been reported to lead to a
significant and long lasting analgesic effect in the NP animal model induced by CCI (Covaceuszach

etal., 2012).

In addition to anti-NGF antibodies, another strategy to treat pain could be preventing the activation
of TrkA via anti-TrkA antibodies. Indeed, neutralizing TrkA using the anti-TrkA monoclonal
antibody MNACI13 (Cattaneo et al., 1999) has been shown to induce analgesia in both inflammatory
and neuropathic pain models. After sciatic nerve ligation mice developed robust mechanical allodynia
that was reverted by repeated i.p. injections of MNAC13 (Ugolini et al., 2007). Moreover, in animal
models of inflammatory pain, the administration of NGF-neutralizing molecule trkA-IgG in parallel
with a pro-inflammatory compound, such as carrageenan, prevented the sensitization of the
nociceptors erasing behavioral pain-related response in animals (Koltzenburg, 1999), and the trkA-

IgG-infusion alone produced a sustained thermal and chemical hypoalgesia (McMahon, 1996).

Even if some side effects observed during anti-NGF or anti-TrkA treatments have been observed and
have not yet been clearly explained, the analgesic efficacy of these therapies for chronic pain

conditions can be considered unique.

9. NGF and the “Neurotrophic hypothesis”

The term “Nerve Growth Factor” (NGF) was introduced for the first time in the middle of the 1950s

by the eminent scientists Cohen, Levi-Montalcini and Hamburger to describe a protein isolated from
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mouse sarcoma with the ability to promote growth and differentiation of sensory and sympathetic
neurons (Cohen, Levi-Montalcini and Hamburger, 1954). Mouse sarcoma transplantation
experiments in chick embryos helped to discover that the exogenous tissue was able to promote a
“hyper-innervation” of the chick internal organs, possibly by the release of a diffusible molecule later
described as NGF (Levi-Montalcini & Angeletti, 1968). NGF, the “gift from a malignant tissue” as
it was defined by Levi-Montalcini, was purified by mouse salivary glands extract (Cohen, 1960) and
injections in different tissues helped to clarify the biological properties of this molecule. Interestingly,
it was found that the injections of anti-NGF molecules in newborn rodents had a dramatic effect on
the development causing a profound loss of the sympathetic system, suggesting for the first time the
importance of NGF for in vivo development (Levi-Montalcini, 1987; Levi-Montalcini & Angeletti,

1968).

NGF is the prototype of the neurotrophin family and by its discovery other three molecules with
neurotrophic potentials have been described, the Brain-Derived Neurotrophic Factor (BDNF),
neurotrophin -3 and -4 (NT-3 and NT-4) that are linked to the survival and function of several
neuronal populations in cortical and subcortical areas of the brain (Barde et al., 1982; Huang &
Reichardt, 2001; Rosenthal et al., 1990). All neurotrophins are initially synthesized as a precursor or
“pro-neurotrophin” (30-35 kDa) and after translation, these pro-forms interact making non-covalent
dimers that will be then cleaved in the Golgi or in secretory vesicles with the ultimate goal to produce
mature active neurotrophins (about 12 kDa). Immediately evident to scientists since their discoveries,
the main role of neurotrophins is promoting the health and well-being of the nervous system,
supporting the growth, differentiation and survival of neurons, and the NGF discovery has been the

seeds to the development of the “Neurotrophic Hypothesis” (Davies, 1996).

The original view of the neurotrophic hypothesis suggested that a single neurotrophic factor, released
from a target tissue, was sufficient to promote the survival of a specific neuronal population. Later,

in vitro experiments demonstrated that a combination of multiple neurotrophins can cooperate in
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regulating the survival and differentiation of neurons. Indeed, during the development of sensory
neurons, BDNF, NT-3, NT-4 and NGF act sequentially to promote survival. For instance, during
early stages (embryo day 11), BDNF, NT-3 and NT-4, but not NGF, appear necessary for axonal
growth and their absence causes neuronal death. After a few days, these same neurons lose the
responsiveness to BDNF, NT3 and NT4 and start to need NGF for their survival (Lallemend &
Ernfors, 2012; Snider & Wright, 1996). However, the importance of the neurotrophins in many
fundamental neuronal processes came to light also by their receptor. As previously mentioned, NGF
binds most specifically to TrkA, BDNF and NT-4 to TrkB, and NT-3 to TrkC. Each neurotrophin

NTR .
, a member of the tumor necrosis factor

also binds to the low-affinity neurotrophin receptor p75
receptor superfamily. Indeed, haploinsufficiency of neurotrophins or their receptor is linked to several

impairments and lethality in animal models (Crowley et al., 1994; de Carlos et al., 2006; Ernfors et

al., 1994; Perez-Pinera et al., 2008; Smeyne et al., 1994).

In addition to the role on neuronal cell growth and survival, neurotrophins are also involved in axonal
guidance, dendritic growth, synaptic plasticity influencing spines structures and neurotransmitter
release, and long-term potentiation (LTP). The widespread action of neurotrophins is related both to
cortical and subcortical regions during the development and in adulthood, like the high expression of
BDNF and TrkB in the neocortex and hippocampus (Cellerino et al., 1998). Neurotrophin' signaling,
especially BDNF- and NGF-mediated, is fundamental for the development and maintenance of
cortical circuitry. For instance, during the formation of ocular dominance columns, the density of
thalamic innervation to the visual cortical layer IV depends on the expression of BDNF, and a
decrease can cause a delay in visual system development dark rearing-related (Pizzorusso et al.,
2000). Intracerebroventricular administration of NGF in monocularly deprived rats during the critical
period attenuated the expected ocular dominance (OD) shift (Domenici et al., 1993), and, on the
contrary, infusion of anti-NGF antibodies to visually normal rat pups caused anatomical and
functional visual alterations (Berardi et al., 1993; Caleo et al., 1999). Interestingly, a key NGF-target

population is represented by basal forebrain and striatal cholinergic neurons, in which NGF regulates
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the activity of these neurons, increasing the level of choline acetyltransferase (ChAT) and possibly
accelerating synapse formation (Johnston et al., 1987; Mobley et al., 1986). The connection between
NGF and basal forebrain cholinergic neurons has attracted many interests due to the importance of
these cells in cognitive processes and their involvement in neurodegenerative conditions, such as
Alzheimer’s disease (Capsoni et al., 2002; Cattaneo & Calissano, 2012; Latina et al., 2017). It has
been shown that NGF and BDNF administration have a protective effects on basal forebrain
cholinergic neurons in adult rats with partial fimbrial transections (Hefti et al., 1993), as well as the
intranasal NGF administration in rescuing synaptic plasticity and memory deficits in a mouse model

of Alzheimer’s disease (Capsoni et al., 2017).

All together these and many other observations helped to explain the necessity of neurotrophins
during both development and adulthood and their active participation in several brain mechanisms,

from molecular to behavioral aspects.

10. NGF and its receptors: TrkA and p75™ '}

As mentioned above, NGF binds TrkA, members of the Trk (tropomyosin-related kinase) receptor

tyrosine kinase family and p75™'*

, member of the tumor necrosis factor receptor superfamily. By the
description of the three-dimensional structures of both NGF and TrkA, it has been possible to obtain
detailed information about the interactions of the ligand and the receptor (Ultsch et al., 1999). Based
on human TrkA sequence nomenclature, cytoplasmic TrkA domains contain 10 evolutionarily
conserved tyrosines, of which three (Y670, Y674, and Y675) are responsible of the tyrosine kinase
activity and recruiting adaptor proteins after phosphorylation, such as Grb2 and SH2B. The binding
of NGF to TrkA induces conformational changes of the extracellular domain promoting the

dimerization which not only stabilizes the receptor but also facilitates the autophosphorylation

(Ullrich & Schlessingert, 1990), possibly via a re-organization of the extracellular juxtamembrane
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region and the consequent rotation of the transmembrane domain of TrkA (Franco et al., 2020). TrkA
autophosphorylation initiates a cascade of events that lead to the activation of phosphatidylinositol 3-
kinase (PI-3K), mitogen-activated protein kinase (MAPK), and phospholipase C-y (PLC-y), with the
aim to modulate TrkA trafficking and degradation (Kaplan et al., 1991; Kaplan & Miller, 2000;
Soltoff et al., 1992). After the binding, the NGF-TrkA complex is internalized and retrogradely
transported to cell bodies along the axon over extremely long distances to support cell survival (Ginty
& Segal, 2002). The ubiquitination mechanism has been considered fundamental in controlling the
turnover, degradation and thus, the signaling TrkA-mediated. Among four different E3 Ub-ligases,
TrkA ubiquitination is mainly mediated by Nedd4-2 that binds to the PPXY TrkA-specific motif (not
found in TrkB or TrkC receptors) (Arévalo et al., 2006) and the depletion of Nedd4-2 in TrkA-positive
sensory neurons impairs the TrkA trafficking, degradation and consequently the signaling (Yu et al.,
2011). In addition to the ubiquitination mechanism, TrkA-interactors have also a key role in signaling
transduction. Several pieces of evidence have shown that the interactions between TrkA and p75™'%
are necessary for NGF-triggered signaling (Chao, 2003) because p75™'" seems to delay TrkA
internalization through reducing TrkA ubiquitination and promote a prolonged NGF-TrkA signaling
(Makkerh et al., 2005). p75""™®, which can bind all neurotrophins with a similar affinity but different
dissociation rates, is involved in several processes related to neuronal and non-neuronal cells, such
as Schwann cells contributing to the regeneration of peripheral nerves (Hempstead, 2002; Johnson et
al., 1988). A broad overlap between TrkA and p75"'" has been observed in neurons, especially in
DRGs and sympathetic neurons (Franco et al., 2021a; White et al., 1996) and in PC12 indicating that
NGF-binding requires the coexpression of both receptors because p75™ '~ proximity can increase the
affinity of TrkA for NGF (Hempstead et al., 1991). Indeed, the DRGs and sympathetic neurons
collected from p75™'® -deficient mice show a reduced sensitivity to NGF application, supporting the

NTR

necessity of p75™ " in neuronal development (Lee et al., 1994). p75™'® seems to be able to modulate

the response of TrkA to lower concentrations NGF and TrkA-p75™'® interaction could mediate their

reciprocal activation (Franco et al., 2021).
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Neurotrophins, including NGF, are synthesized as precursors or pro-proteins and they become
biologically active proteins after proteolytic cleavage. The uncleaved NGF precursor, known as
proNGF, binds both to p75™'® with high affinity promoting cell death and with a minimal binding
affinity to TrkA to promote cell survival. proNGF is the most predominant form of NGF in rodent
and human brains, and it can be secreted as a precursor or remain unprocessed (Fahnestock et al.,
2004). The different binding affinity for p75™ '~ and TrkA indicates distinct functions of proNGF and
mature NGF in mediating apoptosis or promoting survival, respectively (Hempstead, 2002; Lee et
al., 2001). Interestingly, after proNGF binding, p75"'™" steers apoptosis through contacting other
interactors such as Sortilin, a type [ membrane receptor expressed in neuronal tissues, and the neurite
outgrowth inhibitor reticulon 4 (NOGO). p75™'® can form a heteromeric receptor with Sortilin
activating the pro-apoptotic cascade induced by the proNGF binding (Nykjaer et al., 2004). The

activation of the complex made by proNGF-p75~'™*

-Sortilin is responsible for the apoptosis of mouse
DRG after nerve injury (Arnett et al., 2007). On the other hand, the matureNGF-p75™'* binding has
been observed to stimulate the neurite outgrowth of ciliary neurons isolated from chicken and spinal
and sensory nerves of p75™ '\ -deficient mice, by reducing the activation of Rho, a small GTPase that
regulates the state of actin polymerization (Yamashita et al., 1999). Despite the strong effort to
improve the understanding of the mechanisms underlying the biological actions mediated by p75~

or TrkA, nowadays, it is still unclear how neurotrophins regulate biological processes at the cellular

level, consequently how this can affect cognitive processes (Figure 10).
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Figure 10: TrkA and p75"'® signaling mediated by NGF binding.
As taken from Chao, 2003.

1. Retrograde and anterograde: a bi-directional signaling

The neuronal survival, including transcriptional control and other cellular processes, neurotrophins-
induced requires a retrograde transport from nerve terminals to cell bodies. The first evidence of this
retrograde transport came from in vivo studies in which radiolabeled neurotrophins, such as NGF
("’I-NGF), were injected at the terminal part of the axon and later found accumulated in the cell
bodies (Hendry et al., 1974). Nowadays, scientists agree on the ability of neurotrophins to transmit
retrograde signals from distal axons to neuronal soma. For instance, basal forebrain cholinergic
neurons that project to the cortex and hippocampus receive NGF by retrograde transport from the
target area (cortex and hippocampus). In distal axons, the NGF-TrkA complex is internalized into
signaling endosomes and retrogradely transport along microtubules to cell bodies by the activation of
proteins such as PI3K, Akt, ERK and Cre element binding protein (CREB), to control changes in
gene expression and metabolic activity required for neuronal survival and differentiation. Sometimes

the length of the axon may be more than a thousand times the width of the cell body and this long-
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distance communication between the nerve terminals and the cell body is obviously based on a
retrograde transport that has been explained by two models: the endosome hypothesis and the wave

propagation model.

The “signaling endosome hypothesis” is based on the interaction of the NGF-TrkA complex with a
variety of interactors, such as signaling effectors Ras and ERK and the motor protein dynein. The
endosome containing the NGF-TrkA complex and many attached proteins are retrogradely trafficked
along microtubules to reach the cell body (Howe & Mobley, 2004). By using three-chamber
apparatus, it has been shown that, in parallel to NGF application to nerve terminals, the injection of
anti-NGF antibodies to neutralize the neurotrophin contained in endosomes, led to sympathetic cell
death without affecting NGF-induced TrkA activation (Ye et al., 2003). This and a more recent study
(Ye et al., 2018) strongly support the idea that the NGF-TrkA complex needs to be retrogradely
transported within endosomes to support survival, maturation, and synapse formation and
maintenance. The retrograde transport of the NGF-TrkA system is considered also the key mechanism
adopted by sympathetic neurons for axonal growth and maintenance (Kuruvilla et al., 2004). The
second hypothesis, known as “the wave propagation model” or “Domino Model” proposes that NGF
binding to TrkA on distal axons induces a wave of TrkA phosphorylation. The retrograde transport
of NGF is thus not required for NGF-TrkA signaling, because the wave of “ligand-independent
phosphorylation” of TrkA is sufficient to be propagated to cell bodies promoting neuronal processes

(Ginty & Segal, 2002; Maclnnis & Campenot, 2002).

Nowadays, the “signaling endosome hypothesis” is the more accepted theory to explain the retrograde

NGF-TrkA transport.

As already mentioned, the outcomes of the NGF-TrkA retrograde signals are mainly related to
survival, axonal growth and maintenance. In sympathetic neurons, the NGF-TrkA complex,
retrogradely transported to neuronal soma, regulates the expression of anti-apoptotic factors and
metabolism-related proteins via activation of transcription factors CREB and MEF2D. This
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mechanism is reported also to promote the over-expression of its own TrkA receptor prolonging

TrkA-mediated signals (Deppmann et al., 2008) (Figure 11).
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Figure 11. Signaling endosome hypothesis of the retrograde NGF-TrkA complex transport.
As taken from Ginty & Segal, 2002.

The internalization mechanism of the NGF-TrkA complex can occur via clathrin-dependent or
clathrin-independent manner. In the former, endosomes are covered by clathrin making clathrin-
coated vesicles that activate Ras-MAP kinase pathway, including phosphorylated Erk1/2 (Howe et
al., 2001). In the latter, clathrin-independent mechanism happens via macropinocytosis, which
involves the formation of multivesicular bodies composed of multiple NGF-TrkA-containing
vesicles, and it is modulated by Pincher, an NGF upregulated GTPase involved in the TrkA
internalization and whose inhibition causes neuronal death (Shao et al., 2002). To reach the cell body,
internalized endosomes containing the NGF-TrkA complex recruit several proteins including RAS-
related C3 botulinum toxin substrate 1 (RAC1) and cofilin that promote actin rearrangement. Thus,
by interacting with other effector proteins such as Rab5, Rab7 and motor proteins (dynein),
endosomes are transported along axonal microtubules to the cell bodies. At the soma, TrkA receptor

can be exocytosed onto the soma surface and it can interact with naive TrkA receptors promoting
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their anterograde transport to axons, forward trafficking called “transcytosis”. The somatic NGF-
TrkA complexes activate transcriptional programs in order to promote neuronal growth and survival

(Harrington & Ginty, 2013; Scott-Solomon & Kuruvilla, 2018) (Figure 12).
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Figure 12. Anterograde trasport of the NGF-TrkA system.

As taken from Scott-Solomon & Kuruvilla, 2018

The anterograde transcytosis, which can be considered a feedback mechanism that allows neurons to
gain access to limited amounts of NGF, is still debated. Strongly supported by findings from
Kuruvilla’s group, the anterograde transport of TrkA receptor is an essential process to balance the
newly synthesized and somatic recycled receptors that must be transported to axons, and it can happen
especially in developing sympathetic neurons (Ascafio et al., 2009; Scott-Solomon & Kuruvilla,
2018). Interestingly, a crucial role in the anterograde transport of Trk-receptors is played by Sortilin,
mainly located in intracellular compartments, such as trans-Golgi network (TGN) and endosomes
(Willnow et al., 2008). After a physical interaction with Trks to form heterodimers, Sortilin supports
the anterograde Trk transport in peripheral axons, and, indeed, the lack of Sortilin strongly reduces
neurite outgrowth in DRG cultures (Vaegter et al., 2011). The anterograde transport is reported to be
linked also to an ATP-dependent motor protein: the kinesin superfamily protein 1A (KIF1A). The

loss of KIF1A seems to impair the TrkA transport to axons, resulting in a decreased expression of
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TrkA in DRGs and in a diminished response to noxious stimuli of Kifla-deficient mice, finally
suggesting that the KIF1A-mediated NGF/TrkA/PI3K signaling pathway may be responsible for

sensory modalities in the peripheral nervous system (Y. Tanaka et al., 2016).

As mentioned previously, the survival/death balance of several neuronal populations depends on the
different functions of proNGF and matureNGF. However, it is still unclear whether both forms are
internalized and retro- or antero-gradely transported at the same rate (Fahnestock et al., 2004).
Interestingly, by using a biophysical approach to label neurotrophins (single-particle tracking
strategy) Cattaneo’s group has shown that, unlike NGF that is possibly transported in both directions,
vesicles containing proNGF can move exclusively from the axon terminal to the cell soma of neurons,
via retrograde transport. Moreover, they found that proNGF and NGF vesicles hold a different
number of molecules per vesicle (1 or 2 proNGF and between 2 and 8 NGF dimers) and the pro-
apoptotic signaling proNGF-mediated emerges in absence of NGF-mediated trophic signaling (De

Nadai et al., 2016).

The importance of NGF-TrkA trafficking has been observed also in sensory neurons, in which the
retrograde transport of the NGF-TrkA complex has been shown to promote TRPV1 transcription in
PC12 cells and to increase the TRPV1 expression on the cell surface of cultured DRGs neurons
(Zhang et al., 2005). Moreover, the premature degradation of the retrograde NGF-TrkA transport is
reported to potentially contribute to a common inherited peripheral neuropathy called Charcot-Marie-

Tooth type 2B which is characterized by severe axonal degeneration (Zhang et al., 2013).

The NGF-TrkA transport mediates several cellular processes, including longer-term changes in gene
expression or membrane protein localization, both of which can directly affect sensory neurons,

especially nociceptors.
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11. Role of NGF-TrkA in development and adulthood

The relevance of correct NGF-TrkA signaling in sensory and sympathetic neurons during
development is evident in animal models with the loss of both NGF and TrkA expression. NGF- and
TrkA-null mice show a severe loss of sympathetic and sensory neurons, especially nociceptive
peptidergic DRGs, resulting in premature death (Crowley et al., 1994; Smeyne et al., 1994). The loss
of TrkA leads to extensive cell death of sympathetic neurons of TrkA-mutant mice that start during
embryonic life E17.5 and progressively continue after birth (Fagan et al., 1996). Moreover, in TrkA-
null mice, it was reported that the striatal and basal forebrain cholinergic neurons were smaller than
those of wild-type controls, without affecting the number and density of cholinergic neuron in the
target area (hippocampus) (Fagan et al., 1997). Markedly in contrast with the robust decrease
observed in the peripheral nervous system, authors found that the absence of TrkA did not
compromise the survival of striatal and basal forebrain cholinergic neurons in the central nervous
system in 4—6 week mice (Fagan et al., 1997). However, even if the central nervous system did not
appear immediately affected by TrkA loss, TrkA-null mice show a short lifespan that precludes
testing several aspects of the NGF-TrkA pathway. On the contrary, loss of one allele of NGF,
resulting in heterozygous NGF-mutant mice, led to a reduced expression of NGF in the hippocampus
(area of NGF secretion), a decrease in cholinergic innervation to the hippocampus, leading to a severe
cognitive impairment that was rescued by NGF-infusion into the lateral ventricle in heterozygous
NGF knockout mice (Chen et al., 1997). The peripheral nervous system is the most affected by the
loss of both NGF and TrkA. For instance, peripheral cutaneous nerves fail to reach the hindlimb in
the absence of NGF-TrkA signaling, causing a loss of skin innervation in mice (Patel et al., 2000). It
is also observed that the deprivation of NGF by using anti-NGF antibodies in pregnant rats leads to
the depletion of around 70% of sensory neurons, mostly Substance P-containing neurons, in newborn
rats (Mantyh et al., 2011). Similarly, the expression of other DRG markers such as CGRP, is directly

affected by alteration in NGF-TrkA pathway (Patel et al., 2000).
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On the other hand, little is known about the NGF-TrkA function during adulthood. Especially for
sympathetic neurons, it has been observed that, even in maturity, sympathetic cells remain dependent
on NGF for survival and maintenance of dendrites, and indeed, the prolonged administration of NGF-
antiserum reduces the number, size and dendritic length of sympathetic neurons (Ruit et al., 1990).
For instance, in adult rats, NGF can still promote extensive sprouting of sympathetic neurons into
DRGs (Jones et al., 1999). This mechanism could be explained by the ability of satellite cells, glial
cells that surround DRGs, to stimulate the synthesis of p75 after nerve injury promoting sympathetic

sprouting (Zhou et al., 1996).

One of the most important features of NGF-TrkA signaling found in adults is mediating hyperalgesia.
Already discussed in previous sections, NGF acts as a mediator of inflammatory pain in the adult
mammals directly acting on the sensitization of nociceptors in vivo (Lewin et al., 1993; McMahon,
1996). In vitro DRG cultures treated with NGF show a rapid activation of TrkA and rapid sensitization
to noxious stimuli by increasing the expression of TRPV1 (X. Zhang et al., 2005). Interestingly, the
TrkA hypofunctionality observed in naked mole rats does not cause deficits in C-fibers innervation
in pups but leads to a decrease in adult animals, suggesting a peculiar role of TrkA during the life of

these rodents (Omerbasic et al., 2016).

In humans, the level of NGF starts to decrease during puberty possibly reflecting the maturation of
the nervous system, and increases after inflammatory conditions (Barker et al., 2020), confirming the

dual effect of the NGF-TrkA system in young and adult mammals.
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12. NGF-TrkA signaling in pain

Over the years, the physiological role of the NGF-TrkA system in developing neurons has been well
established, especially by exploring the effects of NGF or TrkA deprivation in vivo. Indeed, sensory
and sympathetic neuronal survival during the development is NGF-dependent, but, as mentioned in
the previous section, NGF-dependence decreases across time, and NGF expression is low in adults.
Changes in the NGF-TrkA signaling during the transition from development to adulthood are related
to the switch from MEK/PI3K to JAK pathways that modulate the development and regeneration of
axons, respectively (Markus et al., 2002). It has been proposed a critical period for the NGF-TrkA
system, among post-natal day 4 and 10 (P4-P10), during that DRGs became sensitive to noxious
stimuli, particularly to noxious heat and capsaicin, acquiring the molecular features that determine
the peripheral sensitization (Zhu et al., 2004). Scarcely found in normal conditions in rodents and
humans, NGF levels increase during inflammation states and its main sources are keratinocytes, mast
cells, macrophages and, more recently, bone marrow-derived mast cells (Denk et al., 2017). This
increase is clear in experimental models of inflammatory pain caused by Complete Freund’s adjuvant
injection (Woolf et al., 1994) or caused by autoimmune conditions, such as arthritis (Shelton et al.,
2005). Injections of NGF into healthy skin are reported to cause localized pain associated with
inflammatory hyperalgesia, both in humans and rodents (Dyck et al., 1997; Lewin et al., 1993). NGF
application, via TrkA, leads to a rapid sensitization of sensory neurons to noxious heat and chemical
stimuli (capsaicin) by promoting the release of other pro-inflammatory mediators and then recruiting
several proteins involved in the retrograde transport of the NGF-TrkA complex. The NGF-TrkA-
activated cascade increases both the phosphorylation and trafficking of membrane receptors and ion
channels, especially TRPV 1. The retrograde transport to the cell body, deeply discussed in previous
sections, aims to increase the synthesis of peptides, including SP, CGRP and neurotrophins (BDNF),
receptors, ion channels and other pain modulators (Barker et al., 2020; Basbaum et al., 2009). In

addition to the transcriptional regulation of pain-related genes, other NGF-TrkA-target genes are
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those involved in the axonal growth, a mechanism called ‘“nociceptors sprouting or
hyperinnervation”, observed in conditions like bone cancer pain (Mantyh et al., 2011). TRPV1
sensitization plays a key role in NGF-TrkA pain-induced. Indeed, TRPV1-deficient mice (full-
knockout mice) do not develop the thermal hyperalgesia usually NGF-associated (Caterina et al.,
2000) and the “thermal and chemical-insensitive” naked mole rat, deeply investigated by Lewin’s
group, show a reduced TRPV1 sensitization NGF-induced (Omerbasic et al., 2016). Moreover, also
the bradykinin-mediated thermal hypersensitivity requires in vivo the expression of TRPV1, and thus

is abolished in TRPV1 knockout mice (Chuang et al., 2001).

Interestingly, as discussed in the section “Modulation of pain: anti-pain therapies”, targeting the
NGF-TrkA complex may be a potential therapy in order to treat several types of chronic pain
conditions. For instance, the NGF-TrkA system is physiologically involved in bone metabolisms,
ossification and sensitivity, and in pathological conditions, such as osteoarthritis or rheumatoid
arthritis (Nencini et al., 2017; Tomlinson et al., 2017). Animal studies had shown the presence of
NGF in endothelial cells in unfractured bones that strongly increased after a painful fracture or bone
damage, suggesting NGF role in mediating pain sensation after injuries (Grills & Schuijers, 1998). In
NP joint conditions, such as OA, the higher level of NGF activates pain signals via TrkA promoting
the overexpression of other pain-mediators, substance P and CGRP, and triggering peripheral
sensitization (Wise et al., 2021). The involvement of NGF-TrkA pathways in musculoskeletal chronic
conditions has been observed in patients affected by two rare genetic conditions named Hereditary
Sensory and Autonomic Neuropathy type IV and V (HSAN IV and HSAN V), caused by mutation in
gene encoding for TrkA and NGF, respectively, that cause pain insensitivity deeply discussed in
following sections. In addition to the loss of pain sensation, HSAN IV and V patients develop bone
and joint complications that degenerate in neurogenic arthropathies called Charcot joints (Indo et al.,
1996; Minde et al., 2004). However, the mechanism by which the NGF-TrkA system influences these

features in such patients is still unclear.
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13. NGF-TrkA signaling in itch

Contrary to the extensive information about pain and its related conditions, little is known about itch
sensation and a possible involvement of the NGF-TrkA signaling axis. Itch is defined as “an
unpleasant sensation that evokes a desire to scratch and consists of sensory, emotional, and
motivational components” (Ikoma et al., 20006).

Based on the “intensity theory” (discussed above), itch has been initially linked to a weak activation
of nociceptors (von Frey). Nowadays, scientists have found several subpopulations of sensory
neurons that specifically respond to histamine application, suggesting distinct sets of neurons that
mediate itch and pain (McMahon & Koltzenburg, 1992). The most common itch manifestations,
pickle and tickle, usually well recognized by humans, provoke similar stereotypical behavioral
responses in many mammals, however developing appropriate animal models of itch is still
challenging (Dong & Dong, 2018). Itch agents, such as capsaicin and histamine, activate neuronal
responses both in the PNS and in CNS eliciting scratching. During inflammation, these pruritogens
activate pruriceptors or itch fibers and sensitize nociceptors promoting a great release of mediators,
including NGF. The neurotrophin, highly expressed in injured and inflamed tissues, triggers pain
signalings via TrkA and promotes the sprouting of nerve fibers in the skin. This mechanism is
reported to contribute to itch sensation in skin diseases, such as atopic dermatitis (AD). Indeed, high
levels of neurotrophins NGF and BDNF enhance nerve sprouting, resulting in hyper-innervation of
the inflamed skin that can lead to chronic invalidating conditions such as hyperkinesis and alloknesis
that, similarly to hyperalgesia and allodynia, depend on a lower threshold for nerve fibers activation
and induction of itch mediated by non-pruritic stimuli, respectively (Legat, 2021). The increased
nerves’ density in the skin seems to be responsible for intense itching sensations in patients with
atopic dermatitis and it is usually linked to a great release of pro-itchy molecules, including NGF.
Plasma analysis of patients with AD has shown high levels of NGF compared to controls, suggesting
the involvement of NGF and substance P in the pathogenesis of allergic diseases and a strong

correlation between the levels of plasma NGF and the severity of symptoms (Toyoda et al., 2002). In
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a mouse model of AD, NC/NgaTnd mice that spontaneously develop atopic dermatitis-like skin
lesions, was observed NGF abundance in the skin lesions, especially in keratinocytes, fibroblasts and
mast cells of affected skins, and an increased density of fibers PGP9.5-positive in NC/NgaTnd mice,
suggesting that an over-production of NGF can contribute to development of itch (Tanaka & Matsuda,
2005). Interestingly, administration of anti-NGF antibodies has been observed to inhibit the
development and proliferation of skin lesions and to block the epidermal hyper-innervation also
ameliorating the scratching behavior in mice (Takano et al., 2005). NGF is released mainly from
keratinocytes and mast cells, and high immunoreactivity to NGF and TrkA is also found in human
samples of other skin-related diseases, such as psoriasis, suggesting the role of the NGF-TrkA in the
development of itchy symptoms.

Keratinocytes, located in the skin’s intercellular spaces, make contact with sensory nerves, including
pruriceptive fibers, which convey itch sensation to the upper laminae in the dorsal horns of the spinal
cord. Like nociceptors, pruriceptive fibers are usually classified as unmyelinated C- and thinly-
myelinated Ad- fibers that transmit both pain and itch to laminae I/II, as well as lamina V (Dong &
Dong, 2018). The itch signal is transferred via the lateral spinothalamic tract, which crosses to the
contralateral side, to the thalamus, usually recognized as the relay station for spinal stimuli, and then
is transmitted to multiple brain regions involved also in the elaboration of scratching behavior like
somatosensory and motor cortices, ACC and PFC associated with hedonic aspects of scratching, and
also PAG common to pain-mediated activation (Chen & Sun, 2020).

Pruriceptive sensory fibers express multiple itch-transmitting receptors, some of which belong to the
large families of G-protein-coupled receptors (GPCRs) referred to as Mas-related GPCRs
(MRGPRs). Many studies have shown that the ablation of MRGPRs lead to profound scratching
deficits in chloroquine-induced itch mice, without affecting the response to pain stimuli (Liu et al.,
2009; Sun & Chen, 2007). In addition to endogenous pro-itch molecules, a great number of FDA-
approved drugs, such as neuromuscular blocking drugs, can elicit allergic reactions by activation of

Mrgprb2, the orthologue of the human MRGPRX2 expressed on mast cells and sensory fibers
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(McNeil et al., 2015). Interestingly, a subset of pruriceptors expressing MrgprA3 are non-peptidergic
primary sensory neurons and co-express histamine receptors H1 and H4 resulting in sensitivity to
both chloroquine and histamine (Liu et al., 2009).

The itch sensation elicited by histamine, the best-studied pruritogen, is thought to be dependent also
on the activation of interleukin-31 receptor A (IL-31RA) and the downstream activation of TRPV1.
Indeed, the photoablation of IL-31RA-positive fibers in the skin of a mouse model of hereditary skin
disorder, resulted in the long-term rescue of the scratching behavior evoked by the injection of IL-31
(Nocchi et al., 2019). Other cytokines, such as IL-23 and IL-17A that boost itch signaling via a direct
modulation of both histaminergic and non-histaminergic sensory fibers, are reported also to modulate
TRPV1 in a not-well understood way (Pavlenko et al., 2020).

Pain and itch, fundamental for the survival of all living beings and for protecting the body from
potentially harmful agents, show an extensive overlap in neuronal subpopulations and central circuits
mediating the elaboration of both these sensations. Many observations have suggested a crucial
involvement of the NGF-TrkA signaling pathway in the development and maintenance of itch, and
targeting the NGF-TrkA complex can be useful for developing novel therapeutic approaches for the

treatment of diseases associated with pain and itch.
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14. NGF-TrkA signaling in thermoregulation

The maintenance of the body’s homeostasis is one of the essential functions accomplished by the
nervous system. The regulation of the body temperature requires a great number of activities with the
aim to produce an optimal thermal environment necessary for survival. Major players of this function
are neurons located in the hypothalamus (Morrison, 2016). Changes in neuronal temperature can
cause severe alterations of molecular properties, including altered enzyme efficiency, and reduced
membrane fluidity that can affect cellular functions, such as energy availability and membrane ion
flux. Cold and warm activate a variety of brain responses in order to maintain the body temperature.
These brain actions include both autonomic effectors such as thermogenesis, vasodilation, and
sweating, as well as behavioral strategies for controlling and maintaining local thermal environment
and body temperature that include warmth- or cold-seeking, nesting, or more complex behaviors
adopted by humans, such as putting on clothing (Morrison & Nakamura, 2011). To protect the thermal
homeostasis of the brain, and, consequently, the body, is necessary a synergistic action of both
peripheral and central nervous systems. For example, in rats it has been observed that cool
environments activate sympathetic thermogenesis in brown adipose tissue (BAT), metabolic and
cardiovascular mechanisms, such as expired CO2, and arterial pressure and/or heart rate.
Interestingly, all these events were inhibited by blocking GABAA receptor into hypothalamic areas,
including the preoptic area (POA) the dorsomedial hypothalamic nucleus (DMH), and into the rostral
raphe pallidus nucleus (rRPa) (Nakamura & Morrison, 2007). Environmental temperature changes
are first detected by thermoreceptors in primary sensory afferents in the skin and transmitted through
the spinal projecting neurons to both the thalamus and the pontine lateral parabrachial nucleus (LPB)
via spino-thalamo-cortical pathways. Thermal informations are finally transferred to POA and DMH
in a feedforward mechanism. The POA hypothalamic region is indeed considered a key integration
site for thermoregulation because it receives sensory inputs from peripheral thermoreceptors and then
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it provides efferent command signals to peripheral effectors through the sympathetic and somatic

motor systems (Figure 13) (Tan & Knight, 2018).

Temperature discrimination
Temperature homeostasis

Somatosensory
Cortex

Insula
Cortex

Ventral
Posterior LPB

ThaV

Trigeminal

Spinal
Trigeminal
. Nucleus
Ganglion /

-~ - \/J

£ Skin/Visceral )
/\ o Spinal Cord
(I

Figure 13. Thermoregulation ascending pathway. Warm and cold are
transmitted from the periphery to central brain regions. Adapted from Tan & Knight,
2018.

As mentioned in previous sections, peripheral sensory neurons are able to respond to stimuli of
distinct modalities including touch, pain, itch, and temperature. Especially for nociceptors, different
elettrophysiological neuronal properties determine the DRG’s sensitivity to heat or cold and, for
instance, thermoreceptors are considered unmyelinated C-fibers (Ma, 2010). The main peripheral
mediators of thermal stimuli belong to the family of TRP ion channels (previous paragraph), and
among them, TRPMS8 and TRPV1 are considered fundamental thermo-detectors. Indeed, the selective
ablation diphtheria toxin-mediated of TRPMS8- or TRPV1-expressing DRG neurons leads to a

reduction of mild cooling- and heating-evoked neuronal activities in the spinal cord, respectively,
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suggesting that TRPMS8+ neurons are activated by mild cooling stimuli, whereas TRPV 1+ neurons
drive spinal responses to heat and strong cold stimuli (Ran et al., 2016). These thermal informations
are first transmitted by glutamatergic projecting spinal neurons to LPB, and then to neurons in the
POA, whose molecular identity is still debated. For years, traditional models for the thermoregulatory
circuit have considered POA neurons, also referred to as warm sensitive neurons (WSN), GABAergic
that tonically inhibit central and peripheral structures involved in thermogenesis (Morrison &
Nakamura, 2011). However, more recent findings have shown that the chemogenetic or optogenetic
activation of glutamatergic VgluT2+ but not GABAergic Vgat+ neurons in POA led to changes in
body temperature in mice (Song et al., 2016). The glutamatergic profile of WMS has been supported
by results from single-cell RNA-sequencing of ~1 million cells in POA and from discoveries of
Machado and colleagues (Machado et al., 2020; Moffitt et al., 2018). Contrary to previous
considerations (Nakamura & Morrison, 2011), glutamatergic POA neurons express the EP3 receptor
which binds to prostaglandin-2 (PGE2) to stimulate fever via connection with raphe pallidus (RPA)
to control BAT thermogenesis, shivering and sweating (Machado et al., 2020). Pyrogenic molecules
or bacterial lipids are able to stimulate POA endothelial cells to produce PGE2, that are thought to
inhibit the activity of POA neurons causing an uncontrolled increase of body temperature, thereby
producing hyperthermia (Nakamura & Morrison, 2011; Tan & Knight, 2018). Against fever, water
evaporation is one of thermoregulatory strategies adopted by mammals to dissipate heat and control
the body temperature. This process, called sweating, is due to the spread of sweat glands in the skin
that are innervated by sympathetic nerves. HSAN IV, caused by mutations in the gene encoding for
TrkA, is a congenital insensitivity to pain syndrome characterized also by the inability to sweat or
anhidrosis, often associated with recurrent episodes of fever which can be fatal (Indo et al., 1996;
Loewenthal et al., 2005; Rosemberg et al., 1994). Interestingly, HSAN IV patients' skin biopsies
indicate normal sweat glands, but patients are affected by robust anhidrosis and pharmacological
stimuli, such as pilocarpine both systemic and local injections, fail to evoke sweating (Swanson et

al., 1963, 1965; Indo, 2018; Itoh et al., 1986). These observations suggest that the affected NGF-TrkA
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signaling system can act not only on peripheral sensory and sympathetic nerves but also on central

neurons.

A great amount of information about NGF and TrkA in the central nervous system is related to the
NGF-target brain regions, as cholinergic neurons of the basal forebrain and hippocampus and cortex,
both innervated by cholinergic neurons. Indeed, few studies have investigated the presence of NGF
and TrkA in not target-brain regions, such as the hypothalamus. It has been observed in rodents and
afterward in humans that NGF expthe ression in hypothalamus is up-regulated by stress conditions,
such as intermale fighting, suggesting a possible involvement of hypothalamic NGF in the
maintenance of physiologic homeostasis (Alleva et al., 1996). NGF and TrkA mRNA have been
detected in rat hypothalamus during the neonatal period, proposing the existence of NGF-sensitive

neurons in the hypothalamus itself and/or elsewhere in the brain (Ojeda et al., 1991).

Nowadays, no other findings have been reported about the role of NGF and TrkA in hypothalamus,
but this does not rule out that the NGF-TrkA system can impact on thermoregulation, possibly via
intra- and inter-hypothalamic connections. Indeed, TrkA mRNA has been found in the paraventricular
nucleus of the thalamus (PVT or PVA) (Allen Brain Atlas) that acts as a relay station for the
integration of arousal-related signals and in mediating defensive responses (Kirouac, 2021) and

modulates core temperature and energy balance during chronic stress (Bhatnagar & Dallman, 1999).
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15. Peripheral neuropathies: HSANs

“The great object of life is sensation:
to feel that we exist, even though in pain”

Lord George Gordon Noel Byron, 1863

The ability to perceive a wide variety of different stimuli, especially painful ones, is an evolutionary
advantage of all animals because it allows avoiding injuries and damage. However, the universality
and necessity of nociception are questioned when some species do not show any nociceptive behavior
in response to painful stimulation, such as the naked mole-rats (Smith & Lewin, 2009). Indeed, naked
mole-rats do not respond to capsaicin, the active component of chili peppers, nor the sting of acid and
their pain insensitivity is linked to mutations in genes encoding for TrkA and the voltage-gated
sodium channel, Nav1.7 (Smith et al., 2020).

In humans, an excellent example of pain insensitivity is represented by a heterogeneous group of very
rare hereditary neuropathies, named Hereditary Sensory and Autonomic Neuropathies (HSANSs). The
first HSANs’ report dates 1852 and describes chronic ulcerations of the feets of three brothers
(Nelaton, 1852). Decades later, HSANs have been classified into four types based on the mode of
inheritance, natural history, including onset and symptoms, and type of sensory neurons affected
(Dyck et al., 1983) with an estimated incidence of 1 in 25,000 persons (Axelrod & Gold-von Simson,
2007). Nowadays, by novel genetic and diagnosis techniques, eight phenotypically diverse HSAN
types have been recognized, with variable involvement of the sensory fibers, both unmyelinated and
myelinated peripheral nerve fibers resulting in distinct phenotypes (Schwartzlow & Kazamel, 2019).
HSANSs are generally caused by mutations in different genes. For instance, missense mutations in
SPTLC1 and SPTLC2 (serine palmitoyltransferase ling chain subunit 1 and 2) genes are found in
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individuals affected by HSAN type I (Nicholson et al., 1996; Rotthier et al., 2010). Mutations in the
endosomal protein RAB7 cause Charcot-Marie-Tooth disease type 2B (Verhoeven et al., 2003),
whereas those in WNKI1, KIFIA, FAM134B, and SCN9A genes are linked to HSAN type II
(Schwartzlow & Kazamel, 2019). HSAN type III, also known as Familial Dysautonomia or Riley-
Day syndrome, is caused by mutations in the IKBKAP gene (inhibitor of Kappa-light polypeptide
gene enhancer in B cells, kinase complex associated protein) (Slaugenhaupt et al., 2001). Mutations
in the genes encoding for TrkA or NGF are responsible for HSAN IV and V, respectively, both
characterized by loss of pain and temperature sensation that usually fall into self-mutilations, and
frequent bone and joint fractures (Einarsdottir et al., 2004; Indo, 1996). Mutations in genes encoding
for DST (dystonin), SCN11A (Navl.9) and PRDM12 (PRDI-BF1 and RIZ homology domain-
containing protein 12) are found to be the main cause of HSAN VI, VII and VIII respectively (Chen
et al., 2015; Edvardson et al., 2012; Leipold et al., 2013). All of these eight types generally cause a
prominent loss of sensation leading to ulcerations in feet and hands that can degenerate in more severe
complications, such as infections or amputations of toes and fingers. Moreover, in patients affected
by some HSAN types, such as type IV, VII and VIII, sweating abnormalities, fever, blood pressure
fluctuations and mental impairments are usually evident (Schwartzlow & Kazamel, 2019).

The involvement of the NGF-TrkA system in HSAN IV and V disorders has been deeply investigated
in the current thesis. Indeed, even though both diseases affect neurotrophic signaling, HSAN IV and
V clinical features do not fully overlap, suggesting distinct roles of the TrkA and NGF in these
painless syndromes.

In addition to pain and thermal insensitivity, HSAN IV is also accompanied by anhidrosis and mental
retardations, profoundly discussed in the following section. On the other hand, HSAN V, also known
as Norrbottnian congenital insensitivity to pain, has been first described in three patients belonging
to a large multi-generational family located in the Norrbotten region of Sweden and it is associated
with the point mutation 661 C>T in the exon 3 of the NGFB gene that results in a substitution of

tryptophan (W) for arginine (R) at position 221 in the proNGF polypeptide finally corresponding to
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residue R100W in mature NGF (Einarsdottir et al., 2004; Testa et al., 2021). Contrary to HSAN IV,
patients affected by HSAN V do not present any significant cognitive impairments (De Andrade et
al., 2008). Among several HSAN V clinical features, lower legs and feet fractures that appear during
childhood in homozygous subjects, and not in heterozygous, can explain the reduced pain sensation
at the forearms and legs and the normal sensitivity in the trunk (Capsoni, 2014; Einarsdottir et al.,
2004; Minde et al., 2004; Minde et al., 2006). Interestingly, also the cornea of HSAN V patients was
found affected by NGF mutations resulting in a decreased number of C-fibers (Perini et al., 2016).

As well as humans, the HSAN V mouse model, recently published by our group, shows impaired
thermal and chemical pain sensation and not-affected cognitive abilities, suggesting that the RIOOW
mutation may differentially affect the NGF action in the central and peripheral nervous system (Testa

etal., 2019). The phenotype can be explained by the reduced secretion of the mutant NGF®?'*°W

protein
and by its reduced capability to trigger NGF-mediated pain signaling (Testa et al., 2019b). These and
other findings (Sung et al., 2018) have confirmed the necessity of the NGF-TrkA signaling system in
pain sensation contributing to greater knowledge about HSAN V disease. However, to obtain a more

complete clarification about painless syndromes, it is necessary to develop a mouse model for HSAN

IV.
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1. HSANI1V

HSAN IV (OMIM# 256800), also referred to as Congenital Insensitivity to Pain with Anhidrosis
(CIPA), is an autosomal recessive disorder manifesting at birth or early childhood characterized by
insensitivity to pain, self-mutilatory behaviors, anhidrosis (inability to sweat) and variable degree of
mental retardation usually described as emotional lability, social deficits and hyperactivity (Indo,
2001; Levy-Erez et al., 2010).

NTRKI1, encoding for TrkA receptor, has been the first gene to be identified to cause CIPA (Indo,
1996). More than 100 different mutations in the human NTRK/ have been detected in HSAN IV
patients from various countries (HGMD 2021.2). The mutations, including missense, nonsense,
frameshift and splicing, are located in the extracellular and/or intracellular domains and correlate to
a wide phenotypic severity of affected individuals (Indo, 2001). All mutations in NTRKI (or TRKA)
gene, located on chromosome 1 (1q21-q22), are reported to lead to the impairment of the NGF-TrkA
signaling and consequent alterations in NGF-dependent systems in both central and peripheral
nervous, thus resulting in the most representative features of HSAN IV: pain insensitivity, anhidrosis
and cognitive impairment. HSAN IV results in an extremely dangerous and, in many cases, lethal
disease causing the survival of patients until 25-30 years of age. The reported odds of HSAN IV
newborns are about 1 in 125 million with a few hundred of recognized cases worldwide (Daneshjou
etal., 2012).

The first report of an HSAN IV patient, dated back to the early 1900s, describes the inability of the
patient “to recall any pain except headache and his memory is good” (Dearborn, 1932). Reported
and published cases of HSAN IV have allowed to list all symptoms and collect dozens of pieces of

information about the biology of this disease.
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Based on previous knowledge about the key role of NGF-TrkA in the development, differentiation
and survival of sensory and sympathetic neurons (Levi-Montalcini, 1987), TrkA mutations are
considered directly responsible for alterations during HSAN IV embryogenesis. Insensitivity to pain
and noxious temperature is caused by the loss of small myelinated and unmyelinated fibers in the
PNS that convey both stimuli (Rosemberg et al., 1994; Swanson, 1963). The lack of pain sensation
could explain and justify the self-mutilations observed in patients that are missing “self-protective
behaviors” (Indo, 2018). As well as in HSAN V patients, nerve and skin biopsies of HSAN IV
individuals have shown a reduction of myelinated Ad- and unmyelinated C-fibers (Indo, 2018;
Einarsdottir et al., 2004) that appear less pronounced in heterozygous HSAN V patients justifying the
milder phenotype (Minde et al., 2009).

Touch, vibration and position senses are found not affected by NTRKI mutations, possibly even
because AB- LTMRs sensory fibers are unimpaired (Indo, 2002).

The inability to sweat, or anhidrosis, alters the homeostasis of the body temperature and can lead to
a higher susceptibility to fever, frequently observed in HSAN IV patients. Recurrent febrile episodes,
linked to anhidrosis, are one of the most specific and recognizable clinical signs that begin during
infancy or early childhood and can cause hyperthermia or hypothermia (Indo, 2008; Loewenthal et
al., 2005). The severity of mental retardation varies across HSAN IV patients ranging from mild to
moderate (Indo, 2001, 2018; Li et al., 2019). The cognitive delay is usually described as hyperactivity,
symptoms of severe attention-deficit—hyperactivity disorder (ADHD) and social-interaction deficits
(Levy-Erez et al., 2010).

Collected genetic analyses of patients have suggested that mutations located in TrkA intracellular
domains are linked to a more severe phenotype (Altassan et al., 2017; Indo, 2001; Liu et al., 2018;
Shaikh et al., 2017). For instance, point mutations in NTRK/ gene associated with HSAN IV can
strongly reduce the NGF-induced phosphorylation and the kinase activity of the receptor. In vitro
studies have shown that missense mutations lead to defects in NGF-mediated autophosphorylation of

TrkA receptors. Indeed, the missense mutation R643W found in a Spanish boy was linked to a severe
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HSAN IV phenotype (Greco et al., 2000; Mardy et al., 1999; Miranda et al., 2002). Recently it has
been found in an 8 years old girl that the missense mutation Arg643Gln was the cause of the
anhidrosis, pain insensitivity and mental retardation, ADHD-like (Altassan et al., 2017).

In addition to pain insensitivity, sweating and cognitive defects, HSAN IV is also associated with
skeletal disorders such as short stature, tooth loss, and delayed fracture healing (Bonkowsky et al.,
2003; Toscano et al., 2000). Clinicians have also reported orthopedic deformities, mainly pronounced
at the elbow, knee, and ankle joints in HSAN IV patients that can lead to severe bone complications,
such as neuropathic arthropathy or Charcot Joints (Minde et al., 2006; Rotthier et al., 2009; Szoke et
al., 1994). These orthopedic deficits can possibly be related to the premature degradation of the
retrograde NGF-TrkA transport, already observed in the Charcot-Marie-Tooth type 2B neuropathy

(Zhang et al., 2013) and that can be negatively affected by TrkA mutations.
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2. Aim

Since the first publications in the ‘90s, big efforts have been put forward in understanding the NGF-
TrkA signaling involvement in pain sensation. However, less is known about the role of this pathway

in genetic pain-related disorders.

The necessity of a fully functional NGF-TrkA system is evident in congenital forms of insensitivity
to pain named Hereditary Sensory and Autonomic Neuropathies (HSANs). Mutations in the TrkA
receptor causing HSAN type IV seems to lead to a more pathological phenotype in patients than
mutations in the NGF gene, resulting in the loss of pain sensation, anhidrosis and cognitive
impairment. However, despite decades of novel insights about nociception and pain from a large
number of transgenic mouse models, HSAN IV disease is still missing a suitable mouse model to

study this disease.
In this study I aim:

1) to generate and characterize the first animal model of HSAN IV, the knock-in mouse carrying

the human TrkA-R649W mutation

2) to elucidate the contribution of the R649W mutation in somatosensation and cognition,

behaviorally and histologically

3) to verify the possible novel involvement of TrkA in sweating and thermoregulation
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3. Materials and Methods

1. Plasmids for TrkAY" and TrkAR*®Y expression in cultured cells

Human TrkA"" cDNA sequence (isoform IT) in pReceiver-M03 (OmicsLink, ImaGenes, Berlin) was
used as a template (Marchetti et al., 2014) and then subcloned in pcDNA3.1 plasmid (Invitrogen).
The mutation R649W was obtained starting from wild type sequence in pCDNA3.1, using the
QuikChange Site-Directed mutagenesis kit (Agilent) and a pair of specific primers (Forward: CAT
TTT GTG CAC TGG GAC CTG GCC ACA CGC; Reverse: GCG TGT GGC CAG GTC CCA GTG
CAC AAA ATG). pCDNA3.1-human TrkA"" and pCDNA3.1-human TrkAR***Y plasmids were

transfected in Hek293 cells to perform western blot and ubiquitination assay described below.

The cloning to obtain S6-tagged human TrkA cDNA sequence in an “all-in-one” third generation Tet-
on lentiviral pTRE vector has been described previously (Marchetti et al., 20214; Amodeo et al.,
2020a). This construct was used to generate S6-tagged human TrkA®**" mutant, using QuikChange
Site-Directed mutagenesis kit (Agilent) and the same pair of primers reported in the paragraph above.
The mutant clone (S6-tagged TrkA®**Y) was checked by DNA sequencing and used for the

transduction of immortalized and primary cells.

2. Cell culture and dorsal root ganglion neuron primary cultures

SK-N-BE (2) (ATCC® CRL-2271™) and SH-SY5Y (ECACC 94030304) cell lines were grown in
DMEM/F-12 medium supplemented with 10% Fetal Bovine Serum, 1% Penicillin-Streptomycin, 1%
L-Glutamine and 25 mM HEPES. HEK293T/17 cells (ATCC® CRL-11268™) were grown in
DMEM High-Glucose (4.5 g/L) medium supplemented with 10% Fetal Bovine Serum, 1% Penicillin-
Streptomycin, 1% L-Glutamine, 1% Sodium Pyruvate. Dorsal root ganglion (DRG) neurons were
prepared from neonatal (P3-P4) wild type mice, by following the protocol described in (Amodeo et

al., 2020b; Testa et al., 2019b), and plated onto coverslips coated with 30 pg/ml poly-D-lysine
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(Sigma-Aldrich) and 2 pg/ml laminin (Thermofisher). Dissected neurons were maintained on
coverslips in Primary Neuron Basal medium (PNBM, Lonza) supplemented with 1% L-glutamine
(Lonza), 0.1% Gentamicin Sulfate/Amphotericin-B (Lonza), 2% NSF-1 (Lonza), and 50 ng/ml of
mouse NGF. Twenty-four hrs after seeding, 2.5 uM cytosine -d-arabinoside (AraC, Sigma) was
added to inhibit glia proliferation. Neuron culture medium was changed every 3—4 days, removing

about 1/3 of the volume and substituting it with warm, fresh Neuron Growth Medium.

3. Western Blot

Hek293 cells were transfected with pCDNA3.1-human TrkA™" and pCDNA3.1-human TrkAR**Y
plasmids following the manufacturer instructions for Invitrogen Lipofectamine 2000 (Thermo Fisher
Scientific). Forty-eight hours transfection, Hek293 cells were stimulated with NGF™' (100 ng/ml)
for 30 minutes or maintained in basal conditions and then lysed in RIPA buffer. Equal amounts of
cell extracts were resolved by SDS-PAGE (10%), transferred on nitrocellulose membranes and
probed overnight with primary antibodies: anti-TRKA (1:1,000, Cell Signaling #2505), anti-phospho-
TRKA (1:1000, Cell Signaling #9141), anti-Tubulin (1:10000, Sigma #T6074). The primary antibody
was detected using an appropriate secondary antibody. To analyze the state of ubiquitination of TrkA,
samples were subjected to western blot using an anti-Ubiquitin (1:500, Santa Cruz P4D1) antibody
that detects both poly- and mono-ubiquitinated proteins. The signal was revealed with ECL solutions
(BioRad) and acquired using a ChemiDoc system (BioRad). The optical density was quantified using

the ImagelJ software (NIH).

4. Viral transduction of immortalized and primary cells

Lentiviral particles containing S6-tagged TrkA“" or S6-tagged TrkAR**Y were produced and
concentrated following the procedure described in Gobbo, Bonsignore et al., 2018. One day before

transduction, about 0.8 x 10° of SK-N-BE neuroblastoma cells (ATCC) were seeded in a 30mm-
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diameter culture dish and incubated at 37 °C, 5% CO,. On the day of transduction, after the removal
of all culture medium and two washes with PBS (supplemented with 1 mM CacCl,, 0.5 mM MgCl,),
0.36 mL of non-supplemented DMEM/F12 medium containing 35 pL of concentrated viral stock (1—
2.5 x 107 infection-forming units per ml) and 4 pg/ml polybrene (Sigma-Aldrich) was added to the
cultures. Cells were incubated at 37 °C, 5% CO, for 1 h. Then, the infection medium was replaced
with a complete neuroblastoma cell medium to allow the transgene integration for at least 48 hrs.

Cells were then split and seeded in Willco glass-bottom dishes for cell imaging.

For the transduction of neurons, the day after their plating 1 mL of warm PNBM supplemented with
4 ng/mL polybrene was prepared and mixed with 70 puL of concentrated viral stock. Then, the solution
was vortexed for a few seconds to mix the viral particles. The medium was carefully removed from
neuron cultures, and the solution containing the virus was added to the cultures and incubated at 37
°C in a 5% CO, humidified chamber for 2 hrs. Then, the infection medium was removed and fresh
PNBM supplemented with 50 ng/ml of mouse NGF and 2.5 uM Ara-C was added. Cells were
maintained at 37 °C under 5% CO; humidified atmosphere for 48 hrs. Then transgene expression was

induced by adding 1 pg/ml doxycycline for additional 24 hrs before performing the experiment.

5. Single molecule Q-dot labeling of surface TrkA in SK-N-BE cells

Forty-eight hours after the transduction, SK-N-BE cells were starved at 37°C for 2 hrs. Then, surface
receptors were labelled with Qdot as described in (Amodeo et al., 2020a). Briefly, cells were first
biotinylated with 0.5% BSA, 1 uM Sfp synthase, 10 mM MgCl, and 2 uM of coA-biotin in starvation
medium, for 30 minutes at 37 °C. After two washes in PBS, cells were incubated for 2 min at room
temperature (RT) with 2 nM Qdot® 655 streptavidin conjugate (Invitrogen) in borate buffer pH 8.3,
0.5% BSA and 215 mM sucrose. Cells were washed with PBS and left in medium. Finally, cells were

stimulated with 125 ng/mL NGF or maintained in starvation medium. The addition of NGF was
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performed directly on the dish at the microscope, and cells were imaged for a maximum of 15 min

upon ligand addition.

6. Total internal reflection fluorescence (TIRF) imaging

Cells prepared as described above were imaged at 37 °C, 5% CO, with a Leica DM6000 microscope
equipped with a TIRF-AM module, incubator chamber, electron multiplying charge-coupled-device
(CCD) camera (ImagEM C9100-13, Hamamatsu), and 100x oil immersion objective (NA 1.47). For
live cell imaging, time series were acquired on a ROI with constant size of 32.7 x 34.5 um within the
basal membrane of each cell. Qdot655 was imaged using the 488 nm laser line, FF01-655/15 Semrock
emission filter and a penetration depth of 110 nm. The integration time per frame, corresponding to
the lag time between two consecutive frames, was set at 21 ms and typical time series lasted 3000
frames. The analysis of TrkA membrane dynamics was performed as reported in (Marchetti et al.,
2013). We also quantified the density of spots corresponding to labelled membrane receptors by

manually counting them and dividing this number for the basal cell membrane area.

7. Single molecule internalization assay

The single molecule internalization assay of TrkA-WT versus TrkA-R649W mutant transduced in
SHSYSY cells was performed as previously described (Amodeo et al, 2020a). Briefly, cells seeded
in glass-bottom WillCo dishes were starved for 2 hours, receptors labelled with Qdot and transferred
at the TIRF microscope. The position of 4-5 fields displaying labelled cells was saved at the
automatized stage. Then 125 ng/ml NGF was added to the medium and the cells of the selected fields
were followed in a time course of eight points (0, 5, 10, 15, 30, 40, 50 and 60 min). For each cell and
time point, we quantified the number of receptor spots per area. For comparing the internalization
time-course of different cells, we normalized the spot density of each cell to its value at time 0. Cells

with similar expression level were chosen, excluding those with a number of moving receptors below.
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8. Cell surface labeling of TrkA by Qdots and immunofluorescence in DRG neurons

Forty-eight hours after the transduction, DRG neurons were starved at 37°C for 1 hour, then the
membrane pool of receptors was biotinylated in two steps: i) 30 minutes at 37°C with 10 uM
Coenzyme A-biotin, 10 mM MgCl, and 2 uM Sfp synthase resuspended in cell medium and ii) 60
minutes at 4°C with the same mix. Cells were washed two times with Hanks’ Balanced Salt solution
(HBSS, Sigma Aldrich-55021C) and incubated with 125-ng/ml NGF at 37°C for 60 minutes or were
maintained in basal medium condition. After three washes with HBSS, cells were labelled at 4° for
15 minutes with 10 nM of streptavidin-Qdot (Qdot® 655 streptavidin conjugate; Invitrogen) in borate
buffer at pH 8.3, 0.5% BSA and 215 mM sucrose. Cells were washed five times with HBSS and then
fixed at RT for 15 minutes in PBS with 2% paraformaldehyde (PFA) and 5% of sucrose. After four
washes with HBSS, neurons were permeabilized at RT for 5 minutes with a solution of PBS
supplemented with 2.5% BSA and 0.1% Triton-X100. Neurons were blocked at RT for 1 hour with
a solution of 5% BSA in PBS and incubated at RT for 2 hours with anti-TrkA (Millipore, 06-574,
dilution 10 pg/ml) in PBS and 2.5% BSA. After three washes with PBS, cells were incubated at RT
for 1 hour with anti-rabbit Alexa 488 antibody (Thermo Fisher, dilution 1:100). The coverslips were
finally mounted using Fluoroshield mounting medium (Sigma-Aldrich). Qdot655 was imaged using
the 488 nm laser line, FF01-655/15 Semrock emission filter and a penetration depth of 110 nm while
Alexa-488 using the 488 nm laser line with a 482-510 excitation filter and a 525/20 Leica emission

filter.

For the analysis of the TrkA membrane versus total pool, Imagel software was used. In detail, the
fluorescence value of the background was subtracted in both Qdot (surface TrkA) and Alexa647 (total
TrkA) channels. Then, a mask was drawn around the cell and the fluorescence intensity of Qdot655
(Idotess) and Alexa647 (Iajexaca7) Was measured. The fraction of surface S6-TrkA was derived by
calculating the Igdotsss / Lalexasa7 ratio, assuming a constant contribution of endogenous wt TrkA to the

IAlexa647 value.
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9. Ethics statement on mouse experiments

All experimental procedures were performed in accordance with the Ministry of Health guidelines
(Legislative Decree n°26/2014) and European Union 128 (Directive n°2010/63/UE) laws on animal
research. The experimental protocol 45/2019-PR was previously approved by the Ministry of Health.
The experiments were carried out in accordance with the ARRIVE guidelines (Animal Research:
Reporting in Vivo Experiments) and the principles of the Basel Declaration, including the “3R”

concept. Efforts were made to reduce the number and discomfort of animals throughout the study.

R649W/m

10. Generation of knock-in human TkrA mice

To generate the human TrkAR***™'™ mouse line, the starting point was the targeting vector AMB1-
Tg-pA, containing the coding sequence of the human NTRK1 (TRKA) and from the corresponding
humanized wild-type TrkA knock-in mouse line (AMB1-TrkA/170608), both of which were kindly
provided by Glenmark Pharmaceuticals. This humanized TrkA"" knock-in mouse line is based on
the in-frame replacement of the exon 1 coding sequence, as well as part of intron 1, of the murine

Ntrk1 gene by the complete coding sequence of the human ortholog NTRK ! gene.

The mouse Nrkl gene is located on chromosome 3 and extends over 16.9 kb containing 17 exons
separated by 16 introns, ATG translation initiation codon located in the exon 1 and the STOP codon

located in exon 17, 5°-UTR and 3’-UTR are located at 20bp and 171bp respectively.

We performed a site-specific mutagenesis PCR to introduce the HSAN IV R649W mutation in the
targeting vector AMB1-Tg-pA containing the coding sequence of the human NTRK1. The mutated
AfllI-Fsel segment from the AMB-Tg-pA vector replaced the AfllI-Fsel DNA segment of the vector
AMBI1-HR containing the 7rkA human cDNA, long and short homology regions and the positive
selection neomycin gene flanked by LoxP sites. Both plasmids AMB1-Tg-pA and AMBI1-HR were

supplied by Glenmark Pharmaceuticals.
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The final targeting vector AMBI1-HR carrying the R649W mutation in the humanized TrkA, was
linearized prior to electroporation, then transfected into Rlp.15 cells (background SV129) and
positive clones were selected using neomycin resistance. Then, positive clones were injected into
blastocysts from C57BL/6 mice and chimeric animals were crossed with “Cre-deleter” mice
expressing the Cre recombinase under the cytomegalovirus (CMV) promoter (Jackson Laboratories),

to remove the neomycin selection cassette.

11. Southern Blot analysis and genotyping

Genomic DNA was extracted by means of phenol:chloroform:isoamyl alcohol from cell clones

R64
kA69W

electroporated with Tr targeting vector. DNAs were first incubated with Stul (for 5’

screening), then positive clones were confirmed by AflII digestion (for 3’ screening). Digestions were
run on a 0.8% agarose gel O/N at 50 V. After a mild depurination and denaturation, gels were blotted
on nitrocellulose, and filters incubated with 5’ or 3° probes. The internal 5’ probe was located within
the 5’ homology sequence of TrkA targeting vector and detected an 11.3 kb band in the wild type
allele and a 6.4 kb band in recombinant alleles. The external 3’ probe was located downstream the 3’
homology sequence of the TrkA targeting vector, and labeled a 6.4 kb band in the wild type allele

and a 10.9 kb band in recombinant alleles.

Mice were genotyped by PCR. The following PCR primers were used:

fw_human: 5’-CTTGCTTGGCACTGTCCTCTCATGC-3"

rev_human: 5’- TGCACAGCTAACCACTCCTCCATGG-3’

fw_mouse: 5’- TGAGTGTGTGTCGTTCGGG-3’

rev_mouse: 5’- ATGGGCTTAGGAACTTGGGC-3’

Band sizes are: wild-type 343 bp, mutant 442 bp (Figure 3B).
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12. Behavioral analyses

All behavioral experiments were performed on TrkARSY™ Tk AM™ NGEM %™ and NGF"™ mice
at two months of age. Both male and female mice were included. All animals were kept under a 12 h
/ 12 h light/dark cycle, with food and water ad /libitum. The experimenter was always blind to the

genotype of the mice.

1. Cold sensitivity test

Mice were habituated for 30 minutes on an elevated platform with mesh flooring. Acetone (50 pl;
Sigma-Aldrich) was applied onto the plantar surface of the hindpaw using a Hamilton syringe and
the responses were scored as a 4-point score: 0 = no response; 1 = paw withdrawal; 2 = repeated
flicking of paw; 3 = licking of the paw. The acetone application was repeated six times by alternating
the paw with an interval of 5 minutes. The frequency of response (expressed as a percentage) and the

mean of the type of response (score response) were evaluated.vii

2. Hot plate test

Heat nociception was tested by hot plate test. After a habituation period (30 minutes), mice were
placed on a surface heated at 48 °C and the response latency, expressed as flicking or licking of the

hindpaw, was noted. In order to avoid injury to the mice, a cut-off of 20 seconds was fixed.
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3. Capsaicin injection test

To test the response to a chemical noxious stimulus, capsaicin (catalog #141000, Abcam) was injected
into the hindpaw of mice. Capsaicin was dissolved in dimethylsulfoxide (DMSO) and then diluted in
saline to obtain the final concentration equal to 9 pg/ul. A total amount of 10 pl was injected in the
ventral surface of the hindpaw using a Hamilton syringe. After the injection, mice were observed for
15 minutes and the time spent in licking the injected paw was measured. Control mice were injected

with 10 pl of 0.1% DMSO in saline.

4. Tape response assay

Mice were acclimated in a plastic cage for 30 minutes. Then, a 3-cm piece of adhesive tape was
placed gently on the mouse’s back. Mice were observed for 5 minutes and the total number of bouts
in response to the tape was recorded. Biting or scratching or “wet dog shake” motion was scored as

a response (Ranade et al., 2014).

5. Mechanical sensitivity

Mechanical sensitivity was measured using the Von Frey Dynamic Plantar Aesthesiometer (Ugo
Basile, Italy), which generates a mechanical force linearly increasing with time. The cutoff force was
set at 20 grams. After habituation (30 minutes) on an elevated platform with mesh flooring, the plantar
surface of the mice hindpaw was stimulated by a single non-flexible filament and the force intensity

was scored.

80



6. Spontaneous alternation Y-Maze test

A PVC maze consisting of three identical arms (40 x 13 x 10 cm) that converged at an equal angle
was employed. Each mouse was placed in the center of the maze and allowed to explore freely the
arms during an 8-min session and recorded by video (Noldus Ethovision XT). An entry was scored
when the mouse was at least halfway through an arm of the maze. An alternation was scored when
all the three arms were entered in consecutive events. The percentage of spontaneous alternations (%
SAP) was calculated according to the following formula: % SAP = number of alternations / total

entries x 100.

7. Elevated plus maze

The elevated plus maze consisted of two closed arms and two open arms (each 30 x 5 cm) extending
from a central platform at 90°. Mice were placed on the central platform and allowed to freely explore

the maze. The times spent in the open arms, closed arms and center were measured.

8. Novel Object Recognition Test

The test was performed in 3 days. On day 1, mice were allowed to explore the empty arena (60 x 60
x 30 cm) for 10 minutes (habituation phase). On day 2, mice were exposed to two identical objects
for 10 minutes to evaluate the total exploration time. On day 3, mice were exposed to a familiar object
(namely A) and a new novel object (namely B) for 7 minutes (memory phase). The time spent
exploring each object was recorded every day. We calculated a preference index by dividing the
amount of time spent exploring the novel object by the total time spent exploring both objects. Mettere

come ¢ stato calcolato il preference index.

9. Three-chamber social approach test

Social approach behavior in mice was tested in the three-chamber apparatus as in Chadman et al.,

2008, with minor modifications. First, the test mouse was habituated to the apparatus for 10-min in
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the center chamber, and then for an additional 10-min with access to all three chambers. Then, the
first stranger mouse (namely S1) and a novel object were placed into the two wire cups located in the
opposite chambers of the apparatus (sociability phase). The test mouse was free to explore all three
chambers for 10 minutes. The location of the novel object and stranger mouse was alternated across
subjects. The time spent with the stranger mouse or the novel object was recorded. After the
sociability phase, to evaluate the preference for social novelty, the test mouse was exposed for 10-
min to a second novel stranger mouse (namely S2) which was placed into the wire cup where the

object was previously located.

13. Sweat assay

A slightly modified standard method of sweat assay was performed (Tafari et al., 1997). Mice were
anesthetized (Zolpidem/xylazine 80-10 mg/kg) and pilocarpine (catalog #P6503, Sigma) was injected
subcutaneously into the plantar surface of the foot (50pug in SuL 0.9% saline). The injected paw was
painted with 3.5% iodine (catalog #207772, Sigma-Aldrich) in ethanol, followed by coating with 10%
starch solution in costar oil (both from Sigma-Aldrich). Sweating induced by pilocarpine was
revealed by black spot formations on the plantar surface of the paw. The number of dark spots was

measured 2, 5 and 10 minutes later (Liu et al., 2017).

14. Immunohistochemistry

TrkA™™ and TrkAR**Y'™ mice were transcardially perfused with 4% PFA in PBS (pH 7.4%) and
brains were dissected and post-fixed in the same solution, then cryoprotected in 30% sucrose in PBS
for 72 hrs. Forty-five um-thick coronal sections were obtained using a freezing sliding microtome
(Leica) and were collected in PBS and then immediately processed for immunohistochemistry. In
detail, brain sections were washed 3 times in TBS with 0.3% Triton X-100, then treated with 3.5%
H,0, in TBS to inactivate endogenous peroxidases. Brain sections were treated with 10% FBS-0.3%

Triton X-100 in TBS blocking solution for 30 minutes at RT. Then, the primary antibody (goat anti-
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ChAT 1:500 #AB144P, Millipore) was diluted in the same blocking solution and incubated 4°C O/N.
The following day, after washing in TBS, the biotinylated anti-goat secondary antibody (Vector
Laboratories) was diluted in 10% FBS in TBS for 3 hrs at RT. Sections were incubated in Vectastain
ABC HRP Kit (Vector Laboratories) in PBS for 1 h and subsequently incubated in 3,3’-
diaminobenzidine HCI (DAB, Sigma-Aldrich) and the enzyme Glucose Oxidase Type VII (Sigma-
Aldrich) in TBS solution. The reaction was stopped within 10 minutes. Lastly, stained sections were
mounted on glass slides, coverslipped using DPX Medium and acquired with a Nikon Eclipse E600

optical microscope. Image] program was used to measure the density of immunoreactive cells.

15. Skin and DRG Immunofluorescence

DRG and skin (hairy and glabrous) were dissected and fixed with 4% PFA for 2h or O/N 4°C,
respectively. Tissues were cryoprotected in 30% sucrose in PBS O/N at 4°C, then embedded in OCT
medium (Leica). Both DRG and skin were sectioned at a thickness of 40 pm using a cryostat (Leica).
Sections were then treated with cold 50% ethanol for 30 minutes, followed by 2% BSA-0.3% Triton-
X in PBS blocking solution for 1h at RT, finally incubated with primary antibodies in blocking
solution O/N at 4°C. Secondary antibodies were diluted in blocking solution and incubated for 2 hrs
at RT. Sections were mounted using DAPI-Fluoroshield™ Medium (Sigma). All images were
acquired at 40x with a Leica SP2 confocal microscope and analyzed with ImageJ-Fiji (NIH, MD, 312

USA).

The following primary antibodies were used: 1:300 mouse anti-TRPV1 (Neuromics), 1:50 mouse
anti-TrkA (MNACI13, 5,4ug/ul) (Cattaneo et al., 1999), 1:200 mouse anti-CGRP (Immunostar),
1:100 isolectin GS-B4-biotin conjugate (Invitrogen), 1:300 guinea pig anti-parvalbumin (Synaptic
System), 1:200 rabbit anti-tyrosine hydroxylase (Millipore), 1:500 mouse anti-NF200 (Sigma), 1:200
rabbit anti-PGP 9.5 (Dako-Agilent). All Alexa-conjugated secondary antibodies were used at 1:1000

concentration.
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4. Results

1. Choice of HSAN IV mutation
HSAN IV is a rare autosomal recessive disorder linked to mutations in NTRK /. Genetic analyses of
HSAN 1V patients have identified more than 100 mutations in NTRK! (HGMD 2021.4). Mutations
are distributed all along the protein sequence of TrkA, from the extracellular to the kinase domain,
but most of them are missense and non-sense mutations in the cytoplasmic domain of the receptor.
Missense mutations affecting the kinase domain disturb the ligand-induced kinase activity of TrkA.
The functional analysis of a group of missense mutations in tyrosine kinase domains (TKD), including
Arg649Trp (R649W), shows a diminished kinase activity and reduced autophosphorylation after
NGF stimulation in transfected cells (Mardy et al., 1999; Miranda et al., 2002, and this manuscript).
The importance of the Arg in 649 positions (R649-) has also been observed by Altassan and
colleagues (Altassan et al., 2017), investigating HSAN IV patient carrying the TrkA R649Q mutation.
The Arg649- substitution seems to alter the residue charge affecting the stability of TrkA receptor
during NGF-binding and leading to altered phosphorylation. The neighbor mutations L694P and
G571R cause a similar R649W phenotype leading to pain and temperature insensitivity, anhidrosis
and speech delay in patients pointing out the robust link between TKD TrkAmutations and HSAN IV
disease (Altassan et al., 2017; Greco et al., 2000; Indo et al., 1996). Indeed, structural mapping of
HSAN IV TrkA variants has recently indicated that mutations located in TKD can affect the TrkA
interaction with substrates, such as PLCy, and these damages in TrkA-PLCy interactions may have
an analgesic effect on pain states in mice (Moraes et al., 2022), given that the recruitment of PLCy to
TrkA is essential for NGF-mediated sensitization (Chuang et al., 2001). In addition to mutations in
the TKD mutations, other HSAN IV TrkA mutations are located in the extracellular domain, such as
L213P. This class of mutations causes TrkA retention in the ER, impairing the export of TrkA to the
membrane and its trafficking (Mardy et al. 2001; Miranda et al. 2002). There are, as well, nucleotide
deletions that cause a frameshift introducing a premature stop codon, as with the Gly181fsX58
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mutation located in the extracellular domain that results in a truncated TrkA impairing the NGF-TrkA
binding (Verpoorten et al., 2006). Finally, other mutations such as the supposed HSAN IV-linked
C752S mutation do not affect the TrkA autophosphorylation and trafficking, nor neurite outgrowth
in cell assays (Shaikh et al., 2016). Since the diversity of these HSAN IV mutations determines
variable degrees of clinical phenotype and intellectual disabilities in affected individuals, we have
decided to investigate in depth the missense Arg649Trp (R649W) mutation, located in TrkA TKD
(Fig. 1A), first identified in a Spanish family (Mardy et al., 1999), with the ultimate goal to shed light
on the contribution of TrkA TKD mutations to HSAN IV disease.

After a biochemical and biophysical characterization of the mutant TrkA receptor, we generated the
HSAN IV TrkAR*™'™ knock-in mouse line and, as the control group, we used the heterozygous
(AMBI1-TrkA/170608) TrkA™™ mice, which represent the most proper control as they underwent the
same knock-in strategy as TrkAX**™'™ mice, to achieve the expression of the wild type human

NTRKI1 in the corresponding mouse locus.
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2. The TrkAR*®Y mutant receptor shows reduced NGF-induced phosphorylation

We first aimed to analyze whether the selected R649W mutation may affect the response of TrkA to
the neurotrophin NGF. In line with previous findings (Mardy et al., 1999, 2001; Miranda et al., 2002),
we found that NGF binding to human TrkA®**Y mutant receptors, expressed by transfection in
HEK293 cells, resulted in a significantly reduced phosphorylation in comparison to TrkAY", whereas,
the total amount of protein was not altered (Fig. 1B).

In addition, we tested TrkA ubiquitination (Arevalo et al., 2006; Sanchez-Sanchez & Arévalo, 2017),
a physiologically important mechanism regulating TrkA function in vivo, also in nociceptive neurons
(Yu et al., 2014; Kiris et al., 2014). We found that the R649W mutation resulted in a pronounced
reduction of constitutive ubiquitination in HEK293 cells, compared to control TrkA™" (Fig. 1C). We
also observed that the TrkA immature form (approx. 110 kDa and represented by the lower band)
appears less intense than the TrkA mature form (approx. 140 kDa and indicated as the upper band),
suggesting possible damages in N-linked glycosylation events. However, further studies are needed

to clarify whether and how the R649W mutation affects glycosylation events on the receptor.
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Figure 1: The R649W mutation affects TrkA phosphorylation and ubiquitination. (A)
Schematic cartoon of TrkA domains. The asterisk shows the position of the R649W mutation.
Bottom: Amino acid sequence alignment of the tyrosine kinase domain of human TrkA. Mutated

residue is indicated in red. (SP: signal peptide. Cys: cysteine-rich domains. LRR: Leucine-rich region.
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Ig: immunoglobulin-like domain. TM: transmembrane domain. TK: tyrosine kinase domain). (B)
Representative western blot (WB) and quantification showing TrkA phosphorylation and total TrkA
levels in Hek293 cells transfected with human TrkA"“" and human TrkA®**Y_ in the presence (+) or
absence (-) of stimulation with 100ng/ml of NGF for 30 minutes. Tubulin was used as a loading
control in WB. The mutation severely affects the response of mutant TrkA to NGF stimulation. Two-
way ANOVA F(,, 12) = 22,264, p=<0,001 followed by Bonferroni post-hoc test (*** p= <0,001);
TrkA: Two-way ANOVA F(, 9) = 0,226, p=<0,001 followed by Bonferroni post-hoc test (*** p=
<0,001). (C) Representative WB with anti-ubiquitin antibodies showing that constitutive

ubiquitination of TrkAR***Y is significantly reduced with respect to TrkA™".

3. R649W mutation alters TrkA membrane dynamics in transfected cells

To elucidate the biophysical properties of the TrkA mutant receptor, TrkAR**W

, we have taken
advantage of the expertise of Laura Marchetti and Rosy Amodeo, researchers at the National
Enterprise for nanoScience and nanoTechnology Center (NEST) of Scuola Normale Superiore.

Indeed, given that NGF-induced membrane mobility and tyrosine kinase activity of TrkA are
correlated (Amodeo et al., 2020a), the mobility of the TrkA***Y receptor on the membrane of living
cells was investigated by single-particle tracking and TIRF microscopy (Marchetti et al., 2013). This
method relies on the site-directed stoichiometric labeling of the TrkA with brilliant organic dyes or
quantum dots via the S6 chemical tag inserted at its N-terminus (Amodeo et al., 2020b). The S6-
tagged TrkA receptor remains fully functional (Marchetti et al., 2013; Amodeo et al., 2020a). The
mutant TrkAR*" receptor was therefore tagged with the S6 tag and labeled, in order to visualize and
record its activity. To do so, we performed single-particle tracking (SPT) measurements of TrkA™"
and TrkA®**Y membrane diffusion in living human neuroblastoma SK-N-BE cells, in order to
investigate if and how the R649W mutation influences the receptor dynamics. Quantitative analysis
of the diffusion coefficient (D) confirmed the typical bimodal distribution of D values of TrkAY"
trajectories, and the inversion of the relative population of the fast and slow D peaks induced by NGF

stimulation (Marchetti et al., 2013; Amodeo et al., 2020a). Conversely, Trk ARV trajectories

appeared to diffuse almost 4 times more slowly than TrkA™" ones, both in the absence and in the
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presence of NGF (Fig. 2A). This result was further supported by the analysis of the 2D distribution
of D and v coefficients, calculated using the MSS-TAD algorithm (Callegari et al., 2012; Marchetti
et al., 2013). This analysis showed that the trajectories of single TrkA®**V receptors were not
modulated by NGF stimulation, as opposed to the strong modulation of single-particle membrane
dynamics induced by NGF in wild-type TrkA receptors (Fig. 2B). This shows that the main
determinant of the membrane dynamics of TrkA receptors is not the NGF binding event, but its NGF-
induced phosphorylation.

We then analysed by TIRF microscopy the membrane pools of TrkA“" and TrkA®**Y receptors,
labeled with Qdots. Quantification of the density of labeled receptors per cell area (n. spots/pum?)

kAR*Y compared to wild-type human

highlighted an increased membrane pool in cells expressing Tr
TrkA (Fig. 2C), despite the total amount of TrkA protein being the same, as shown in figure 1B.

The kinetics of NGF-induced internalization of TrkAY" and TrkAR*¥ receptors, was investigated in
SK-N-BE cells by quantifying the density of Qdot-labeled receptors exposed on the cell membrane
at different times after NGF addition (Fig. 2D). The normalized densities of Qdot-labeled spots were
almost superimposable for TrkA™" and TrkAR**¥ receptors, at all time points analysed, showing that
the kinetics of NGF-induced internalization of TrkAY" and TrkAR®**"Y receptors are the same (Fig.
2D). In order to have a more comprehensive view of the membrane trafficking of the two TrkA
receptors, these were transfected in primary Dorsal Root Ganglia (DRG) neurons. S6-tagged TrkA™"
and Trk AR were labelled with Qdots, while immunofluorescence using a-TrkA antibody was used
to mark the whole receptor pool. Importantly, S6 labelling was performed either in resting conditions
or after a 1-hour incubation of the neurons with 125 ng/ml NGF. This time window allows us to
appreciate both ligand-induced TrkA internalization and recycling back to the membrane (Chen et
al., 2005). Quantification of the Qdot/TrkA ratio in DRG neurons showed that the TrkAR®**Y
membrane pool, normalized to the total amount of receptor, is increased with respect to that of
TrkAY" (Fig. 2E) also in DRG neurons. However, upon NGF stimulation for one hour, the increased

R64
K ARCHOW

membrane pool of Tr was drastically reduced, with respect to the membrane pool of TrkA™",
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which remained constant (Fig. 2E). This effect was even stronger when the same quantification was

selectively performed at the level of the growth cones, accounting for a ~72% average reduction of

TrkA®**Y membrane pool, while no effect is observed in cells expressing TrkA"Y" (Fig. 2F). Taken

together, the data obtained in SK-N-BE and DRG cells show that the mutant TrkA®**Y displays a

higher membrane abundance than TrkA"“", which can be a consequence of alterations in recycling

due to the reduced basal ubiquitination. Altogether, these profound alterations deserved a detailed

investigation of the in vivo consequences of Tr

mouse model of the HSAN IV disease.

— = TrkARs#owW
« —— +NGF

Nomalized Frequency

C Qdot655/TIRFm

Membrane density
(n.spots/pum2)

:
3

<
=<
=

Day0 Day1 Day3 Day4 Imaging

O

TrkAWT

TrkARs4sW

t5 t30

Surgery Infection Doxy -Labelling  TIRFm
E @ induction membrane pool
e -Fixing neurons
-IF a-TrkA
0.4 1
*%k%k

TrkAWT
o
w

Alexa483Qdot655

Qdot655

Cell IQdot655/IAlexa488
o
(N}

°
o

o©
N

TrkARSiw

M

mutation, prompting us to develop a genetic

0.0

TrkAWT

 TIEIg

=09

Tr k AR649W

TrkAR(MQW

Normalized
receptor densﬂy

P Y
0 t5 10 t15 30 40 50 60

time (min)

o
S
)

*%

o
w
)

I
-
"

GC |Qdot655/IAlexa488
o
[N}

o
o
;

TrKAWT  TrkAWT  TrkARVOW TrkAROOW
+NGF +NGF

TrkAWT  TrkAWT  TrkARGIOW TrkARSW
+NGF +NGF

89



Figure 2: Effect of R649W mutation on TrkA membrane dynamics: biophysical studies. (A)
Single Particle Tracking of TrkA“" and TrkAR*Y receptors on the membrane of living human
neuroblastoma SK-N-BE cells, viewed by TIRF microscopy. Distribution of diffusion coefficient (D)
obtained from TrkA"“" trajectories before (black solid curve, n=3369 trajectories from 25 cells) and
after NGF administration (125 ng/mL for 15 minutes) (black dotted curve, n= 3283 trajectories from
28 cells) and for TrkAR***Y trajectories before (red solid curve, n= 3638 trajectories from 31 cells)
and after NGF administration (red dotted curve, n= 3375 trajectories from 27 cells). On the left: box-
plot for D values retrieved from the same trajectories (at least 6 frames long) of TrkA" " before (black
solid) and after NGF administration (black dotted) and for TrkA®**Y before (red solid) and after
NGF administration (red dotted). Trajectories are pooled from two independent measures. Boxes:
25™.75™ percentiles; whiskers: 10™-90™ percentile; line: median; square: mean. P<0.0001 and
p=0.0026 according to Kruskal-Wallis test, with Dunn’s means comparison. (B) Total D-y
distributions according to MSS-TAD analysis of the same trajectories reported in panel A, for TrkA™"
and TrkAR*Y before and after NGF administration. On the right, logarithmic-scale color code for
the frequency of the total D-y distributions, normalized to 1 at the peak. (C) TIRF images of Qdot-
labelled single receptor molecules of TrkAY" (upper panel) and TrkAR***Y (lower panel); scale
bar=10 pm. On the right: quantification of density of labeled receptors per cell area (n.spots/um?) in
SHSYS5Y cells, obtained from three experimental replicates (n=22 cells for TrkA“" n=12 cells for
TrkAR*WY). #p<0.05 according to two-tailed Mann-Whitney test. (D) Left: Representative TIRF
images of single receptor spots of TrkA™" (top) and TrkA®***Y (bottom) during a time-course after
NGF stimulation. Every image corresponds to a time point of the same cell: t0 (time of NGF
administration), t5, t30, t50 minutes. Scale bar=10 um. Right: Normalized membrane density for
TrkAY" (black) and rTrkAR®*Y (red) is reported as mean+sem from cells acquired at each time point
normalized for the respective density at time 0. Peonstruct0.05, Pime<0.001, and peonstructxtime>0.05
according to a two-way ANOVA test. All data are pools from 36 (TrkA"") and 59 (TrkAR**W) cells,
collected in two independent replicas. (E) Schematic timeline of the experimental procedure for the
detection of the TrkA membrane pool in DRG neurons. Left: TIRF images of Qdot-labelled
membrane TrkA™" and TrkAR®**Y receptors (magenta) and corresponding immunostained DRG
neurons (green) infected with lentiviral particles bearing S6-tagged TrkA™' and TrkAR®*W
transgenes. Scale bar: 20 m. Right: Quantification of the membrane pool fraction on the total pool of
TrkAY" and TrkAR**Y in DRG neurons before and after 1h of NGF stimulation (125ng/ml).
Quantification is obtained from the ratio between the intensity of Qdot signal (membrane receptors)
against the intensity of Alexa488 (TrkA immunostaining) measured in the whole neuron (TrkAY" n=
102 neurons; TrkAV'™+NGF n=21 neurons; TrkAR**Y n=87 neurons, TrkAR**V+NGF n=43
neurons). *** p<0,001 according to Kruskal-Wallis Test. (F) Left: representative TIRF image of
DRG neuron immunostained against TrkA with secondary antibody conjugated with Alexa488;
growth cones are within the light purple boxes; scale bar: 20nm. Right: quantification of TrkA
membrane pool at growth cones before (TrkAY" n=17 neurons and TrkA***Y m=11 neurons) and
after 1h of NGF stimulation (125 ng/ml) (TtkA"" n=10 neurons and TrkA®***™ n=10 neurons);
*#p<0,01 according to Kruskal-Wallis test.
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4. Generation of TrkAR***Y knock-in mice: early postnatal lethality of homozygous

mice

In order to generate a knock-in mouse line for HSAN IV carrying the R649W mutation in the human
NTRKI (TRKA) gene, we adopted a targeted gene approach based on the in-frame replacement of
the exon 1 coding sequence, as well as of part of intron 1, of the murine NTRK1 gene with the
complete coding sequence of the human ortholog NTRKI gene, yielding the humanized wild-type
TrkA knock-in mouse line (AMB1-TrkA/170608). To generate the human TrkAR*" knock-in mouse
line, the starting point was the targeting vector AMB1-Tg-pA, containing the coding sequence of the
human NTRK1 (TRKA), that was used to generate the humanized TrkA knock-in mouse line (AMBI1 -
TrkA/170608, or TrkA™™ mice). We used the targeting vector AMB1-Tg-pA, containing the human
NTRKI ¢cDNA coding sequence, to introduce the HSAN IV R649W mutation in human NTRK/
cDNA by site-specific mutagenesis PCR. As shown in Figure 3A, the NTRKI cDNA cassette,
followed at the 3’ end by an exogenous hGH polyA cassette and a loxP-neomycin-loxP cassette,
replaced the exon 1 as well as part of intron 1 of the murine Ntrk1 gene. The resulting mouse line
was mated with “Cre-deleter” mice to remove the neomycin selection cassette (Fig. 3A), thus

kA R649W/m

generating heterozygous mice carrying the human mutant TrkA R649W allele (Tr mice).

R649W/R649W
kA 649W/R649

Homozygous mice (Tr ) were obtained by cross-breeding heterozygous mice

(TrkAR*Y™ mice) carrying one human TrkAR***" allele and one murine allele. While heterozygous

mice thrive to adulthood, TrkAR®**WR¢W mice die within the first week of life. Representative

R649W/R64
kA69W/69W

pictures of pups at PO show that at birth Tr pups were normal and the body size was

R649W/R64
kA69W/69W

comparable to that of heterozygous littermates, whereas at P4 the body size of Tr mice

was lower than controls (Fig. 3C).
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Figure 3: Generation of human TrkA®**Y knock-in mice. (A) Molecular strategy to generate the
human TrkAR**Y knock-in mouse. Diagram illustrating the gene-targeting strategy to produce the
TrkA®**Y knock-in mice. Human TrkA ¢cDNA cassette harbouring the missense C-to-T mutation at
the 1945 position replaced the murine TrkA exon 1 locus (corresponding to the R649W amino acid
substitution). (B) PCR genotyping of homozygous (TrkAR*WROW) heterozygous (TrkAR™'™)
and wild-type (TrkA™™) mice; wild-type band: 343bp, mutant band: 442bp. (C) Representative
pictures of TrkAR***Y knock-in mice. Homozygous mice appeared normal at birth (P0), but failed to
grow during early postnatal life (e.g., at P4) compared to TrkAR*™'™,

The homozygous condition of TrkAR*WRW njce matches the lethality observed in fully TrkA-
deficient (TrkA™") mice (Smeyne et al., 1994). This suggests that the loss of productive NGF-TrkA
signaling in TrkA-expressing cells is a main consequence of the R649W mutation, in line with the

experiments in cultured cells (Fig. 1).
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5. Comparison between knock-in TrkA™" and wild-type mice TrkA

. R649W/R64
Since homozygous TrkARWREOW

mice do not thrive to adulthood, I analyzed the phenotypic
consequences of the R649W mutation in heterozygous TrkAR***™™ mice, in comparison to the
control line TrkA™™ mice. First of all, I observed the general health state of both heterozygous
TrkAR**™Y'™ mice and their control monitoring specific phenotypic features such as gait, hind-limb
clasping, tremor, irregular breathing and poor general condition and scoring them as absent, present,
or severe (scores of 0, 1, and 2, respectively) (Guy et al., 2007). TrkAR***V'™ mice always scored zero
(data not shown) indicating that the TrkAR**" does not affect the overall health condition of animals.
Since these mice have never been phenotypically characterized, before comparing them to
TrkARY/™ [ verified whether they behave similarly to wild-type mice (TrkA™™). As shown in
panels A and B of figure 4, the response to noxious thermal stimuli (Acetone drope score response

and the latency in the hot plate test), as well as and cognitive abilities measured in the Y-Maze and

Elevated Plus Maze, in panels C and D, of TrkA"™ mice and wild-type mice (TrkA™™) were similar.
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I also evaluated the expression of the most representative DRG nociceptive markers founding that the

percentage of TrkA, TRPV1, CGRP and IB4 do not change across both groups (Fig 4E).
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Figure 4. Comparison between wild-type TrkA™™ and humanized TrkA™™ mice. (A-B) No
differences in the response to noxious cold and heat stimuli, as shown in acetone drop and hot plate.
Student’s t two-tailed test: Acetone Drop t=-0,636, p=0,535 wild-type TrkA™™ n=9, TrkA"™ n=7;
Hot-Plate t=-0,870 , p=0,396 wild-type TrkA™™ n=8, TrkA"™ n=11. (C-D) Comparable responses of
wild-type TrkAm/m and TrkAh/m mice during cognitive behavioral tests. Student’s t two-tailed test:
Y-Maze t=-1,218, p=0,239; EPM t= -0,756, p=0,462; wild-type TrkA™™ n=11, TrkA"™ n=10. (E)
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Left. Quantification of the percentage of the most relevant nociceptive subpopulations of sensory
neurons (TrkA+, TRPV1+, IB4+ and CGRP+) showed no significant differences between groups.
Right. Representative images of DRG sections of wild-type TrkA™™ and TrkA™™ mice. Student’s t
two-tailed test: TrkA t=0,161 p=0,877; TRPV1 t =0,0149, p=0,989; IB4 t = -0,804 , p=0,458; Mann-
Whitney Rank Sum Test CGRP p=0,057; wild-type TrkA™™ n=3, TrkA"™ n=4.

R649W/m mice

6. Defective responses to pain and mechanical stimuli in TrkA
One of the most characteristic and salient manifestations of HSAN IV is a generalized insensitivity
to pain and thermal stimuli (Swanson, 1963; Haga et., 2015). To elucidate the consequences of the
R649W mutation in peripheral somatosensation, I analysed the phenotype of heterozygous
TrkAR*Y/™ at 2 months of age. I performed an array of behavioral tests to evaluate the sensory
responses to thermal, chemical and mechanical stimuli. I first tested the response to cold noxious
stimuli induced by acetone application on the hindpaw. A significant decrease was observed both in
the score and in the percentage of responses (Fig. SA-B). The response threshold to a noxious high-
temperature stimulus, was also significantly reduced in TrkAR**V™ compared to the control group
(Fig. 5C). To test if the altered thermal sensation was specifically due to the R649W mutation or to

functional haploinsufficiency, I compared Trk ARC#W/m

mice with heterozygous knock-out mice
lacking one TrkA allele (TrkA™"). Strikingly, TrkA " mice showed comparable behavioral responses
g gly

to that of wild-type TrkA ™" mice (Fig. 5D-F).
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Moreover, intraepidermal injection of capsaicin, which evokes a prolonged pain sensation in TrkA"™

mice, via activation of TRPV 1 receptors (Caterina et al. 1997), failed to do so in TrkAR®™'™

mice
(Fig. 5G). To test the response to innocuous mechanical stimuli, I used the tape response assay
(Ranade et al., 2014) and the von Frey test. I found a decrease in the number of attempts to remove
the adhesive tape attached to the back of TrkAR*"'™ mice, compared to TrkA™™ (Fig. 5H). On the
other hand, no differences in the response to mechanical stimuli applied on the plantar surface of the
hindpaw were observed between TrkAR***V'™ and TrkA™™ mice (Fig. 51). The different effect of the
R649W mutation on mechanosensation is possibly due to distinct functional and anatomical
properties of hairy and glabrous skin (L. Li et al., 2011) and to deficits in the growth of hair follicles

(Peters et al., 2006). These behavioral data indicate that TrkAR***™'™ mice, unlike heterozygous

TrkA"" mice, show a significant inability to sense thermal and chemical noxious stimuli and to
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respond to innocuous touch. This suggests a mutation-specific effect, distinct from a simple effect of

wild-type TrkA haploinsufficiency.
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Figure 5: The R649W mutation specifically affects the response to noxious-thermal stimuli and
the response to mechanical innocuous stimulus. Comparable response to noxious thermal
stimuli in TrkA*" mice. (A-B) Decreased cold sensitivity of TrkA®***"'™ mice, analyzed as score
and percentage (%) of responses on six trials A: Student’s t two-tailed test (t = 5,970, p =<0,001); B:
Mann-Whitney Rank Sum Test (p = <0,001) n=7 per group (C) Increased latency in TrkAR®*W/™
mice to respond to thermal stimulus of 48°C. Student’s t two-tailed test (t=-1,281, p =0,025); TrkAM™
n=11; TrkAR***Y'™n=9_(D-E) Comparable response to cold sensitivity between TrkA"* and TrkA™"
, both in the score and percentage (%) of responses D: Student’s t two-tailed test (t = 1,391, p =
0,188); E: Student’s t two-tailed test (t = 0,831, p = 0,421); TrkA™* n=7 and TrkA"" n=8. (F) No
differences between TrkA™* and TrkA"" in the response to thermal stimulus of 48°C Mann-Whitney
Rank Sum Test (p = 0,902) n=7 per group. (G) Decreased nociceptive behaviour in TrkAX***™' ™ mice
after intraplantar injection of capsaicin (9ug/ul) compared to the control group. Two-way ANOVA
(Fa. 18) = 6,190, p=0,023 followed by Holm-Sidak test (* p= 0,032; *** p= <0,001); TrkA"™ n=8;
TrkAR*Y/™ n=7. (H) Reduced number of bouts in response to a piece of adhesive tape applied to the
back neck of HSAN IV mice, compared to controls. Student’s t two-tailed test (t = 2,419, p =0,034);
TrkA™™ n=6; TrkAR*"'™ n=7. (I) No differences between wild type and TrkAR***V'™ mice in the
response to mechanical stimulation measured by von Frey test.Student’s t two-tailed test (t =-0,274,
p =0,789); TrkA™™ n=7; TrkAR***Y'™ n=7). Data are presented as mean + SEM.
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7. Alteration of neuronal subpopulations in Dorsal Root Ganglia from TrkAR**%Y'™

mice

In order to obtain a phenotypic portrait of DRGs in the TrkAX*Y™ HSAN IV transgenic model, we
analyzed the expression of protein markers characterizing the main sensory neuron subtypes.

kARWm and control

First of all, no differences were found in the total DRG cell number between Tr
mice (TrkAh/ ™ 1182,53 cells/mm?, TrkAR+W/m 1057,33 cells/mm?; Student’s t two-tailed test t=1,396
p=0,212; n= 4 for both groups). I then investigated by immunofluorescence the number of neurons
expressing the TrkA receptor and the transient receptor channel V1 (TRPV1) (Fig. 6A-B).
Quantification revealed a loss of TRPV1 expression in primary sensory neurons, whereas no
differences were observed in the expression of TrkA. Moreover, the number of DRG neurons co-
expressing TRPVI and TrkA in TrkAR***™'™ mice was reduced (Fig. 6E). Then, I examined the
numbers of small-diameter neurons, divided into two main groups: the peptidergic Calcitonin Gene-
Related Peptide (CGRP)-positive and non-peptidergic isolectin-B4 (IB4)-positive populations
respectively (Fig. 6C-D). The number of neurons expressing CGRP was normal in TrkAR*Y' ™ mice,

whereas the numbers of IB4-positive CGRP/IB4 co-expressing neurons were strongly affected by

R649W mutation (Fig. 6F).
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Figure 6: Analysis of nociceptive markers in DRG: reduced expression of TRPV1 and IB4
expression. (A-D) Double immunofluorescence of DRG cryosections: for (A-B) TRPV1 and TrkA,
(C-D) CGRP and IB4. (E) Significant decrease of TRPV 1+ /TrkA+ sensory neurons in TrkAR*W™
mice. Student’s t two-tailed test: TRPV1t=15,207 Pp=0,001; TrkA t=1,881, p=0,102; TRPV1/TrkA
t = 4,456, p=0,003; TrkA"™ n=4, TrkA®***"'™ n=5. (F) Reduced number of IB4-positive neurons in
Trk AR*WM mice. Student’s t two-tailed test: CGRP t= 1,089, p= 0,318; Mann-Whitney Rank Sum
Test: IB4 p=0,03; Student’s t two-tailed test CGRP/IB4 t=4,933, p=0,003; TrkA"™ n=4, TrkAR***"/™
n=4.

8. R649W mutation does not affect proprioceptors and C-LTMRs

I further investigated the neuronal subpopulations in DRGs from TrkAR®*W™

mice, using known
markers of proprioceptive sensory neurons and of non-nociceptive C-low-threshold
mechanoreceptors (C-LTMRs). In addition to Neurofilament 200 (NF200), a marker of myelinated
sensory neurons (Usoskin et al., 2015), I also used Parvalbumin (PV) as a marker of proprioceptors
(Usoskin et al., 2015) (Fig. 7A-B), while unmyelinated c-LTMRs were identified using Tyrosine
Hydroxylase (TH) (L. Li et al., 2011) (Fig. 7C-D). I found no changes in the percentage of sensory

neurons expressing PV-NF200 and TH-NF200 (Fig. 7E-F).
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Figure 7. The R649W mutation does not alter proprioceptors and mechanoreceptors. (A-D)
Representative images of DRG cryosections stained for (A-B) PV and NF200, (C-D) TH and NF200
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antibodies. (E-F) Normal expression of PV, TH and NF200 in DRG neurons in TrkAR*W™ mice
compared to TrkAM™ controls. Student’s t two-tailed test: PV t = 0,318 p =0,767; NF200 t = 0,562,
p=0,604; PV/NF200PV-NF200 t = 0,892, p=0,423; TH t = -0,838, Pp=0,449; NF200 t =-1,313, p=
0,259; TH-NF200 t = -0,00210, P=0,998; TrkA"™ n=3, TrkAR***"'™ n=3

Histological analysis of DRG sensory neurons suggest that the R649W mutation specifically impacts
the TRPV1+ and IB4+ subsets of DRG neurons, known to be essential for pain sensation, without

affecting other neurons involved in mechanical or proprioceptive functions.

9. Severe lack of PGP9.5-positive fibers in TrkAR**Y'™ mice

In HSAN IV patients, the lack of pain sensation is associated with the loss of sensory afferents in the
skin (Indo, 2001). For this reason, I investigated skin sensory innervation in TrkA®***"'™and control

mice (Fig. 8A, C). The area and number of PGP9.5-immunoreactive terminals were decreased in the

kAR649W/ m

glabrous skin sections of Tr mice compared to control mice (Fig. 8B). In addition, I

observed a diminished innervation in the hairy skin of TrkAR®**™/™

mice (Fig. 8D). In agreement with
the clinical features of HSAN IV disease, TrkAR*W/M mice show a severe lack of innervation in both

glabrous and hairy skin.
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Figure 8: Loss of innervation in hairless and hairy skin in TrkAR™*Y™ mice. (A, C)
Representative images and (B, D) quantification of PGP9.5 expression in glabrous and hairy skin
sections. (B) Left: significant reduction of hairless skin innervation measured as area occupied by
PGP9.5-positive fibers. Student’s t two-tailed test: t =2,947 p= 0,026 TrkA"™ n=3, TrkAR***"/™n=5.
Right: reduction of PGP9.5-postive intraepidermal fibers in TrkAR***V'™ compared to TrkA"™ mice.
Student’s t two-tailed test: t = 5,045 p= 0,002 TrkA"™ n=4, TrkAR***V'™ n=4. (D) TrkA****V'"™ mice
exhibit a diminished hairy skin innervation measured as area occupied by PGP9.5-positive fibers.
Student’s t two-tailed test: t = 3,670 p= 0,014 TrkA"™ n=4, TrkAR***"V/™n=3
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10. Characterization of somatosensation of 1-year-old TrkA mice

To obtain a more detailed and deep analysis of the sensory phenotype of HSAN IV TrkAR***V™ mice,
I performed a behavioral and histological characterization of 1-year-old mice. As expected, the
inability to respond to noxious stimuli observed at two months of age was present also in old
TrkAR**Y'™ mice compared to their control (Fig. 9A-B) as well as the reduced response to non-

noxious mechanical stimulation applied on the back skin (Fig. 9C).
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Figure 9: Reduced response to noxious and non-noxious stimuli in HSAN IV TrkAR®*Y™ mice.

(A-B) TrkAR**™'™ mice show a reduced score response in the Acetone drop test and increased latency
in the hot plate test. Mann-Whitney Rank Sum Test: Acetone drop p=0.006 TrkA"™ n=17,
TrkAR*W™ n=15; Hot plate 48°C p=0,048 TrkA"™ n=10, TrkA®**“™n=11. (C) Reduced number
of attempts of TrkAR**"'™ mice in the tape test removal test. Mann-Whitney Rank Sum Test p=0,041
n=6 per group. (D) No difference in the non-noxious mechanical response to von Frey stimulation.
Student’s t two-tailed test t = 0,185, p=0,0925 n=4 per group.

As expected, changes in the expression of DRG molecular markers were found in 1-year-old
TrkAR**Y'™ mice. The percentage of TRPV 1+ and the non-peptidergic IB4+ neurons was reduced in
TrkAR**Y'™ mice compared to old control mice, whereas the expression of TrkA and the peptidergic
DRG marker, CGRP, did not change (Fig. 10A-B). In addition, the analysis of the sensory fiber target
tissues, glabrous and hairy skins, was done using the neuronal marker PGP9.5. A significant reduction

was observed at 1 year both in the glabrous and hairy skin of HSAN IV (Fig. 10C-E). Despite a
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possible loss of sensory innervation age-related, these findings suggest that the TrkAR**" mutation

robustly affects the somatosensation causing the loss of pain sensation in HSAN I'V mice.
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Figure 10: Histological analysis of DRG sensory neurons and skin innervation in 1-year-old
TrkAR*™™ mice. (A-B) Quantification and representative images of nociceptive markers TRPV 1,
TrkA, CGRP and IB4. Student’s t two-tailed test: TRPV1 t=0,0456 p=0,0461; TrkA t=0,0893, p=
0,089; TRPV1/TrkA t = 0,0274, p=0,027 n=4 per group. Student’s t two-tailed test: CGRP t=0,730,
p=0,730; IB4 t=0,00115, p=0,001; CGRP/IB4 t=0,266, p=0,266 n=4 per group. (C) Quantification of
sensory fibers PGP9.5+ in glabrous skin. Left: significant reduction of hairless skin innervation
measured as area occupied by PGP9.5-positive fibers. Student’s t two-tailed test t =0,00302 p= 0,026
TrkA"™ n=3, TrkAR**Y'™ n=4. Right: reduction of PGP9.5-postive intracpidermal fibers in
TrkARY'™ compared to TrkA™™ mice. Student’s t two-tailed test: t =0,0381 p= 0,038 TrkA"™ n=3,
TrkARY/™ n=4. (D) Representative images of glabrous skin sections of 1-year-old TrkA™™ and
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TrkAR**Y'™ mice. (E) Quantification of the hairy skin area occupied by PGP9.5+ fibers. Student’s t
two-tailed test: t =0,00149 p= 0,001 TrkA"™ n=4, TrkAR®**V/m pn=2.

11. Anhidrosis in TrkAR**Y but not in HSAN V NGFR'"W™ mice: a distinctive

hallmark of HSAN IV disease

The absence of sweating is a distinctive clinical trait of HSAN IV patients (Indo, 2001), unlike HSAN
V patients, which harbor mutations in the NGF1 gene (Axelsson et al., 2009; Einarsdottir et al.,
2004). For this reason, by using a pilocarpine-induced sweat assay (Liu et al., 2017), I examined if
TrkAR*Y'™ mice were affected by abnormalities in sweat production. Having recently developed an
HSAN V mouse model (NGFR?'%Y™) (Testa et al., 2019a; Testa et al., 2019b), I had the opportunity
to compare the sweating phenotype in heterozygous HSAN IV TrkAR***Y/™and HSAN V NGFR!00W/m
mice (NGFMY'™) 'in order to evaluate the specific response of an HSAN IV mouse model in this
specific assay. In the pilocarpine-induced assay, sweating appears as dark precipitates on iodine and
starch-coated footpads (Fig. 11A). After pilocarpine injection, the formation of dark spots in footpads
was monitored and recorded by a digital camera at 2, 5 and 10 minutes. The iodine-starch sweat test
revealed striking anhidrosis in TrkAR***Y'™ mice as also shown in representative pictures (Fig. 11B).

R100W : . .
00Wm and their corresponding control mice

On the other hand, the sweat assay performed in NGF
revealed no differences in the number of black spots, confirming normal sweating in the HSAN V

model and further validating the specificity of our HSANIV model (Fig. 11C). This is fully consistent

with human studies reporting sweating alterations in HSAN IV but not in HSAN V patients.
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Since sweat glands are innervated with adrenergic and cholinergic terminals, I investigated if reduced
sweating was associated with an altered sympathetic innervation of these populations. The area

occupied by TH-immunoreactive positive fibers appeared normal in both TrkAR®*W/m

and controls,
as well as in HSAN V sweat glands (Fig. 11D-E). No differences were also found in the mean
immunofluorescence signal intensity of the cholinergic fibers labeled with the vesicular acetylcholine
transporter (VAChT) between TrkAR**V'™and controls, as well as in HSAN V mice (Fig. 11F-G). I
can conclude that the differential anhidrosis sweating phenotype, observed in HSAN IV versus HSN

V mice is not due to a differential innervation of the adrenergic and cholinergic innervation of the

sweat glands in the two mouse lines.
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Figure 11: Impaired sweating in HSAN IV TrkAR**Y™ but not in HSAN V NGF*'""V'™ mice.
(A) Representative images of sweat droplets (dark precipitates from iodine/starch assay) on footpads
at 5 minutes and quantification of sweat droplets at 2, 5 and 10 minutes. (B) TrkAR*™'™
a significant reduction of the number of sweat droplets compared to control mice. Two-way RM
ANOVA (F(2,14=2,61 p=0,109), followed by Holm-Sidak test: 2min p=0,005; Smin p= <0,001;
10min p= <0,001; TrkA"™ n=4, TrkAR*"'™ n=5. (C) Normal sweating in NGF"™ and NGF®'?°W/m
Two-way RM ANOVA (F(2,12=0,084 p=0,920), followed by Holm-Sidak test: 2min p=0,940; Smin
p=0,652; 10min p=0,821; NGE"™ n=4, NGFM'*"'™ n=4). (D) Representative images showing the
innervation of sweat glands in the footpad, revealed by TH immunofluorescence. (E) Unaffected

mice show
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sympathetic innervation of sweat glands in TrkA™™ and TrkA®***Y'™ mice and in NGF"™ and
NGFROOWm Tk AM™ and TrkAR™'™ Student’s t two-tailed test t =-0,228, p= 0,826; TrkA"™ n=5,
TrkARY/™ n=4. While, NGF”™ and NGF*?'V'™ Student’s t two-tailed test t =1,116, p= 0,297 n=5
per group. (F) Representative images showing the sympathetic innervation of sweat glands, revealed
by VAChT immunofluorescence. (G) VAChT (A.U) mean grey value revealed no differences of
sympathetic innervation in TrkA™™ and TrkAR**“'™ mice and in NGF"™ and NGFR'%"m™
Histograms summarize the mean immunofluorescence signal intensity measured as the subtraction of
the mean gray values and the background. TrkA™™ and TrkAR***"'™ Student’s t two-tailed test t =
0,411, p= 0,702; TrkA"™ n=3, TrkAR***"'™ n=3. While, NGF"™ and NGF*'""'™ Student’s t two-
tailed test t = 1,924, p= 0,127 n=3 per group.

12. TrkAR®Y specifically impairs the working-spatial memory and the anxiety in

R64 .
TrkARWm mice.

Another distinctive feature of the HSAN IV patients is the presence of mental retardation with
variable severity (Indo et al., 1996), which include aspects that have been classified as attention deficit
hyperactivity disorder (ADHD) (Levy-Erez et al., 2010). Thus, to evaluate cognitive abilities in
TrkAR*Y/™ mice, I performed a battery of tests that have been often used in mouse models of ADHD
to evaluate working spatial memory and inattention, anxiety and sociability (Kawade et al., 2020;
Jeon et al., 2021). First, I tested the tendency of rodents to alternately explore new environments,
reproduced by the arms of the Y-maze. The spontaneous alternations evaluated in Y-maze apparatus

. R64
were reduced in TrkAROOW/m

mice compared to the control group (Fig. 12A). In addition, when tested
in an elevated plus maze, TrkAR*“'™ mice exhibit less anxious behavior than wild-type mice (Fig.
12B). Importantly, these alterations in both Y-Maze and Elevated Plus Maze test were not detected
in TrkA™" mice (Fig. 12C-D), suggesting that these behavioral impairments are strictly related to the
R649W mutation. In the novel object recognition test, in which a specific form of learning and

memory abilities is assessed, no differences were found between Tr mice and their controls

(Fig. 12E).
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mice and not in TrkA™ mice. (A)
Decreased percentage (%) of success in Y-maze test in TrkAR***Y'™ mice. Student’s t two-tailed test,
(t = 2,519, p= 0,026), TrkAM™ n=,, Trk ARSPWM =7, (B) Decrease of anxiety-related behaviour in
HSAN IV mice, evaluated in the elevated plus maze. Student’s t two-tailed test, (t =-2,349, p=0,039);
TrkA™™ n=7, TrkAR**"'™ n=6. (C-D) Percentage (%) of success in Y-maze test (C) and anxiety-
related behavior (D) are not affected in both TrkA™" and TrkA™ mice. C: Student’s t two-tailed test
(t=-1,683, p =0,136); TrkA™* n=5 and TrkA™" n=4; D: Student’s t two-tailed test (t=-0,229,p=
0,823) n=7 per group. (E) No differences in novel object recognition test (Student’s t two-tailed test,
t=0,351, p=0.732; n=7 per group).

Figure 12: Impaired cognitive abilities in TrkA
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13. The sociability is negatively influenced only by TrkA mutation.

Another hallmark of HSAN IV patients is an altered social interaction and the propensity to avoid
eye contact (Axelrod & Gold-Von Simson, 2007). To investigate the effect of R649W mutation on
social behavior, I tested the performance of HSAN IV mice in the three-chamber sociability test
(Chadman et al., 2008; Yang et al., 2011). During the socialization phase, TrkAR**V'™ mice displayed
a comparable exploration time between the unfamiliar mouse cage (namely stranger 1 — S1) and the
inanimate object cage, indicating altered sociability compared to controls (Fig. 13A left) while, as
expected, HSAN V NGF*'"Y'™ mice and wild type mice, showed a significant preference for the
mouse cage rather than the object (Fig. 13A right). When tested in the social novelty preference test,
in which a new unfamiliar mouse (namely Stranger 2 — S2) replaced the object into the wire cup,
TrkAR**Y'™ mice, compared to TrkA™™ mice, do not show a significant preference for the unfamiliar

R100W/m mice

S2 mouse (Fig. 13B left). Interestingly, I found that sociability was unaltered in NGF
(Fig. 13B right), suggesting that this characteristic behavior is strictly related to the HSAN IV clinical

phenotype, as reported in human patients.
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Figure 13: Reduced sociability in TrkA®**Y™ and not in NGF*'""™'™ mice. (A) Left:
TrkAR*Y™ mice display reduced social preference in three-chamber test. Two-way ANOVA
(F1.28=9.56 p=0,004), followed by Holm—Sidak method *** p= <0,001 TrkA"™
n=8, TrkAR***V/™ n=8_Right: no differences in social preference in HSAN V mouse model. Two-
way ANOVA (F(1,15=9,37 p=0,346 ), ***p=<0,001 NGF"™ n=4, NGFM'V'™ n=7_(B) Left: Social
novelty behavior is impaired in TrkAR*Y™ mice Two-way ANOVA, (F(1.5=10,63 p=0,003),
followed by Holm-Sidak method ** p=0,012; * p=0,035; * p=0,023 TrkAM™ n=8, Trk AR®*Wm =g,
Right: normal social novelty exploration in NGF”™ and NGF*'V™ Two-way ANOVA, (F1,18=4,01
p=0,060) *** p=<0,001 NGF"™ n=4, NGF?'0W/m n=7,
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This comprehensive array of behavioral tests shows that Tr mice are characterized by

deficits in working memory, reduced anxiety and decreased social interactions.

Overall, I report that the TrkA®***"Y'™ mice recapitulate key phenotypes associated with HSANIV

disease and thus they could represent an important model to study pain insensitivity.
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5. Discussion

1. TrkA as an in vivo pain modulator

The importance of pain has been highlighted in all animals as a universal warning system to prevent
and avoid injuries. The nociceptive system, highly conserved in animal species, requires specialized
primary sensory neurons that are responsive to a wide variety of noxious stimuli (Sherrington, 1906).
The ability to detect noxious stimuli is due to different types of membrane receptors and, among
these, a key role is played by TrkA (Basbaum et al., 2009; Woolf & Ma, 2007). Indeed, a
subpopulation of sensory neurons called peptidergic-nociceptors are NGF-dependent and express
TrkA receptors (Snider & Mcmahon, 1998). The role of the NGF-TrkA system has been abundantly
explored in the survival and maintenance of neurons both in the development and in adulthood
(Crowley et al., 1994), and for its crucial contribution to NGF-induced pain sensitization and
hyperalgesia (Lewin et al., 1993). Consistently, mice deprived of the NGF-TrkA signaling during
embryonic life fail to develop sensory neurons properly, thus losing their response to noxious stimuli
and dying within the first month, hampering behavioral and physiological studies (Crowley et al.,
1994; Smeyne et al., 1994). The necessity of a functioning NGF-TrkA system strikingly emerges also
from the existence of two rare genetic conditions of pain insensitivity called HSAN IV and V that
affect TrkA and NGF, respectively (Indo, 2018; Rosemberg et al., 1994). In particular, HSAN IV is
due to mutations in the TRKA gene (NTRK1) and it is specifically characterized by the loss of pain
sensation, anhidrosis and variable degree of mental retardation (Indo et al., 1996). Genetic analyses
of HSAN IV patients have identified more than 100 mutations in TRKA (HGMD 2021.4), suggesting
that mutations in TrkA functional domains, such as Tyrosine Kinase Domain (TKD), can correlate
with more severe clinical manifestations (Indo, 2001; Z. Liu et al., 2018). No suitable animal model

for HSAN IV has been developed so far, making the search for disease-relevant biomarkers, the
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investigation of the underlying mechanisms and the development of therapeutic strategies,

particularly challenging.

2. R649W mutation influences TrkA biochemical and biophysical functions

Missense and nonsense mutations located in TrkA functional domains, such as the tyrosine kinase
domain (TKD), are thought to contribute to greater clinical manifestations in HSAN IV patients (Indo,
2001; Z. Liu et al., 2018). In this regard, we selected the missense mutation Arg649Trp (R649W)
located in Exon 15 of TRKA, firstly identified in a Spanish HSAN IV patient (Mardy et al., 1999).
Since it has been previously shown that the substitution of the Arginine-649 residue causes a strong
reduction in the receptor phosphorylation in response to the binding of NGF (Mardy et al., 1999;
Miranda et al., 2002), we have replicated and extended biochemical experiments confirming that the
R649W mutation prevents the receptor auto-phosphorylation resulting in the TrkA inactivation,
without affecting the total amount of protein. Interestingly, we also found that the TrkAR***Y-mutant
receptor shows a lower level of ubiquitination compared to TrkA"". All Receptor Tyrosine Kinases
(RTKs) exhibit a similar organization of intracellular cytoplasmic domain that conformationally
changes after the ligand engagement, resulting in the activation of the receptor, in the downstream
signal transduction and, lastly, in the degradation based on a ligand-dependent ubiquitination
mechanism (Hicke & Dunn, 2003). In addition to degradation, the ubiquitination machinery also
modulates protein transport and acts as a sorting signal to direct RTKs to different cellular
compartments (Hicke & Dunn, 2003). For instance, the Epidermal Growth Factor Receptor (EGFR),
upon ligand activation, is rapidly directed to lysosomes and degraded by the ubiquitination machinery
(Thien & Langdon, 2001; Huang et al., 2006) in a threshold-controlled way that allows cells to

convert different stimuli into threshold-dependent biological responses (Sigismund et al., 2013).

Regarding TrkA, it has been observed that Nedd4-2, a member of the Nedd4 E3 HECT Ub-ligases
family, specifically ubiquitinates TrkA promoting the neuronal apoptosis NGF-dependent in DRGs

overexpressing Nedd4-2 (Arevalo et al., 2006). The highly conserved Nedd4-2 binding domain of
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TrkA is involved in the in vivo response to noxious stimuli. Indeed, the TrkA""**® mutation in the
TrkA binding motif for Nedd4-2 leads to a decreased ubiquitination and degradation, resulting in an
increased number of peptidergic nociceptors CGRP+ and SP+ and a consequent higher sensitivity to
thermal and inflammatory pain in animals (Yu et al., 2014). A similar behavioral phenotype has been
observed also in animals in which the TrkA 3 aa (KFG) domain has been deleted, resulting in a
reduced TrkA ubiquitination that leads to an increase in TrkA protein levels and activity, without
affecting DRGs density (Kiris et al., 2014).

Interestingly, our data show that the R649W mutation in the TKD is important for the constitutive
ubiquitination of TrkA, suggesting a potential relevance of this residue in the trafficking of TrkA
receptors (Yuetal., 2011). However, as shown in the results, this does not lead to enhanced sensitivity
to thermal and inflammatory pain in knock-in TrkAR**" mice, as instead occurred with other TrkA
mutant proteins (Yu et al., 2014; Kiris et al., 2014). In the future, it will be of interest to clarify how
the TrkA mutations modulating constitutive or NGF-induced ubiquitination differentially affect pain
sensitivity in patients with pathological pain conditions.

Furthermore, using TIRF microscopy combined with Single Particle Tracking (SPT), we observed a
reduced membrane mobility of TrkAR***Y, possibly dependent on the kinase inactivity of TrkA and,
surprisingly, a significant increase in the membrane density of TrkAR**Y. SPT had previously
revealed that the mobility of the TrkA receptor is highly NGF-dependent (Marchetti et al., 2013). The
SPT performed in this paper shows that mutations in TKD, such as R649W, could be sufficient to
modify the receptor-membrane dynamics. Moreover, since post-translational modifications are
critical for function and localisation of membrane proteins, such as TrkA, it is of great interest to
study whether the mutation could impair the traffic of the mutant TrkA®**Y to the cell surface by
interfering with the N-linked glycosylation events. Glycosylation starts in the Endoplasmic Reticulum
(ER) and culminates in the Golgi before the mature glycosylated protein transits to the plasma
membrane. In several transmembrane proteins and ion channels, the fully glycosylated protein,

usually indicated by the upper band in western blot, is an indicator of correct membrane trafficking,
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whereas the lower band primarily represents the immature protein mainly located in the ER and Golgi
(Ohtsubo & Marth, 2006). As shown in the Fig. 1C, the TrkA immature form (approx. 110 kDa and
represented by the lower band) appears less intense than the TrkA mature form (approx. 140 kDa and
indicated as the upper band), suggesting possible damage in N-linked glycosylation events. By
treating HEK TrkAR*V-expressing cells and controls with enzymatic methods for removing N-
linked glycans, such as PNGase F or tunicamycin, I could be able to determine if the two bands in
Fig. 1C resulted from different levels of glycosylation. Notably, N-linked glycosylation on TrkA sites
is reported to prevent the NGF-independent activation that otherwise leads to a mislocalized
intracellular expression of the receptor (Watson et al., 1998). Further experiments aimed to clarify

possible changes in the glycosylation state of the mutant TrkAR***Y

receptor may be a predictor of
efficient membrane trafficking and functionality.

The in vitro data, collected both in a neuroblastoma cell line and in DRG primary cultures, reinforce
the conclusion that the R649W mutation substantially alters both the kinase activity and the
subcellular trafficking of TrkA receptors. Importantly, these alterations are maintained when
TrkAR*W is expressed in DRG neurons from mice expressing endogenously wild-type TrkA, a
model which better recapitulates what occurs in TrkA®**Y heterozygous mice. However, whether
and how the R649W mutation influences the formation of homo- and/ or hetero-dimers and
corresponding signal transduction pathways, remains to be seen. Several lines of evidence indicate

that functional interactions between TrkA and p75~ '~

may play a critical role in NGF-triggered
signaling, especially by promoting the formation or stabilization of TrkA active homodimers (Franco
etal., 2021) and by reducing the TrkA ubiquitination and internalization boosting prolonged signaling
(Makkerh et al., 2005). It is thus tempting to hypothesize that the presence of R649W mutation might

NTR

limit p75" "-TrkA interactions in NGF-triggered signal transduction. This will need to be

investigated with a dedicated study that is beyond the scope of this manuscript.
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3. TrkAR**Y mutant mice as HSAN IV mouse model

Despite efforts to understand congenital insensitivity pain disorders, only a few transgenic mouse
models of pain insensitivity have been reported that fully reproduce human conditions (Monteiro et
al., 2019). The early lethality observed in homozygous TrkA-deficient (TrkA™") mice (Smeyne et al.,
1994) has hampered the use of this animal model to study HSAN IV disease. Similarly to TrkA™
mice, also NGF” mice (Crowley et al., 1994) show a postnatal lethality, suggesting a critical role of
the NGF-TrkA signaling pathway in the development and maintenance of sensory neurons.
Generating a transgenic mouse line harboring the human 661C>T mutation in the human NGF gene
allowed to clarify the involvement of the neurotrophin in HSAN V disease and to contribute in
developing of a useful model to study painless syndromes (Testa et al., 2019). As for HSAN V,
mechanistic investigations and treatment of HSAN IV is nowadays still challenging. Thus, we have
generated and characterized a novel knock-in mouse line carrying the mutation R649W in the human
TRKA that displays the key features of the disease, also including the distinctive aspects with respect
to the related HSAN V disease. In homozygosity, the R649W mutation causes a postnatal lethal
phenotype within the first week of life, similarly to the R100W mutation in the NGF gene (Testa et

R649W/R649W
kA69W/69

al., 2019). The lethality observed for homozygous Tr mice is only seemingly in contrast

with the homozygosity of the R649W mutation in HSAN IV patients (Mardy et al. 1999). In fact,
individuals affected by HSAN IV often survive into adulthood also thanks to careful medical
treatments (Indo, 2018). Moreover, this was rather expected due to the observed lethality also in
TrkA” mice (Smeyne et al., 1994) and might be possibly explained by i) redundant mechanisms that
have developed during evolutionary processes for the NGF-TrkA pathway in humans or by ii) the
lower affinity of endogenous mouse NGF for the human TrkA receptors (Paoletti et al., 2015) and

R649W/R64
kA 649W/R649W

hence also for the homozygous Tr mice. In this respect, by crossing homozygous wild-

type human NGF mice (NGE*'™) (Testa et al., 2019) with homozygous TrkAR*WR*W mice will

allow testing the latter explanation, and thus if increasing the affinity of the ligand for the receptor

R649W/R649W

might overtake the lethality observed in homozygous TrkA mice.
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4. Effect of TrkAR**Y mutation on sensation

In line with HSAN IV human symptoms, TrkAR*Y'™ mice failed to react to thermal and chemical
noxious stimuli. I found a diminished licking behavior after capsaicin injection and, interestingly, I
found a decrease in the number of TRPV 1+ neurons that are involved in the mediation of noxious
stimuli (Caterina et al., 1997). The loss of TRPV 1+ neurons, crucial in avoiding tissue damage and
in the development of NGF-induced heat hyperalgesia (Chuang et al., 2001; Omerbasi¢ et al., 2016),

and the behavioral correlate of pain insensitivity in HSAN IV TrkARS*W/m

mice, may represent a
feasible explanation for the inability of HSAN IV patients to avoid injuries caused by noxious-thermal
stimuli. This hypothesis could also explain the lower responsiveness of TrkAX*“™ mice in the hot
plate test. TrkAR***Y™ mice also show a decreased reaction to cold, which might suggest an abnormal
regulation of the cold-activated channels TRPA1, expressed in subsets of heat-sensitive, TRPV1-
positive and NGF-dependent neurons (Story et al., 2003; Babes et al., 2004; Obata et al., 2005;
Diogenes et al., 2007). The neuronal reduction observed in non-peptidergic nociceptors IB4+ may be
due to developmental alterations. Indeed, during embryonic stages and in the early postnatal period,
about 50% of developing nociceptors down-regulate TrkA and begin to express the receptor for glial
cell-derived growth factor (GDNF), Ret. This neuronal population is destined to become non-
peptidergic nociceptors that bind isolectin B4 (IB4+), while the remaining nociceptors expressing
TrkA but not Ret (TrkA'/Ret’) become the peptidergic subtype CGRP" (Luo et al., 2007; Woolf &
Ma, 2007). The quantification of these two major classes of nociceptors, peptidergic (CGRP") and
non-peptidergic (IB4") nociceptors (Snider & Mcmahon, 1998), showed a significant decrease in IB4"
neurons in TrkAR**Y™ mice, both in young and adult mice. Defects in the development of
nociceptors, similarly to mutations in the epigenetic regulator PRDM12 causing developmental
changes in nociceptors (Chen et al., 2015), can explain several congenital insensitivity to pain
disorders (Drissi et al., 2020), as also mutations in Na,1.9 linked to a sustained depolarization of
nociceptors (Leipold et al., 2013), and inactivating mutations in Nav1.7 altering the transmission of

tissue-damage signal (Minett et al., 2014). Conversely, the R100W mutation in NGF in heterozygous
120



NGFR*'%™ mice does not affect the development of nociceptors during the early postnatal stage ,
since NGF*'Y maintains its neurotrophic activity unaltered (Testa et al., 2019). In view of these
considerations, I speculate that R649W mutation could alter the developmental transition of non-
peptidergic. DRG neurons from TrkA " to Ret” in TrkAR**"'™mice, resulting in a strong reduction of
B4 expression in the TrkAR*Y™DRG. The inability of TrkA®**“'™ mice to perceive thermal and
chemical noxious stimuli was accompanied by a strong reduction of cutaneous nerves in both hairless
and hairy skin. R649W mutation seems to be sufficient to affect skin innervation through a possible
change in the early stages of sensory neuron development (Davies et al., 1987). Interestingly, I found
that TrkAR***"Y reduces the response to non-noxious mechanical stimulation in the hairy skin. This
result could suggest that TrkAR***Y impairs the growth of hair follicles in the hairy skin by damaging
the NGF-TrkA signaling (Peters et al., 2006). A functional TrkA trafficking and signaling during the
development are both necessary for the innervation of NGF-target organs/tissues and crucial for the
axon growth of sensory neurons (Ascano et al., 2009). Indeed, a continuous supply of TrkA at axon
tips is fundamental during axon elongation of sensory neurons (Vaegter et al., 2011) and
dysregulation of TrkA axonal trafficking has been causally linked to peripheral neuropathies (Zhang

etal., 2013).

As already mentioned, though the pain-related behavioral phenotype of TrkAR®**W/m

mice is quite
similar to that of HSAN V NGFY'“'™ mice (Testa et al., 2019b), only HSAN IV TrkAR***Y'™ mice
show a specific lack of the IB4+ DRG subpopulation, suggesting that the developmental
consequences of the HSAN IV TrkAR**Y mutation on sensory neurons appear to be more severe than
those observed in HSAN V mice (Testa et al., 2019b).

Interestingly, a similar HSAN IV-painless phenotype is also found in patients affected by Familial
dysautonomia (FD) or HSAN III/Riley-Day syndrome, a debilitating disorder caused by mutations in
ELP1/IKBKAP gene that results in the skipping of exon 20 in the mRNA of patients with FD.

Although the loss of ELP1 appears not to affect the specification and/or migration of neural crest

cells, it is linked to the accumulation of DNA damages in differentiated TrkA+ neurons during the
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development, leading to sensory dysfunction such as pain and temperature insensitivity (George et
al., 2013; Goffena et al., 2018). Interestingly, the lack of Elp1 in Elp1-cKO mice seems to be caused
by impaired retrograde transport of NGF in sensory neurons. Elpl seems to facilitate the protein-
protein interaction required for the axonal retrograde transport of the NGF-TrkA complex
(Tourtellotte, 2016; Jackson et al., 2014). In this respect, mutations in ELP1 and TrkA genes might
have a (partial) common consequence in a defect in sensory neurons. As well as FD, impairment in
NGF-retrograde transport and signaling may contribute to explaining the HSAN IV pathological
phenotype. Indeed, our results suggest deficits in the NGF-TrkA trafficking in sensory neurons in
HSAN IV TrkA®*Y mice. Thus, potential involvement of ELP1, possibly via a disrupted direct or
indirect interaction with the mutant TrkA, might be postulated. However, whether and how Elpland
TrkA overlap in a functional manner requires further investigation that may help to highlight

similarities and differences between these two congenital conditions.
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5. TrkA®***Y mutation induces defects in thermoregulation

By using a murine-adapted version of Minor’s starch iodine test, usually performed in humans to
assess the severity of sweat-production, I determined in our transgenic model the presence of
anhidrosis, a distinctive trait of HSAN IV disease (Minor V, 1928). Quantification of “dark spots”

strongly remarked that the sweating in TrkAR®*"/™

mice requires functional NGF-TrkA signaling
and that the TrkAR***V-inactive receptor can lead to anhidrosis. These results were supported by
comparing TrkAR***Y'™ mice to HSAN V NGF?'%"'™ mice that showed normal sweating. In line with
HSAN V heterozygous patients (Axelsson et al., 2009), I highlighted that HSAN V NGFM %™ mice,
although impaired temperature perception (Testa et al., 2019), showed normal sweating and
unaffected sweat glands innervation. Regarding HSAN IV, sweat glands innervation appears to be
variable among patients. Indeed, skin biopsies in some patients revealed normal sweat glands
innervation (Itoh et al., 1986; Pinsky & DiGeorge, 1966; Swanson, 1963), while skin samples of other
patients reported non-innervated sweat glands (Nolano et al., 2000; Langer et al., 1981). The analysis
of noradrenergic and cholinergic innervation of TrkAX*"'™ sweat glands revealed no differences
compared to control. These data may suggest that a possible cause of anhidrosis in HSAN IV could
be found in brain regions, such as the preoptic hypothalamic area, that control thermoregulation
(Morrison, 2016). However, I can not completely exclude the peripheral contribution of nerve fibers
to anhidrosis, and further experiments aimed to elucidate the electrophysiological function of these
fibers is necessary. An inactive-TrkA, such as TrkAR**Y, might lead to changes in the regulation of
the body temperature in HSAN IV patients (Indo, 2018; Loewenthal et al., 2005). Indeed, cold and
warmth, detected in the skin by primary sensory nerve endings, many of which express TrkA, are

transmitted to the hypothalamic areas that represent the main integration site for thermoregulation,

including sweating (Nakamura & Morrison, 2008).

Interestingly, one of the most important players of thermosensation, TRPV1, has been found also

outside of sensory nerves, such as in skeletal muscle, heart and adipose tissues contributing to blood
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flow control (Phan et al., 2020). Researchers found that as easily observed in humans after
consumption of chili peppers, the capsaicin injections activate several thermoregulatory processes in
rodents, including vasodilation and sweating in order to promote a decrease in the body temperature
(Phan et al., 2020). The loss of TRPVI, indeed, leads to defective control of the temperature
homeostasis in rodents contributing also to an altered itch and pain sensation (Mishra et al., 2010).
Although the still debated effect of TRPV1 on body temperature limits the therapeutic use of TRPV1-
antagonists for the treatment of pain conditions, recent findings have suggested that the neuronal
TRPV1 is necessary for body temperature modulation (Yue et a., 2022).

kAR*Y mutation may affect the

Altogether these observations allow us to speculate that the Tr
thermoregulation acting on both the peripheral and central nervous system. However, how the R649W

mutation may cause thermoregulatory perturbations in HSAN IV patients and in an animal model

leading to sweating deficiency, needs to be clarified in future work.
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6. TrkA contributes to cognitive abilities

Among several symptoms, HSAN IV patients are affected by variable degrees of mental retardation
(Rosemberg et al., 1994), usually associated with ADHD (Levy-Erez et al., 2010). Contrary to TrkA”
" mice, cognitive performances of TrkAR***Y'™ mice were strongly influenced by the R649W
mutation. Specifically, the exploratory behavior observed in working-spatial memory-dependent tests

was found altered in Tr mice. In addition, the much higher time spent in open arms was

KARW™ mice. Importantly, the social memory,

predictive of a reduced anxiety-like phenotype of Tr
evaluated in the Three-Chamber test that assesses cognition as general sociability and interest in
social novelty (Chadman et al., 2008), was strongly reduced, contrary to HSAN V mice. Indeed,

difficulty establishing interpersonal relationships is considered an exclusive trait of children with

HSAN 1V (Indo, 2018).

Our data suggest that an inactive receptor, as TrkA®***Y | might have a stronger influence on cognitive
performance than the total loss of the protein, as observed in TrkA ko mice (Muller et al., 2012;
Sanchez-Ortiz et al., 2012). Moreover, these data might indicate that cognitive abilities are more
influenced by TrkA than NGF. Indeed, NGF®'"Y mutation associated with HSAN V disease causes
a milder pathological phenotype with a loss of pain and temperature sensation but with unaffected
sweating and cognitive abilities (Einarsdottir et al., 2004; Testa et al., 2019).

As discussed in a previous chapter, pain is nowadays not simply considered a consequence of
intensive stimulation (nociception), but it is also determined by psychological factors such as the
emotional, motivational and social components (IASP, 1978). Several theories have suggested that
social bondings, such as couple relationships, may have an important role in the pain perception in
chronic pain conditions, meaning that partner(s) may positively contribute to pain severity (Leonard
et al., 2006). On the other hand, pain itself has a robust influence on social behavior in laboratory
animals, leading to approach conspecifics in pain (Smith et al., 2021; Ferretti et al., 2017). Similarly

to human “empathy” that is the ability of others to perceive such social cues, this mouse behavior is
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referred to as “social transfer of pain” (Smith et al., 2021). Interestingly, the observation of pain in
one mouse is demonstrated to affect the responses of its conspecifics, the observer, to painful stimuli,
resulting in a pain contagion (Langford et al. 2006). These observations highlight the importance of
pain perception not only in avoiding damage but also in establishing interpersonal relationships. The
insensitivity to painful stimuli can thus affect the sociability and interest in the social novelty of
TrkAR*Y HSAN IV mice, contributing to their reduced cognitive performances. However, to
understand how TrkA and its mutations may compromise the social aspects will need further
experiments. Interestingly, the NGF-target brain regions expressing TrkA, such as the basal forebrain,
are linked to cortical and subcortical areas involved in empathetic responses to pain in humans (Lamm
et al., 2011) and in rodents (Smith et al., 2021). TrkA and its related mutation may also influence
cognitive performances, mostly related to sociability, acting on non-neuronal cells. Indeed, microglia
is an NGF-target cell type in the brain (Rizzi et al., 2018) possibly contributing to its scavenger
function involved in neuropathic pain (Batti et al., 2016). Anterior cingulate cortex (ACC) microglia
is reported to participate in the maintenance of chronic conditions, especially by influencing affective-
motivational components (Miyamoto et al., 2017). Further analysis of microglia in emotional-related

R64
kA 649W

brain areas, such as ACC and Nucleus Accumbens may clarify the role of Tr mutation in

HSAN IV sociability defects.
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6. Conclusion and future perspectives

The experimental approach and the results described in this thesis emphasize the necessity of a
transgenic animal model that can strongly help to broaden the knowledge about the causes,

mechanisms, onset and progression of rare genetic pain-related diseases, such as HSAN IV.

The lack of TrkA, as shown in TrkA fully knock-out mice, causes a more severe phenotype than that
observed in HSAN IV patients even though humans probably have identical mutations to the knock-
out mice and should thus have similar effects (Monteiro et al., 2019; Smeyne et al., 1994). This could
be possibly due to the lack of compensatory mechanisms that mitigate the severity of the human
mutation. The development of TrkAR***Y HSAN IV mice can thus contribute to gain knowledge about
pain transmission, possibly identifying different contributions of the receptor TrkA and the ligand

NGF to the physiology of sensory neurons.

Since TrkAR***Y HSAN IV mice represent a very useful and promising tool to dissect the multifaceted

roles of NGF-TrkA in the nervous system, I can suggest three main aspects to investigate:

1. One of the most intriguing results concerns the absence of sweating that might suggest damage
in thermoregulation in TrkAR***Y HSAN IV mice. In spite of the impossibility of excluding
the TrkA peripheral contribution to anhidrosis (as discussed above), it is reasonable to suggest
performing a broader analysis of the central role of TrkA in thermoregulation. Indeed, a
possible cause of anhidrosis in HSAN IV patients may be related to a failure in the central
mechanism(s) controlling body temperature homeostasis and thus involving TrkA effect on
warm-sensitive neurons in POA. Since the sweating defects and possible thermoregulatory
consequences might affect the body temperature, I could record the external TrkAR®***Y mice's
body temperature using a thermal camera. Then, using a model of fever induced by

lipopolysaccharide (LPS), I could provide insights into the mechanisms leading to recurrent
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and, at times, lethal episodes of fever caused by anhidrosis in HSAN IV patients. Additionally,
to dissect the peripheral impact of TrkA®***Y mutation on central thermoregulation, I could
perform a thermal challenge to test if the influence of the altered response to environmental
temperature changes or chemical agents (capsaicin), already observed in TrkAR*Y HSAN

IV mice, on POA neurons.

. Exploring the contribution of the TrkAR***Y receptor in neuropathic pain conditions in order
to give an answer to an interesting question. This follow-up project aims to clarify if the
absence of a functional NGF-TrkA system is required for the onset and maintenance of
neuropathic pain conditions, and if it is thus possible to experience neuropathic pain in the
absence of acute pain, as in HSAN IV patients. Nassar and colleagues have demonstrated that
mice lacking both Na,1.7 and Na, 1.8, two voltage gated sodium channels highly expressed in
nociceptors and involved in inflammatory pain, develop normal levels of neuropathic pain
(Nassar et al., 2005). Indeed, even though double knock-outs of both Nay1.7 and Na,1.8
showed reduced response to noxious stimuli, after peripheral nerve injury, mice developed
robust mechanical allodynia (Nassar et al., 2005). Interestingly, a diagnosed HSAN II patient,
carrying the painless null mutations in SCN94 that encodes for Na,l1.7, has developed
neuropathic pain (Wheeler et al., 2014), suggesting that neuropathic pain can be initiated and
maintained in the absence of Nav1.7 channel both in humans and in rodents (Nassar et al.,
2005; Wheeler et al., 2014). As profoundly discussed in this thesis, the double relevance of
the NGF-TrkA signaling on both painful state retention and therapeutic target, makes the
TrkAR**Y mutation a key candidate to study of neuropathic pain conditions. Among several
types of peripheral neuropathies, painful diabetic neuropathy (PDN) has been reported to have
a higher incidence affecting 25% of diabetic patients (Abbott et al., 2011). An obvious
question thus comes to mind, may TrkA®**Y HSAN IV mice develop PDN, or does the
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TrkAR**Y mutation exert a protective effect on animals? The nociceptors hyperexcitability
PDN-induced is linked to high intracellular calcium and it is found to affect mitochondrial
morphology leading to mechanical allodynia and sensory nerve degeneration (George et al.,
2022). Interestingly, TrkAR®**Y mutation could reduce the hyperexcitability PDN-induced by
driving mitochondrial calcium flux changes in sensory neurons and thus blocking the genesis
of chronic state. TrkA, indeed, has been reported to be localized in the mitochondrial
compartment of neuronal and non-neuronal cells contributing to the modulation of
intracellular calcium (Carito et al., 2012). Moreover, the NGF-TrkA signaling seems to
influence the electrophysiological properties of some AB- rapidly adapting fibers involved in
the response to mechanical stimuli (Fang et al., 2005) by regulating the expression of Nav1.8
in nociceptors (Dib-Hajj et al., 1998). Based on these observations, trying to understand if the
TrkAR**Y mutation may confer any resistance to the development of neuropathic pain in

HSAN IV animal model, and possibly in patients, can result in a captivating question.

As discussed in the previous chapter, pain perception is critical in establishing interpersonal
relationships and thus, the pain insensitivity of HSAN IV patients may compromise social
abilities contributing to reduced cognitive performance. It is known that psychological factors,
such as fear and anxiety, are linked to pain, and several animal studies suggest that responses
to pain stimuli are strongly reduced by fear (Gross & Canteras, 2012). On the other hand, pain
itself influences social behavior in animals, including humans (Smith et al., 2021; Ferretti et
al., 2017). However, although I found deficits in spatial-working and social memory in
TrkAR*Y HSAN IV mice, it is not yet known whether the reduction of pain perception may

also affect central emotional and motivational responses to stimuli.

First of all, I want to evaluate the fear system in our painless animal model. Does exposure to
pain, which was never experienced before, influence learning of the fear response of
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TrkAR*Y HSAN IV mice? Can the inability to feel pain impair the capacity to avoid an
adverse stimulus, such as a foot shock? In order to give an answer to these questions, I could
perform a fear-conditioning protocol on TrkAR***Y HSAN IV mice and explore brain regions
involved in the “pain-fear circuit”, especially the amygdala and PAG. Additionally, I could
investigate the role of microglia non-neuronal cells in establishing and maintaining the pain-

fear circuit in the painless animal model.

Afterward, T want to understand if TrkAR®*Y HSAN IV mice’ sensory impairment
compromises the ability to feel the pain in “others”. As reported by Langford, pain sensation
in rodents, as well as in humans, can be modulated solely by exposure to other conspecifics
in pain (Langford et al., 2006). In order to observe the “pain contagion” in TrkAR**Y HSAN
IV mice, [ want to perform a slightly modified version of the “social transfer of pain” protocol
(Smith et al., 2021). The test consists of two main sessions, “social-interaction” and “pain-
transfer” parts. The first session is based on the interaction of “bystanders” (TrkAR***" HSAN
IV mice) and “demonstrators” (wild-type cagemate mice). Tested TrkAR***Y HSAN IV
mouse, the bystander, will be free to interact with one demonstrator “in pain” and one
“neutral”. The “in-pain demonstrator” will be previously injected with capsaicin, contrary to
the “neutral demonstrator”. The interaction time between tested bystander TrkA®**Y HSAN
IV mouse and demonstrators will be measured. At the end of this session, TrkAR**Y HSAN
IV bystander mouse will be tested for a mechanical response. Indeed, the observation of pain
in a conspecific can sensitize the observer, leading to an increased response to non-noxious
stimuli. In order to obtain a better understanding of this behavior, I will perform a histological
analysis of brain areas involved in “empathetic” responses, such as ACC and Nucleus
Accumbens. Interestingly, I aim to characterize the microglia profile that is involved in the
maintenance of pain state, especially by influencing affective-motivational components

(Miyamoto et al., 2017).
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