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ABSTRACT

Nociceptors in dorsal root ganglia (DRGs) encode pain information and their abnormal excitability
contributes to diabetic polyneuropathy. They are classified as non-peptidergic I1B4+ and peptidergic
CGRP+ neurons. Neurotrophic factors, such as GDNF, are key regulators of DRG neuronal
excitability and phenotype, and their altered signaling has been associated to pathological
conditions.

The aim of my project was:

) to investigate the structural and functional alterations in DRGs in a mouse model of type |

diabetes, and

i) to address the role of GDNF in perturbing cell excitability of nociceptors.

The morphology of entire DRGs was analyzed by a combination of confocal imaging and software-
based analysis that automatically performs segmentation and 3D rendering of IB4+ and CGRP+
labeled neurons. While the former tend to cluster in groups of three-four, the latest do not. Albeit
cluster organization is unaffected by diabetes, glial cell ensheatment of 1B4+ neurons in the clusters
was reduced, thus increasing the likelihood of cell-to-cell crosstalk.

Physiological alterations were investigated by patch clamp recordings from visually-identified
neurons in intact DRGs before/after GDNF administration. In current clamp, GDNF induced a
depolarizing shift of firing threshold in DRG neurons under control conditions and delayed firing
onset, while it was less effective in diabetes. To test the involvement of voltage-dependent K*
channels, K* currents were isolated in voltage clamp. GDNF potentiated K* conductance in control
conditions, with little effect in diabetes.

My data indicate that diabetes alters morphofunctional properties of nociceptors and induces a loss
of GDNF-mediated control on sensory encoding.
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INTRODUCTION

1.1PAIN THEORY: HISTORICAL BACKGROUND

The International Association for Study of Pain (IASP, 1986) defines pain as “an unpleasant
sensory and emotional experience associated with actual or potential tissue damage, or described
in terms of tissue damage, or both”. This description derives after centuries of works and
discoveries in the pain field.

One of the first descriptions of somatosensory system belongs to René Descartes, who described in
Treatise of Man (1664) pain as a perception located in the brain and distinguished the painful
sensory transduction (or
nociception) from the
experience of perceiving pain.
His theory also depicted nerves
as hollow tubules conveying
both sensory and  motor
information (Descartes et al.,
1664). This understanding of
neural function was based on
Galen’s postulation that three
conditions are the base of

FIGURE 1.1 DESCARTES MODELS OF PAIN. perception: 1) an organ must be
Drawings of the pain system based on Descartes’ description by A. able to receive a stimulus; 2) a
Florentius Schuyl and B. Louis La Forge. From “Theories of pain: from '

the organ and the brain; 3) an integrating center that converts the stimulus in conscious perception
must be present (Rey, 1995). Descartes considered the nerves as “connections” between organs and
brain (Figure 1.1 A) and postulated that, in case of a peripheral sensory input, the activation of a
“fiber” running within the nerves would have “rang a bell” in the brain, permitting to an animal
spirit to flow through the nerve and elicit a motor response (Moayedi and Davis, 2013). La Forge’s

drawing (Figure 1.1 B) of this mechanism is one of the most famous in neuroscience.
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FIGURE 1.2 PAIN THEORIES .

Schematic diagrams of pain theories. A. Specificity theory; B. Intensity theory; C. Pattern theory; D. Gate theory.
From “Theories of pain: from specificity to gate control”, Moayedi and Davis (2013).

The actual conception of a dedicated pathway for pain was developed by Charles Bell and described
in Idea of a New Anatomy of the Brain, submitted for the observation of his friends (Bell and Shaw,
1868). He proved that brain was characterized by a heterogeneous structure and suggested that
nerves were groups of neurons specialized in sensory stimulations, motor functions and “vital”

sensing. Francois Magendie, based on Bells’ theory of separation of sensory and motor nerves, built
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his theory that nerves had different pathways entering and exiting from the spinal cord, then known
as the Bell-Magendie Law of the differentiation of spinal nerves (Stahnisch, 2009). Further support
of specific sensory transduction was brought in the last part of 19" century by the discoveries of
specific cutaneous receptors sensitive to touch like Pacinian corpuscles (Pacini, 1835 reported in
Cauna and Mannan, 1958), Meissner’s corpuscles (Meissner, 1853 reported in Cauna and Ross,
1960), Merkel’s disk (Merkel, 1875 cited in Iggo and Muir, 1969) and Ruffini’s end organs
(Ruffini, 1893). Despite this, there was not an unique opinion about the nature of pain, considering

that a dedicated organ was not already discovered.

Based on the previous discoveries, Schiff and Woroschiloff, between 1854 and 1859, postulated the
Specificity Theory (Figure 1.2 A) which asserted that there was a specific fiber leading pain
information to the sensory modalities region of the brain (Rey, 1995). This finding was built on the
discovery that tactile pathway did not decussate in the spinal cord and on observations of incisions
at different spinal cord levels. Moreover, this theory was supported by the report of a patient with
wounded grey matter of the spinal cord that presented impaired pain and temperature sensations but
normal touch (Rey, 1995).

Alternative to the Specificity Theory, Wilhelm Erb postulated the Intensity Theory (Figure 1.2 B),
which asserted that the intensity of stimulation was responsible for the pain occurrence rather than
being a specific stimulus modality (Dallenbach, 1939). This theory competed with the Specific one,
at least until the publication of Sherrington studies, which postulated the existence of a specific

receptor for painful stimuli, that he called nociceptor (Sherrington, 1906).

In the attempt to revise and reconcile different somatosensory theories, Sinclair and Weddel (1955)
suggested the Pattern Theory model (Figure 1.2 C), which postulated that any single sensation
induced a specific pattern of neuronal firings, whose spatial and temporal profile encoded for the
type and the intensity of the stimulation rather than specific fiber types (Sinclair, 1955; Weddell,
1955). However, this theory was unable to explain the needing of different cutaneous sensory

receptors associated with peripheral fibers of different sizes (Heinbecker et al., 1933).

In 1965, Ronald Melzack and Charles Patrick Wall published a fundamental paper in which they
proposed a revolutionary theory: the Gate Control Theory of Pain (Figure 1.2 D; Melzack and Wall,
1965). This model joined the Pattern and the Specificity Pain Theories, filling the gap between
them. They accepted the effective subdivision in nociceptors and touch sensitive receptors and
suggested that signals induced in primary afferents reached three regions of the spinal cord: the

dorsal columns, the substantia gelatinosa and a bunch of cells called “transmission” cells. They
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hypothesized that substantia gelatinosa hosted the gate of the sensory stimulus transmission, and
that this mechanism was induced by small-sized fibers and inhibited by large-sized fibers. When a
noxious stimulus overtook the gate threshold, the pathway was activated and the pain perceived. In
addition, fiber descending from supraspinal sites could modulate this gate (Melzack and Wall,
1965; Moayedi and Davis, 2013). Although this theory showed soon after some anatomical
inaccuracies and oversimplifications, its general framework significantly advanced our knowledge

of pain.

The actual definition of pain by IASP is based on the theory published in 1968 by Melzack and
Casey (Melzack and Casey, 1968) that considered pain as multidimensional and complex. The
definition of multidimensionality was justified by the possibility to discriminate different features
of pain, as intensity, location, quality and duration (sensory-discriminative), to induce emotional
responses, as unpleasantness and fight-or-flight response (affective-motivational), and to elicit
higher functions, as appraisal, ethics, context and cognitive state (cognitive-evaluative; Melzack and
Casey, 1968; Moayedi and Davis, 2013). The different dimensions are not independent and can

interact each others.

The debate between Specificity and Pattern Theories is not exhausted yet, and few years ago
Basbaum published a paper regarding the differences between peripheral transduction of painful
stimuli and central processing and perception of pain: “This contemporary perspective on the
question of specificity versus patterning relates more to the processing of nociceptive messages,
and much less to the sensory experience/perception of pain. The latter is clearly influenced and in

some cases dominated by emotional and cognitive factors” (Basbaum, 2011).

1.2 DORSAL ROOT GANGLIA AND SOMATOSENSORY PATHWAYS

1.2.1 SOMATOSENSORY PATHWAYS

The somatosensory system is the part of the sensory system specialized in the conscious perception
of touch, pressure, pain, temperature, position, movement and vibration, which are perceived by
muscles, joints, skin and fascia.

This system is organized in a three-neuron pathway: peripheral sensory information is converted
into nerve impulses by primary sensory neurons, which convey these stimuli via secondary
sensory neurons to the spinal cord and brainstem to reach thalamic nuclei and, eventually,
continuing in the sensory cortex in the parietal lobe through third order neurons (Brodal, 1969;
Vallbo et al., 1979).



1.2.1.1 PERIPHERAL FIBERS

Primary sensory neurons are pseudounipolar neurons with peripheral and central branches

connected to the soma by a unique axon through which the electric stimulus is transmitted
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FIGURE 1.3 ANATOMY OF THE SOMATOSENSORY SYSTEM.

A. Somatosensory neuron cell bodies in a dorsal root ganglion; B. Territory
of innervation of somatosensory neurons residing in the trigeminal ganglion;
C. Categorization of primary sensory neurons based on soma size and degree
of myelination.

From “The functional and anatomical dissection of somatosensory
subpopulations using mouse genetics ”, Le Pichon and Chesler (2014).

(Takahashi and Ninomiya, 1987).
Their cell body is located in
dorsal root ganglia (DRGs;
Figure 1.3 A) or in trigeminal
ganglia (TGs, for sensory inputs
from head and neck; Figure 1.3
B). The system relaying somatic
sensitivity is one of the most
heterogeneous within the sensory
system, transducing a broad
range of stimuli such as touch,
pressure, vibration, position,
temperature, stretch and
nociception.

In  simplistic  terms,  the
peripheral somatosensory system
can be organized in sensory
fibers specialized in encoding

low-threshold innocuous stimuli

(non-nociceptive pathways) or high-threshold noxious stimuli (nociceptive pathways). Nociception

is thus defined as the neural process of encoding noxious stimuli (IASP taxonomy, 1994).

Peripheral afferents are classified based on 1) the conduction velocity or 2) the sensory modality or

3) the morphology.

1- The conduction velocity of action potentials is proportionally correlated with the fiber

diameter (Figure 1.3 C) and on the degree of myelination and it is associated with its functional
role (Harper and Lawson, 1985). Thus, fibers can be classified as Aa, AB, Ad and C fibers

according to their diameter. Ao (or group la, Ib and Il) are the faster and heavily myelinated



fibers, characterized by a large diameter and associated with receptors localized in muscles and
tendons. AP fibers are slightly smaller and slower myelinated fibers conveying most of the tactile
inputs. Ao thinly-myelinated or C unmyelinated fibers (which correspond respectively to group

Il and IV in muscles) mostly convey nociceptive and thermal stimuli.

2- According to the sensory modality, receptors can be classified in nociceptors,
thermoreceptors, chemoreceptors and mechanoreceptors.
Nociceptors are receptors that respond to noxious stimuli and are characterized by free nerve
endings with Ad (group I11) fine-myelinated or C (group 1V) unmyelinated fibers (Basbaum et al.,
2009; Besson and Chaouch, 1987; Millan, 1999). They are typically activated by an intense
mechanical stimulation (mechanosensitive nociceptors), by an exposition to intense cold/heat
(thermosensitive nociceptors) or by all the stimuli just described (polymodal nociceptors). Ad
fibers and unmyelinated C fibers, respectively, convey the first rapid “sharp” phase of pain and
the second wave of “dull” pain (Landau and Bishop, 1953; Treede et al., 1992).
Thermoreceptors are slowly adapting Ad or C fibers receptors characterized by free nerve
endings and activated by increase or decrease in temperature (Barbacid, 1994). A thermal
stimulus can be either noxious or innocuous, warm or cold. Different specializations in Ad-C
fibers encode these different stimuli.
A heat stimulus typically evokes a fast sharp and the slower dull components. The first
component is mediated by the fast conducing Ad fibers, while the longer component suggests that
it is conveyed by slow C fibers. Consistent with these observations, a block of Ad fiber, as
pressure, inhibits first pain (Price et al., 1977).
Experiments conducted by Treede et al. (1998) allowed a further subdivision of Ad fibers in two
categories:

- Type | afferents with high heat threshold (>53°C) to short lasting stimuli and delayed
response. These fibers are hosted in glabrous and hairy skin and sensitize after burning
injury, mediating thermal hyperalgesia (Meyer and Campbell, 1981b).

- Type Il afferents have a lower heat threshold (47°C) with a faster short lasting response and
their lack in the glabrous skin can explain the lack of the first heat pain in this region. These
fibers also show a high mechanical threshold (Treede et al., 1998).

C fibers are found depth in the epidermis and dermis and their activating threshold (37-49°C) is
below the heat nociceptive threshold (45°C). C fibers can be further subdivided in two categories
(Meyer and Campbell, 1981a):



- quickly adapting fibers, which respond to a suprathreshold stimulus with short lasting high
peak discharge;
- slowly adapting fibers which respond with a pretty uniform discharge during the ongoing
stimulus.
Interestingly, C fibers innervating hairy skin tend to sensitize after a burn injury while afferents
innervating glabrous skin do not (Campbell and Meyer, 1983).
Cold temperatures can variably activate nociceptors according to the type of skin (<10-15°C in
glabrous skin, <18°C in hairy skin; Chéry-Croze, 1983) and the speed of the temperature change.
Interestingly, cold-activated C fibers are considered responsible for the perception of a burning or
heat pain (Davis, 1998), while the “cool” sensation is supposed to be mediated by AJ fibers.
Chemoreceptors are exogenous and endogenous chemical signals receptors, mostly encoded by
C fibers; this receptors may alter pain threshold to noxious stimuli by activating mechano-
insensitive “silent nociceptors” (Schmidt et al., 2000) and sensitizing non-nociceptive fibers, thus
causing them to convey noxious information (i.e. Aof fibers in the case of mechanical allodynia;
Ma and Woolf, 1996). After a damage, tissues release a large amount of algogenic and sensitizing
chemicals, such as protons, potassium ions, phospholipids, purine, etc. that, in turn, stimulate the
inflammatory process with the consequent release of several inflammatory mediators (bradikinin,
prostaglandins, prostacyclines, ATP, serotonin, cathecolamines, histamine, etc.; Millan, 1999).
This “inflammatory soup” contributes to the activation of nociceptors (primary hyperalgesia) and
facilitates the onset of neurogenic inflammation due to the antidromic depolarization of sensory
terminations. This activation causes the release of tachykinins, calcitonin gene related peptide
(CGRP) and other peptides from peripheral peptidergic sensory neurons, that prolongs and
extends the inflammatory process to intact tissue (secondary hyperalgesia; Barnes et al., 1990;
Levine et al., 1993). Some neurotrophins, and namely neurotrophic growth factor (NGF), also
play an important role in this process by regulating the sensitivity of nociceptors to thermal and
chemical stimuli and by controlling peptides release (Koltzenburg et al., 1999; Malcangio, 1997).
Mechanoreceptors (Figure 1.4) are activated by physical deformation of the tissue in which they
reside (Ingber, 1997; Johansson and Vallbo, 1979) and can be further subdivided, depending on
the terminal ends structure, in two categories:
Encapsulated if they are enclosed in a cellular or connective capsule as:
- Meissner’s corpuscles (AP fiber/group Il) which are rapidly adapting and sensitive to fine
tactile discrimination;
- Pacinian corpuscles (A fiber/group I1), which are rapidly adapting and respond to pressure

and vibration;



- Ruffini’s corpuscles (AP fiber/group I1I), which are slowly adapting and provide

proprioceptive information;
Non-encapsulated as:

- free nerve endings (Ad/group 11 and C/group IV fiber), which are slowly adapting, and are
sensitive to painful and non-painful (thermal, pressure, touch) stimuli;

- peritrichial nerve endings (AP fiber /group I1), which are rapidly adapting and are sensitive
to the bending of hair follicles;

- Merkel’s discs (AP fiber/group I1), which are slowly adapting and respond to discriminative
touch.

A particular type of mechanoreceptors is represented by stretch receptors that convey information
from skeletal muscle and tendons:

- Muscle spindles are dynamic stretch receptors mechanically jointed with muscle fibers. All
intrafusal fibers are innervated by Aa fibers, which collect information about the muscle
contraction speed, while just some intrafusal fibers (called nuclear chain fibers) are
innervated by AP fibers, which collect information on the intensity of the stretch;

- Golgi tendon organs are fusiform-shaped stretch receptors located at myotendineal junction

and convey information through Aa fibers.
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FIGURE 1.4 SENSORY RECEPTORS.
From “Neuroscience. 2™ edition™, Purves et al.(2001a)

Polymodal receptors are mostly C fibers and are so defined as they can be activated by stimuli of

different nature (heat, as mechanical or chemical). For instance, in an experiment on human
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peroneal nerves, Schmidt et al.(1995) recorded 15% of C fibers sensitive to mechanical stimuli and
insensitive to heat (C-MHi), 10% only-heat sensitive (C-H), 25% insensitive to heat and mechanical
stimuli (C-MiHi) and 50% sensitive to both heat and mechanical stimuli (C-MH).

1.2.1.2 SPINAL DORSAL HORN

The central processes of DRG primary sensory neurons enter the spinal cord via the dorsal roots of
the spinal nerves.

The anatomy of the spinal cord comprises the central grey matter, formed by cells somata, and the
surrounding white matter, formed by ascending and descending fibers. The grey matter can be
subdivided in three main columns: the dorsal horn, that receives somatosensory information, the
ventral horn, that contains motor neurons, and the lateral horn, that innervates visceral and pelvis
organs. In “The cytoarchitectonic organization of the spinal cord in the cat”(Rexed, 1952), Bror
Rexed divided the dorsal horn of the spinal cord in six regions or laminae, depending on the cell
sizes and shapes included, on the orientations of axons and dendrites and on the thickness of the
axons’ myelin sheath. Even if the first descriptions were based on anatomical features of cats,
following studies supported the model also in other species, e.g. in humans and in rodents
(Milosevic et al., 2005).

Primary afferent fibers in the dorsal root are subdivided in two groups: the medial and the lateral

divisions.

The medial division consists in medium/large-sized afferents bifurcating in ascending and
descending branches that reach laminae Il, 111 and 1V. Large ascending fibers rise omolaterally, in
respect to the dorsal root entry zone, forming the gracilis and cuneatus fasciculi of the dorsal
column which travel to the respective nuclei in the medulla where make synapse with secondary

sensory neurons (Light and Perl, 1979b).

The lateral division collects small-sized fibers (Ad and C) and ramificates into short ascending and
descending collaterals, forming the dorsolateral tract of Lissauer. Afferents of Lissauer’s tract
ascend or descend across one to three spinal levels, before penetrating the grey matter of the dorsal
horn and forming synapses with secondary sensory neurons in lamina I, Il (substantia gelatinosa)
or in laminae 111-V. Second order neurons then send fibers that decussate in the controlateral side of

the spinal cord and ascend along the spinothalamic tract (Light and Perl, 1979b).

Different types of primary afferent fibers terminate with specific synaptic patterns within the spinal

dorsal horn (Todd, 2002), as follows:
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- C fibers mainly terminates in the superficial laminae I and 1l (Light and Perl, 1979a);
- Aad fibers in laminae I, 11, V and VI (Nagy and Hunt, 1983; Swett and Woolf, 1985);
- Ap fibers in laminae 11l and V (Woolf, 1987).

Considering the projections on the base of the sensory modality:

- Mechanoreceptors mainly terminate in laminae Il (inner), I1l and VI;

- Nociceptors mainly terminate in laminae I, 1l (outer) and V (Light and Perl, 1979a).

1.2.1.3 ASCENDING PATHWAYS

The general somatic afferent system, which transmits sensory stimuli from somatic structures to the
higher centers, is anatomically divided, according to the sensory modalities transmitted, in two main
different pathways: the spinothalamic tract (STT) and the dorsal column-medial lemniscal
(DCML) tract (Poggio and Mountcastle, 1960).

Spinothalamic tract. STT (Figure 1.5) transmits painful, tactile, chemical and thermal stimuli. It is
composed by second order neurons projecting from laminae I, 1ll, 1V and V or from the spinal
nucleus of the trigeminal to the controlateral thalamus. The STT axons decussate at the level of the
anterior white commissure as they ascend, dividing in the ventral and lateral pathways, which covey
different sensory information (Giesler et al., 1979; Poggio and Mountcastle, 1960). Ventral STT,
located in the anterior funiculus of the spinal cord white matter, conveys crude non-discriminative
touch and pressure, while lateral STT, located in the lateral funiculus, conveys pain and
temperature (Martin et al., 1990). Ventral and lateral STT (Figure 1.5 A) rise separately along the
spinal cord until they merge in the medulla, forming spinal lemniscus. The same type of sensory
inputs from the head are collected by trigeminal afferents (Figure 1.5 B) which contact second order
neurons in the spinal trigeminal nucleus, originating the trigeminal thalamic tract and the trigeminal
leminscus (Cozzi et al., 2009).

While spinal lemniscus terminates in the ventral posterolateral nucleus (VPL) of the thalamus, the
trigeminal lemniscus ends in the ventral posteromedial (VPM) nucleus of the thalamus. From the
thalamus, third order neurons project to the somatosensory cortex via thalamocortical pathways.
These pathways collectively play a key role in transmitting discriminative aspects of nociceptive

information.
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FIGURE 1.5 ASCENDING PATHWAYS.
A. Spinothalamic tract (STT) and B. trigeminal thalamic tract. From “Neuroscience. 2™ edition™, Purves et al.
(2001b).
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Dorsal column-medial lemniscus (DCML) tract. From “Neuroscience. 2™ edition™, Purves et al. (2001b).
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Dorsal column-medial lemniscal. DCML (Figure 1.6) transmits discriminative tactile and
proprioceptive stimuli to the cortex. It is mainly composed by mechano- and propioreceptor A
fibers conveying sensory input from the skin, muscles and joints. Central branches from lower
limbs ascend in the dorsal column fasciculus gracilis, while the branches from upper limbs form
the fasciculus cuneatus. Both these tracts reach the medulla and form synapses with second order
neurons resident in the nucleus gracilis and the nucleus cuneatus, respectively. Within the medulla,
the axons of the second order neurons decussate and ascend to the VPL nucleus of the thalamus
along the medial lemniscus. Regarding mechanosensory afferents innervating the head, the first
order trigeminal neurons form synapses in the pontine nucleus of the trigeminal and converge in the
trigeminal lemniscus, which ends in the VPM nucleus of the thalamus. From the thalamus, third
order neurons project again to the somatosensory cortex via thalamocortical pathways (FitzGerald
and Folan-Curran, 2002).

Other ascending pathways include:

Spinoreticular tract. In addition to STT and DCLM tracts, which are phylogenetically recent
(neospinothalamic tract), another important sensory pathway is represented by the spinoreticular
tract. This pathway comprises neurons from laminae V and VII (this in the lateral horn) and,
together with the trigeminoreticular, forms the most phylogenetically ancient somatosensory
pathway, also known as paleospinothalamic tract. The spinoreticular tract ascends ispilaterally
and forms synapses with the reticular formation of the brainstem, and its role is to maintain the
arousal through the activation of the cortex and to inform the limbic system on the nature of the
incoming stimuli, eliciting emotional responses (FitzGerald and Folan-Curran, 2002).

Spinotectal tract. Spinotectal tract is formed by afferents from laminae 111-V and VI1I-VIII (ventral
and lateral horns) which ascend via lateral funiculus. This tract ends in the lateral geniculate nucleus
of the thalamus, that is a relay center for the visual pathway. Here, somatosensory information and
visual information are integrated, in order to control head movements (Cozzi et al., 2009).

Spinomesencephalic tract. This tract mainly terminates in the periacqueductal grey and the raphe

nuclei, that are involved in descending modulation of pain.

Spinohypothalamic tract. This pathway regulates most of the autonomic responses to nociception.
In addition, some collaterals reach the limbic system, mediating the emotional component of pain

perception.
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Spinocerebellar tracts. Spinocerebellar tracts are four (spinocerebellar dorsal, spinocerebellar
ventral, cuneocerebellar and rostral spinocerebellar). Spinocerebellar pathways convey
unconscious proprioceptive information from muscles and joints and also receive collaterals from

cutaneous sensory neurons.

Spino-olivary tract. Spino-olivary tract is constituted by axons of second order neurons projecting
tactile information from laminae 111 and IV to the olivary bodies in the medulla. From these nuclei,
third order neurons convey the information to the cerebellum, which use them to modulate motor

coordination (FitzGerald and Folan-Curran, 2002).

1.2.1.4 DESCENDING PATHWAYS

Descending pathways of spinal nociception originate from many brain regions and play a critical
role in the modulation and integration of both acute and chronic pain. For many years, the attention
was focused on their inhibitory control of pain, however recent evidences show that descending
control can be facilitatory and inhibitory (Zhuo and Gebhart, 1997). Descending control arises from
a number of supraspinal sites, such as the midbrain periaqueductal gray (PAG), the nucleus raphe
magnus (NRM) and the rostral ventromedial medulla (RVM; Fields et al., 2006; Heinricher et al.,
2009). Minor sources of descending modulation include pontine noradrenergic nuclei (Pertovaara,
2006) and two areas of the caudal medulla, the dorsal reticular nucleus (DRt) and ventrolateral
medulla (VLM; Tavares and Lima, 2002).

The PAG-RVM system. The PAG is strongly interconnected with the hypothalamus and limbic
forebrain structures including the amygdala, and also receives direct spinomesencephalic input. The
PAG projects to the RVM and NMR neurons, which in turn send their output to the spinal dorsal
horn. NRM neurons are primarily activated by inputs from the PAG that, in turn, is activated when
the tonic inhibition of local enkephalinergic neurons is removed. This inhibition of inhibitors is
mediated by the intervention of hypothalamic afferents that release opioid peptides ( 3 -endorphin)
in response to specific sensory inputs from the spinoreticular tract (Zhuo and Gebhart, 1997; Ren
and Dubner, 2002). In the spinal cord they release serotonin to excite inhibitory interneurons and
stimulate the local release of opioid peptides, such as dynorphin or enkephalin, to block the noxious
stimulus from the first order neuron central processes (D. Purves et al., 2009; Patestas and Gartner,
2016).
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1.2.2 DRG STRUCTURE

DRGs are bilaterally located to the spine (31 pairs in human, 34 in rodents; Figure 1.7; Hofstetter et
al., 2006; Sengul and Watson, 2012) and are primarily constituted by the cell body of primary
sensory neurons which are individually enveloped by satellite glial cells (SGCs). The whole

structure is enclosed in a firm connective capsule.

1.2.2.1 PRIMARY SENSORY NEURONS
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\
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FIGURE 1.7 PRIMARY SENSORY NEURONS FROM PERIPHERY TO SPINAL CORD.

On the left side, neurochemical markers of the different populations of primary sensory neurons. On the right side,
dependency of sensory neurons from different neurotrophic factors. trkA-trkB-trkC, tyrosin kinase A/B/C; GFRal/2/3,
GDNF family receptor 1/2/3; SP, substance P; CGRP, calcitonin gene related peptide; TRPV1, transient receptor
potential vanilloid 1; BDNF, brain-derived neurotrophic factor; GDNF, glial cell line-derived neurotrophic factor; I1B4,
isolectin B4; P2X3, ATP-gated ion channel; NF200, neurofilament 200; NPY2R, neuropeptide Y receptor Y2; NGF,
nerve growth factor.

DRG sensory neurons have been classified following morphological, electrophysiological and

neurochemical criteria:

Considering the morphology only, DRG neurons can be simply divided according to the size of the
somata (Barabas et al., 2014; Kestell et al., 2015), in:
- Large-sized neurons (associated with AP and Aa fibers) with large diameter (>50 pm).
These neurons are involved in low-threshold mechanical sensations and proprioception;
- Medium-sized neurons (mostly associated with Ad fibers and some C fibers) with a shorter
diameter (30-50 pum);
- Small-sized neurons (associated with C fibers) that have a small diameter (10-30 pum) and
are sensitive to different stimuli such as heat, pruritogens, irritants, tissue damage and

mechanical stress.
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The different sizes were also found to correlate with the staining to basic aniline dyes which

reflected the neuronal content of neurofilaments (Lieberman, 1976; Lawson, 1979; Rambourg et al.,

1983). Thus, according to an old histological classification, DRG neurons can be subdivided into:

Small dark (SD) neurons
o ~70%;
e mainly thermo- and mechanoreceptors (small part as nociceptors);
e slow conducting C fibers;
e containing substance P (SP) and calcitonin gene related peptide
(CGRP).
Large light (LL) neurons
o ~30%;
¢ low threshold mechanoreceptors;

e fast conducting A type fibers.

These old morphological classifications have been more recently substituted by classifications

based on the neurochemical profile, which increased the number of subpopulations within each

morphological category (see for example Averill et al. 1995).

Large-sized DRG neurons (>50 pum, 40%) can be identified by the following neurochemical

markers:

NF200 (heavy neurofilament subunit, 200 kDa) occurs in 73% of DRG neurons (Kestell et
al., 2015) and is one of the subunit recognized by the antibody RT97 and characterizing
large light neuronal population (Lawson et al., 1984). mRNA level is found to be 20-fold
higher in the large neurons than in the small one (Ho and O’Leary, 2011).

Necl-1 is a member of the Necls family of cell adhesion molecules, which mediate axonal-
glial interactions (Maurel et al., 2007). Heterophilic binding between Necl-1 and Schwann
cells promotes the myelin ensheatment. Also in this case, mMRNA expression of this
molecule is preferential in large-sized neurons and the combination with NF200 suggests
their cooperation in giving rise to axons myelin ensheatment.

Parvalbumin is a calcium binding protein that acts as a calcium buffer to modulate
intracellular calcium homeostasis (Neher and Augustine, 1992), thus affecting synaptic
transmission (Mdller et al., 2007). The presence or the absence of parvalbumin in NF200+
neurons allows to recognize proprioceptive medium-to-large neurons to mechanosensitive

cells, respectively (Le Pichon and Chesler, 2014);

18



NPY2R is the neuropeptide Y (NPY) Y2 receptor and characterizes a small population of
large-sized neurons that co-express CGRP (Zhang et al., 1997). The expression of this
receptor is up-regulated after injury. YR2 is then transported centrally to the dorsal horn,
where may act as presynaptic receptor and autoreceptor for the local release of NPY. The
NPY-NPY2R binding inhibits Ca®* influx via voltage-sensitive calcium channel (Bleakman
et al., 1991) and inhibits the release of SP from the terminals, exerting an inhibitory effect
(Shi et al., 2006; Zhang et al., 1997);

TrkB is a tyrosine protein kinase receptor bound by the brain-derived neurotrophic factor
(BDNF; Merighi et al., 2008b) and also (but not exclusively) expressed by medium-large-
sized neurons, that are mainly proprioceptors.

TrkC is a tyrosine protein kinase receptor bound by the neurotrophic factor neurotrophin-3
(NT-3) that is essential for the survival during the development of large-sized
mechanoreceptors (Ernfors et al., 1994; Farifas et al., 1994).

In addition, large-sized DRG neurons present the vescicular glutamate transporter 1
(vVGLUT1; Brumovsky et al., 2007), a small amount of T-type low threshold Ca** current
(Scroggs and Fox, 1992), the acid-sensing ion channel DRASIC (Xie et al., 2002) and the
low affinity neurotrophins receptor p75 (Zhou et al., 1996).

Small-sized neurons (10-30 um, 60%; Figure 1.8) are divided in two main categories based on the

peptide content: the peptidergic and the non-peptidergic neurons (Hunt and Rossi, 1985).

Peptidergic neurons (30-45%) are small-to-medium neurons, mainly characterized by the

expression of calcitonin gene-related peptide (CGRP) and substance P (SP; Merighi et al., 1991,

Salio et al., 2005). Peptidergic neurons differentiate under the control of the nerve growth factor

(NGF, Crowley et al., 1994) and can be identified with the following markers:

CGRP occurs in virtually all peptidergic neurons, which may represent up to 47% of all
DRG neurons (Kestell et al., 2015). CGRP is the gold standard for labelling peptidergic
primary sensory neurons (Basbaum et al., 2009). Its expression is not restricted to small-
sized neurons but is also present on DRG neurons with somata larger than those of
nociceptors, whose fibers are Ad (33%) or Aa/B (17%; McCarthy and Lawson, 1990).
CGRP is co-expressed with SP (60%) and with the capsaicin receptor TRPV1 (Kestell et al.,
2015). Recurring to genetic ablation, McCoy et al. (2013) demonstrated that CGRP is
mainly involved in the regulation of noxious heat, capsaicin sensitivity and itch, but has a

secondary role also on thermoregulation.
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Substance P (SP) occurs in up to 33% of DRG neurons (Kestell et al., 2015). SP released at
spinal cord level enhances nociceptive transmission and leads to central sensitization in
chronic pain, while at the periphery, plays a crucial role in cutaneous antidromic events,
such as extravasation, vasodilatation and regulation of sympathetic ganglia activity (Cuello,
1987). Virtually, all SP-containing neurons express CGRP, while less than half also express
the neurotrophic factor BDNF (Salio and Ferrini, 2016).

Somatostatin (SST) occurs in 12% of DRG neurons (Shi et al., 2014) as a regulatory
peptide that acts exerting an inhibitory effect both on dorsal horn and DRG neurons. Almost
all SST neurons are CGRP+ , but SP negative, thus constituting a different subpopulation of
peptidergic neurons (Salio and Ferrini, 2016);

BDNF (brain-derived neurotrophic factor) is expressed in about 25% of CGRP+ neurons,
that also express SP (Salio and Ferrini, 2016).

GDNF (glial cell line-derived neurotrophic factor) is expressed in about 20%o0f CGRP+
neurons, that also express STT (Salio and Ferrini, 2016).

Transient receptor potential vanilloid 1 (TRPV1) occurs in 49% of DRG neurons
(Kestell et al., 2015) and results activated by noxious heat (>42°C) or chemical substances
mimicking heat (e.g. capsaicin). Experiments performed on TRPV1-knockout mice confirm
a reduction of thermal hyperalgesia in inflammatory condition (Caterina et al., 2000).
Almost all CGRP+ and SP+ are also TRPV1+ (94%). Interestingly, around 20% of TRPV1+
neurons are negative for both CGRP and 1B4 staining, revealing that this two categories are
not totally comprehensive of small diameter neurons (Cavanaugh et al., 2011);

TRPAL, a channel expressed in a subset of TRPV1+ neurons, is activated after direct
exposition to chemical irritants (e.g. mustard oil) or indirectly, through the activation of
cellular mechanisms linked to calcium or to G protein-coupled receptors (Guimaraes and
Jordt, 2007);

TRPMS8 occurs in 10% of DRG neurons, in a subset of TRPV1- and TRPAL- negative
peptidergic neurons. TRPMS8 neurons are associated with both C or Ad fibers and encode
cold pain (<18°C) stimuli (McKemy, 2007);

TrkA is the high affinity receptor for the nerve growth factor NGF and is responsible for
mediating NGF effects on neurons survival and differentiation during the development
(White et al., 1996).

NP1YR is the receptor for NPY expressed on CGRP+ neurons. The binding NPY -receptor
inhibits Ca®* influx via voltage-sensitive calcium channel (Bleakman et al., 1991) and

inhibits the release of SP and CGRP from the terminals, exerting an inhibitory effect (Shi et
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al., 2006; Zhang et al., 1997); controversially, experiments in which NPY were injected in
the hindpaw of rats with a partial transaction of sciatic nerve showed that this peptide
worsen mechanical hyperalgesia, while improving thermal hyperalgesia (Tracey et al.,
1995).

Non-peptidergic neurons (30-40%) are small nociceptive and non-nociceptive neurons associated
with C fibers. Although they are under the control of NGF at the early developmental stages, they
differentiate in the mature form under the control of GDNF (Molliver and Snider, 1997). Non-

peptidergic neurons can be identified with the following markers:

- 1B4 is the classical marker for non-peptidergic neurons, so called for the presence, on the
membrane surface, of glycoproteins which are bound by the vegetal marker isolectin B4
(1B4; McCoy et al., 2013; Stucky and Lewin, 1999);

- GFRal, the GDNF family receptor 1, is the receptor preferentially bound by GDNF.
Interestingly, GFRal can transduce both in a Ret dependent and in a Ret independent way:
in the former, many intracellular pathway are activated, such as extracellular regulated
kinase (ERK), mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase
(PI2K) (Creedon et al., 1997), while Ret-independent signaling activates Src-like kinase
activity, that induces a rapid phosphorylation of cCAMP response element binding protein
(CREB) and upregulation of c-fos mRNA, involved in cell survival (Trupp, 1999);

- Ret is a tyrosine kinase receptor responsible for the correct phenotyping during
embryogenesis and neuronal activity modulator in adulthood. Ret is up-regulated while trkA
is down-regulated in a subset of small-sized neurons during the first weeks after birth,
passing from NGF-dependence to GDNF-dependence (Molliver et al., 1997a). Interestingly,
a study suggested that the glycoproteins bound by the marker IB4 are the one of the
glycosilated extracellular domain of Ret (Boscia et al., 2013). Usually, intracellular
signaling enhanced by the neurotrophic factor GDNF is mediated by the aggregation of the
receptor complex GFRa1-2/Ret, where the former acts as a binding site for the neurotrophic
factor and the latter as internal signal inducer (Trupp, 1999);

- P2X2/3 are the ATP-gated ion channels preferentially expressed by non-peptidergic
afferents. Neurons labeled with 1B4 are found in around 50% of P2X2+ neurons and 58% of
P2X3+ (Kobayashi et al., 2005);

- LAM4 antibody, which recognizes a membrane oligosaccharide different from RT97 (Dodd
and Jessell, 1985);

- FRAP, the fluoride-resistant acid phosphatase (FRAP, Nagy and Hunt, 1983);
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- MrgprD (Mas-related G protein-coupled receptor D ) occurs in around 75% IB4+
neurons and is involved in mechanical nociceptive stimulation. Many experiments
performed with double knockout MrgprD/TRPV1 showed that a partial sensing of
mechanical sensitivity was however retained, while temperature-related sensitivity was
almost completely impaired. This participation of MrgprD to temperature-sensing is
probably mediated by factors released in extreme-temperature condition and activating these
receptors (Pogorzala et al., 2013).

Not all the small-sized neurons can be precisely categorized in the peptidergic or non-peptidergic
subsets (Figure 1.8; Le Pichon and Chesler, 2014). Example of outsider neurons are the low
threshold mechanoreceptor C

CGRP 7 fiber (C-LTMR; Bourane et al.,

2009), even if some authors
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From “The functional and anatomical dissection of somatosensory
subpopulations using mouse genetics”,Le Pichon and Chesler (2014). (Vrontou et al., 2013).

positive  affective  valence

Electrophysiological properties. DRG neuron populations are also heterogeneous regarding their
functional features, including, conduction velocities (CVs), their receptive properties and somatic

action potential (AP) configuration (Harper and Lawson, 1985; Yoshida et al., 1978).

In the work “Electrophysiological differences between nociceptive and non-nociceptive dorsal root
ganglion neurons in the rat in vivo” Fang et al. (2005) analyzed in vivo different

electrophysiological parameters of rat DRG neurons:
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CV. Within C fiber subset, non-nociceptive low threshold mechanoreceptor (C-LTM) and
the nociceptive mechano-cold receptor (C-MC) show the fastest CVs, while nociceptive
neurons for mechano-heat (C-MH) sensation the slower. Within Ad fiber subset, the faster
are the HTM while, within Ao/p subset, the non-nociceptive LTM and the nociceptive MC;
AP Kkinetics. Non-nociceptive LTM show faster AP kinetics than nociceptors in all CV
subsets. In addition, many works reported an inverse relationship between somatic AP
duration and CV (Harper and Lawson, 1985; Rose et al., 1986). AP rise time and fall time
analysis reveal, as expected, that these components are both shorter in non-nociceptive LTM
neurons than in nociceptors;

AP overshoot. Nociceptors show larger AP overshoot than non-nociceptive LTM neurons.
Within the single subsets, a difference is found only in C fiber group, whose MC has the
smallest overshoot;

AP frequency. Nociceptors show the lower level of electrotonic response to trains of
electrical stimuli and, between subsets, the C fiber group has the lower frequency in
absolute;

AHP duration. Nociceptors show larger AHP duration than non-nociceptive LTM neurons.

Cell-specific AP configurations are determined by Na*, Ca** and K* voltage-dependent ion

channels:

Na'channels influence AP rise time and, subsequently, AP duration and CV. An example is
the greater AP overshoot of nociceptors, which can be the result of voltage-gated Na
*channel Nav1.8, one of the main responsible for inward Na* current in small-sized DRG
neurons (Herzog et al., 2001). The others Na* channels most expressed by nociceptors are
Navl.7 and Navl1.9 and, together with Nav1.8, contributing to their AP profile (Djouhri et
al., 2003a; Fang et al., 2002);

K*currents resulting from voltage-gated and Ca** -activated K* channels modulate the
duration of AHPs in nociceptors, while other K™ currents (e.g. Ia fast transient or Iy
hyperpolarization-activated) may influence AP frequency differences between the subsets
(Vogalis et al., 2002).
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Large-sized and small-sized neurons are also characterized by the pattern of Na* and K* channels

they express:

Large-sized neurons

Na" channels that characterize large-sized DRG neurons are tetrodotoxin sensitive (TTX-S),
namely Navl.1l, Navl.6 and Navl.7 (Ho and O’Leary, 2011). Navl.l and Navl1.6 are
preferentially expressed in medium to large DRG neurons (Black et al., 2004) while Nav1.7
is broadly expressed in all DRG neurons (Black et al., 1996). 10-30% of large-sized DRG
neurons express TTX resistant (TTX-R) Nav1.8 (Djouhri et al., 2003b) and, in addition,
present high levels of NF200 and Necl-1 mRNA, typically associated to fast conducting
myelinated neurons (Lawson et al., 1993; Maurel et al., 2007);

K" channels are the most numerous and broad class of ion channels in neurons. Large-sized
DRG neurons are mainly characterized by dendrotoxin sensitive (DTX-S) sustained and
delayed rectifier-type channels Kv1.1/Kv1.2 (Figure 1.9; Pearce and Duchen, 1994; for
details

Tsantoulas and McMahon, 2014).

Small-sized neurons:

Na" channels that characterize small-sized peptidergic neurons are the TTX-R Nav1.8 and
Nav1.9. The former encodes for a slowly-gating current responsible for the majority of
depolarizing inward current during AP (Blair and Bean, 2002), while the latter encodes for a
slowly-gating channel that underlies a persistent current (Dib-Hajj et al., 2002). These
channels are the predominant Na* channels expressed in small neurons. In non-peptidergic
IB4+ neurons, Na* channels account for one half as TTX-R Nav1.8, while over 70% are
Nav1.9 (Fjell et al., 1999). Studies revealed that Nav1.9 has a more negative midpoint
inactivation than Nav1.8 and a lower threshold for activation (Tate et al., 1998), and this
difference could justify the more hyperpolarized activation and inactivation of TTX-R
voltage-dependent steady state currents in IB4+ neurons. The TTX-S Nav1.7 is also present
in both small-sized neurons populations, being the most broadly expressed Na* channel in
DRG neurons (Black et al., 1996);

K* channels mainly express a DTX resistant transient or A-type K current, whose feature
well-fit with the involvement of Kv4.2 and Kv1.4 (Figure 1.9; Tsantoulas and McMahon,
2014; for details).
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FIGURE 1.9 EXPRESSION OF K" CHANNELS IN PRIMARY SENSORY NEURONS.
From “Opening path to novel analgesics: the role of potassium channels in chronic pain”
(Tsantoulas and McMahon, 2014).

1.2.2.2 SATELLITE GLIAL CELLS (SGCs)

Satellite glial cells (SGCs) are glial cells that cover the surface of nerve cell bodies in sensory,
sympathetic and parasympathetic ganglia. The soma of sensory DRG neurons in adult animals is
typically enwrapped, together with its initial axonal segment, by an individual satellite cell sheath
and sharply separated from the adjacent neurons (Figure 1.10). Each soma, together with its glial
ensheatment, forms a discrete unit which is electrically insulate from neighboring neurons (Pannese,
1981). However, sensory neurons sharing the same satellite cell ensheatment, with their
cytoplasmic membrane in direct contact, are occasionally found. The organization assumed by
SGCs can be distinguished in monolayer and flattened pattern or multilayer overlapping pattern,
and this arrangement can change within a single discrete unit, passing from 4-6 pum to 40-50 pm.
Instead, the distance between glial cells and neurons is around 20 nm. SGCs exhibit a laminar
structure, lacking long, branching processes but presenting lamellar expansions and microvilli,
mostly on the inner surface of the sheath. This organization greatly increases the surface of SGCs
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and, as a result, the ratio between surface and volume. Microvilli are also present on neurons, fitting
the invagination of glial cells and increasing in turn their surface to have a higher chance of
chemical exchange (Hanani,
2005). The complete
ensheatment characteristic  of
each discrete unit is unique and
not detected in other areas of the
CNS. Different studies showed
that there is a direct relationship
between the number of SGCs

forming the envelope and the

FIGURE 1.10 THE SENSORY NEURON-SGC UNIT. size of the enwrapped neuron.
From ‘_‘Satellite glial cells in sensory ‘igang_lia:fromform tofunctior_z 7, _ The need of more SGCs to
Hanani (2005). sc SGCs, ct connective tissue, Ny.¢ neurons. Calibration ) ) ) )

bar 2 pm. sustain bigger cells is consistent

with the hypothesis that these
cells play a role in metabolically supporting sensory neurons (Ledda et al., 2004; Pannese, 1981).
SGCs do not form a complete barrier allowing the passage of ions, micro and macromolecules and
macrophages, but are able to slow down this diffusion, probably having an important role in the
control of molecule trafficking (Pannese, 1981).

SGCs are in communication
each  other through gap
junctions, that permit the
passage of ions and molecules
up to 1 kDa (Spray, 1996).
SGCs were identified as “dye-
coupled” (Figure 1.11) by

injecting low-molecular weight

tracer molecules in their

FIGURE 1.11 DYE-COUPLING OF SGCS.
From “Satellite glial cells in sensory ganglia: from form to function”,  cytoplasm (Hanani et al., 2002).

Hanani (2005). Dye injected cell indicated with the asterisks, arrows for the

i 0
dye-coupled cells. Calibration bars 20 um. In particular, 21% of the SGCs

injected were dye-coupled and
around 3% of SGCs tend to dye-coupled with SGCs that were enveloping adjacent neurons (Hanani

et al., 2002). Moreover, the degree of coupling seems to be sensitive to the extracellular pH,

26



increasing with slightly basic pH (around pH 8.0) and decreasing with more acidic pH (pH 6.8)
(Huang et al., 2005).

Among the different SGCs functions there is the control of the microenvironment surrounding
sensory neurons. SGCs are able to uptake substances as glutamate, then converted through vary
enzymes in glutamine, malate and lactate which are essential for neurons (Miller et al., 2002). SGCs
can control the level of external K*, acting as spatial buffering system. SGCs are sensitive to
chemical stimuli, inflammatory substances and pain mediators: the nitric oxide (NO) synthase is
contained in 5% of DRG neurons, while SGCs express guanylate cyclase, which synthesizes cyclic
GMP after activation via NO stimulation. It was hypothesized that neurons release NO to
communicate with SGCs, which in turn reply releasing arginine, a fundamental precursor of NO
(Aoki and Semba, 1992). Cyclic GMP can influence both membrane properties and synaptic
transmission, while NO has a protective role at low-dose, inhibiting enzymes associated with
apoptosis, and a toxic effect at high-dose (Zhang and Snyder, 1995).

SGCs express both the specific receptor for the peptide endothelin, involved in the transmission of
pain signals (Pomonis et al., 2001), and bradykinin, which acts inducing an inward current in SGCs
that can contribute to the sensitization in pathological condition (England et al., 2001). SGCs also
express ATP receptors P2Y, whose activation induces an increase of intracellular Ca** (Weick et al.,
2003). Interestingly, Rozanski et al. (2013) have highlighted how this receptor is important for
SGCs-neurons  communication,
being part of the so called
“sandwich synapses™: different
neurons  can  communicate
through SGCs using a transglial
transmission model, where the
first neuron releases ATP to
activate P2Y receptors on the
SGC interposed and in turn this

glial cell releases Ca®* from

intracellular stores, triggering the

release of a second transmitter to

FIGURE 1.12 RELATIONSHIP BETWEEN SGCS AND DRG . . .
NEURONS. activate the first neuron itself or

From ”Role of satellite cells in gastrointestinal pain”’, Hanani (2015). another neuron (Figure 1.12).
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Finally, SGCs can take up neurotrophins, such as NGF and BDNF, from the external environment
to reduce the accumulation and the neural activation induced by these molecules or to compensate
their lacking, by releasing them from the storage sites (Aoki and Semba, 1992).

All together these findings evidence different main roles for SGCs: a mechanical support for
neurons, considering the tight association with neurons and between different SGCs and the
presence of a high content of microtubules and filaments in SGCs cytoplasm; a control of micro and
macromolecules trafficking to and from neurons; a metabolic support; a buffering regulation of
extracellular environment regarding ions and peptides; a regulatory control of neuronal
communication. All these mechanisms may play an important role in the development of altered

neuronal excitability under pathological conditions (Dublin and Hanani, 2007).

1.3 DIABETIC NEUROPATHY: ETIOLOGY, PATHOLOGY AND ANIMAL
MODELS

1.3.1 ETIOLOGY OF DIABETIC NEUROPATHIC PAIN

In accordance with data from World Health Organization, the number of people with diabetes
mellitus (DM) has risen from 108 million in 1980 to 422 million in 2014. The global incidence of
DM among adults has risen from 4.7% in 1980 to 8.5% in 2014. In 2015, an estimated 4.6 million
deaths were directly caused by DM and other 2.2 million deaths were already attributed to high
blood glucose in 2012. DM is a group of metabolic diseases that share the occurrence of
hyperglycemia, which is consequent to defects in insulin secretion, action or both (Ventura-
Sobrevilla et al., 2011). Type 1 diabetes mellitus (T1D, insulin-dependent) recurs in 5% of diabetic
population and is characterized by a progressive autoimmune impairment of insulin-producing
pancreatic [ cells, that causes insulinopenia and systemic hyperglycemia. Microangiopathy
complications are common, while macroangiopathy and metabolic syndrome are exceptional. Type
2 diabetes mellitus (T2D, non insulin-dependent) is the most common form and recurs in 95% of
the total diabetic population. Generally, it is the result of the combination of genetic background,
diet and sedentary lifestyle, which develops in insulin resistance and prediabetes, precursor of
hyperglycemia and diabetes (O’Brien et al., 2014). Prediabetes is a condition characterized by
impaired glucose tolerance, which implies a non-diabetic high blood glucose level and an increased
risk of cardiovascular pathology. Prediabetes is recognized as contributor factor of the development
of idiopathic neuropathy in non-diabetic patients and the precursor stage of diabetes mellitus. The
high blood glucose level that characterizes diabetes is also the leading factor of micro and

macrovascular complications, resulting from cellular dysregulation and damage. Macrovascular
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alterations underlie conditions as dilated cardiomyopathy and atherosclerosis, while microvascular
alterations are involved in the development of nephropathy, retinopathy and neuropathy (Sullivan et
al., 2008). The most common complication is diabetic neuropathy, which occur in approximately
50% of all diabetic patients (for in-depth analysis see Figure 1.13 and Singh et al. 2014).
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FIGURE 1.13 SEQUENTIAL EVENTS LEADING TO DIABETIC NEUROPATHY.
Modified from “Diabetic peripheral neuropathy: current perspective and future direction”, Singh et al. (2014).

Diabetic neuropathy includes a number of distinct syndromes: peripheral neuropathy, which is the
most common and causes pain or loss of sensation in the limbs extremities; autonomic neuropathy,
which causes altered functions of internal organs as bowel, bladder, lungs and hearth; proximal
neuropathy, which affects the top part of the lower limbs, as thighs, hips and buttocks; focal
neuropathy, which can affects any single of group of nerves in the body, causing pain or muscle
weakness (NI1H, 2009).

Symmetric sensory polyneuropathy, referred to as diabetic polyneuropathy (DPN), is the most
common complication of patients affected by type 1 and type 2 diabetes. Symptoms of DPN are
considered manifestations of dysfunction of the somatosensory system, so their clinical features
vary according to the type and the length of nerve fibers involved. Complications against small-
sized thinly myelinated Ao fibers and unmyelinated C fibers, responsible for temperature and pain

stimuli transduction, can cause hyperalgesia and allodynia (increased sensitivity to painful and
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innocuous stimuli, respectively). Dysfunction of myelinated AP fibers, normally transducing

mechanosensation, can result in sensory ataxia and decreased proprioception (O’Brien et al., 2014).

Patients with DPN present pain symptoms in 10-20% of the cases, with a prevalence of type 2
diabetes on type 1 (35% vs. 22%), of females on males (38% vs. 31%) and with variability between
ethnic groups (Lawson and Backonja, 2013). Thus, pain is not a universal feature of patients with
clinically assessed DPN and this discrepancy highlights the lack of a consistent pathogenic
mechanism that link diabetes to neuropathies and neuropathies to pain. In fact, although neuropathic
pain is a common manifestation of altered function of the nervous system in patients affected by
DPN, a frequent sign is also represented by sensory loss. Occasionally, pain symptoms and sensory
loss can be both present at the same time (Lawson and Backonja, 2013). Indeed, loss-of-function
signs associated with peripheral lesions may results in spontaneous pain due to ectopic activity
(Maier et al., 2010). DPN is characterized by a progressive nerve degeneration from distal to
proximal areas and this mechanism was considered responsible for both neuropathic pain and
disappearance of pain over the time. The mechanisms that bring to a painful or a painless DPN are
still poorly understood, but some studies had highlighted a link between cutaneous reinnervation by
epidermal small-sized fiber terminations and a reduction of the neuropathic pain (Smith et al.,
2006). These findings, which are focused on the distal region of sensory axons, reawakened the
theories that peripheral nerve alterations have a main role on pain rise. Aside from nerve
degenerations, also an increased level of inflammatory molecules as ICAM, a marker of endothelial
dysfunction, and C-reactive protein were found in patients with painful diabetic neuropathy and not
in the painless one (Doupis et al., 2009). However, many other inflammatory markers did not vary
between diabetic patients with and without pain symptoms, and currently there are no direct
evidences linking chemical or physical alterations related to diabetes or neuropathies and the
presence of pain (Lawson and Backonja, 2013). Interestingly, rat model of type 1 and type 2
diabetes can present in a stable fashion an early thermal hyperalgesia that can possibly progress in
hypoalgesia. The persistence of a hyperalgesic state seems to be linked to the presence of residual
endogenous or exogenous insulin, whereas the passage to an hypoalgesic state seems to follow the
depletion of heat-activated epidermal fibers. Moreover, the block of glucose metabolism prevents
the thermal hyperalgesia and the following hypoalgesia (Calcutt et al., 2004), while insulin therapy
reverse hypoalgesia only (Chu et al., 2008). These findings suggest that the main feature of
hyperalgesia is hyperglycemia, while hypoalgesia depends on both hyperglycemia and marked
insulin deficiency (Lawson and Backonja, 2013). On the other hand, different studies in rat models
of type 1 diabetes provided contrasting evidence concerning the role of hyperglycemia in altering

pain behavior, supporting a main role of insulinopenia (Romanovsky et al., 2010).
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Chronic hyperglycemia and elevated blood glucose level are responsible for metabolic aberration
and contribute to nerve damage by altering several biochemical mechanisms. Even if currently none
have been found critical, they provide the rational for developing different type of therapeutic
approaches. Different hypotheses have been formulated to explain the insurgence of neuropathic

pain:

e spontaneous discharge of injured and uninjured afferent neurons (Yoon et al., 1996): pro-
nociceptive factors released during the wallerian degeneration of nerves damaged act
sensitizing the adjacent nerve terminals on uninjured fibers. The activity increase last for
few days, while neuropathic pain can endure longer, suggesting the contribute of other
mechanisms (Han et al., 2000);

e spinal sensitization: hyperactive primary sensory neurons increase the release of amino
acids on secondary neurons, causing an enhanced response to noxious stimuli (Woolf,
1993). The administration of NMDA antagonists normalize the enhanced pain because its
receptor has a role in increasing the excitability of spinal neurons via a mechanism including
SGCs and glutamate (Ferrari et al., 2014);

e upregulation of spinal dynorphin: the release of this peptide expressed in spinal interneurons
of lamina | and Il is enhanced in inflammatory condition via descending facilitatory
mechanism. The pronociceptive role of dynorphin was highlighted also by the potentiation
of CGRP-evoked release, mechanism linked to the enhancement of afferent nociceptive
input (Gardell et al., 2003a).

At the cellular level, diabetes induces the disruption of several important metabolic and intracellular
pathways (Giacco and Brownlee, 2010). For example, the alteration of the polyol pathway, which
reduces glucose into sorbitol and, then, in fructose, oxidizing NADPH and NADH. In diabetic
condition, the decrease levels of NADH and NADPH prevent the synthesis of many protective
substances, such as myo-inositol, required for nerve activity, and of scavengers of reactive oxygen
species (Giacco and Brownlee, 2010). Moreover, glucose reduction products can bind in a non-
enzymatic way proteins and lipids, producing advanced glycation end-products. Glycation can alter
the function of involved proteins, as laminin, collagenase and fibronectin, essential for nerve
regeneration. The result of this aberrant mechanism is the induction of oxidative stress, cytokines
secretion, extracellular matrix degradation and inflammatory pathway activation (Nascimento et al.,
2016). In addition, high blood glucose level promotes a dramatic activation of protein kinase C
(PKC), which increases radical oxygen species, apoptosis, accumulation of matrix and inhibition of

NO production (Giacco and Brownlee, 2010). A common point of the previous alterations is the

31



mitochondrial reactive oxygen species production: intracellular hyperglycemia increases the voltage
across the mitochondrial membrane, preventing the formation of superoxide and causing the
accumulation of oxygen radicals. Upstream, there is the inhibition of the key glycolytic enzyme
glycerldehyde 3-phosphate dehydrogenase (GAPDH), which catalyzes the glycolysis steps and
breaks down glucose for energy and carbon molecules. If GAPDH is impaired, all the intermediates
levels of glycolysis increase, causing the impairment described above in this paragraph (Giacco and
Brownlee, 2010).

1.3.2 ANIMAL MODELS OF DIABETIC NEUROPATHY

As endocrine disorders, T1D and T2D outline quite a complex disease, involving several bodily
systems. Considering that, animal models should be chosen carefully, depending on which aspects
of the disease is going to be investigated. Most of the experiments are performed on rodents, even if
some studies still recur to larger animals. In most of the cases, diabetes is chemically- or
nutritionally-induced to allow reproducible laboratory conditions and unambiguous diabetic
phenotype. In other studies, diabetic-induced alterations are studied in spontaneous occurring
animal models of T1D and T2D, which may more accurately mimics some aspects of human
pathology (see Table 1.1 and Table 1.2 modified from Rees and Alcolado, 2005; King, 2012). In the
last years, molecular biological techniques have helped to develop a large number of new models
for the study of diabetes as knock-in, generalized knock-out and tissue-specific knock-out (Rees and
Alcolado, 2005).

TABLE 1.1 Animal models of type 1 diabetes (T1D).
Induction mechanism Model Main features

High dose STZ Simple model_of
hyperglycemia

Chemical Induction Alloxan
Multiple low dose STZ Model of induced insulitis
NOD mice
Spontaneous autoimmune BB rats B cells depletion

LETL (Long Evans
Tokushima lean) rat

New Zealand white rabbit
Other animal species Keeshond dog

Celebes black ape
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TABLE 1.2 Animal models of type 2 diabetes (T2D).

Induction mechanism

Obese models (monogenic)

Model
Ob / Ob mouse— (leptin
deficient)

db / db mouse— (leptin
resistant)

Zucker (fa / fa) rat— (leptin
resistant)

NSY mouse

AKITA mice

Main features

Obesity-induced
hyperglycemia

Obese models (polygenic)

KK mouse

OLETF rat

NZO mice
TallyHo/Jng mice

NoncNZO10/LtJ mice

Obesity-induced
hyperglycemia

Induced obesity

High fat feeding

Israeli sand rat

Fat-fed streptozotocin-treated
rat

Obesity-induced
hyperglycemia

Non-obese model

Goto Kakizaki rat

Hyperglycemia induced by
insufficient 3 cell
function/mass

Spontaneous model

CBA/Ca mouse

Diabetic Torri rat

New Zealand obese mouse

Obesity-induced
hyperglycemia

Mouse models provide fundamental tool to study pathogenesis, prevention and treatment of

diabetes-related complications, as DPN. Their main advantages are the lower cost, the ease of

genetic manipulation and the simple breeding. To minimize inter-investigator variability,

standardize phenotyping and diabetic-assessment protocols, but also identify novel animal models,
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NIH formed the Diabetic Complications Consortium (DiaComp). DPN phenotyping protocols
check behavioral responses, nerve conduction velocity (NCV) and anatomical alterations. The
analysis of behavioral responses to thermal or mechanical stimuli allows to assess allodynia,
hyperalgesia or hypoalgesia: regarding thermal alterated sensitivity, tail-flick and thermal hindpaw
withdrawal tests are recommended, while for mechanosensory alterations the VVon Frey filaments
and the mechanical hindpaw withdrawal. The analysis of NCVs allows to assess the nerve function
and represents the gold standard for identifying electrophysiological neuronal impairments. Instead,
analysis of anatomical alterations may concern the intraepidermal nerve fiber densities (IENFD),
which is a marker of small-sized fibers alterations. In addition, it is important to assess the
metabolic phenotype through body weight, fasting blood glucose level and impaired glucose
tolerance (O’Brien et al., 2014). Of course, the analysis could be deeper and also consider glycated

hemoglobin, plasma insulin, cholesterol and triglycerides levels.

1.3.2.1 MURINE MODELS OF T1D

Streptozotocin-induced diabetes. STZ is a broad-spectrum antibiotic produced by Streptomyces
achromogenes, it has a structural similarity with glucose and is taken up by pancreatic f cells via
glucose transporter 2, causing the death of the cells by DNA fragmentation and impairment of
glucose transport (Ventura-Sobrevilla et al., 2011). DiaComp recommends to induce hyperglycemia
with a single high dose of STZ (SHD; approximately 150 mg/kg) or multiple low doses (MLD; 50
mg/kg/day for 5 days). Both protocols cause diabetes and the development of neuropathic
phenotype, but some crucial differences exist:

i) the SHD-STZ model induces a severe neuropathy lasting until 12 weeks after
injection and is characterized by variable alterations of sensory profiles including
increased thermal latency and decreased mechanosensitivity, NCV and IENFD
(Ventura-Sobrevilla et al., 2011). However, a high toxicity and in some cases
mortality escorts this approach;

i) the MLD-STZ model is less toxic, with a gradual death of B cells, increase of
glycemia and lymphocytic pancreatic infiltration, which mimic the human pathology.

However, this model shows moderate or absent neuropathy (McEvoy et al., 1984).

Spontaneous nonobese diabetic mice (NOD mice). NOD mice present an heritable polygenic
immunodeficiency against B cells, mediated by CD4+ and CD8+ T cells, that causes a diabetes
similar to the human one at around 4 weeks of age (Pearson et al., 2016). Given the polygenic basis

of this model, the development of diabetes is susceptible of variations. Thus, some studies showed
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that hyperalgesia developed around 8 weeks of age and hypoalgesia at 12 weeks (Gabra and Sirois,
2005).

Akita (B61ns2”%™ ) mice. Akita mice model is characterized by a point mutation of Ins2 insulin
gene, which causes an impaired insulin secretion and a subsequent hyperalgesia. The diabetic
phenotype starts to develop at 7 weeks of age with a reduction of the NCV around 16 weeks of age,

even if the DPN faces a slow progression (Sullivan et al., 2008).

“Humanized mouse” model. New models have been recently developed to mimic the human
pathologies more accurately. An example for type 1 DM is the development of a “humanized
mouse”: immunodeficient mice were engrafted with human  cells and components of immune

system, in order to reproduce the environment of type 1 diabetic patients (Brehm et al., 2012).

1.3.2.2 MURINE MODELS OF T2D

Monogenic obesity models. Spontaneous models of type 2 DM are often based on monogenic
modifications that impaired leptin signaling and produce a severe nerve deficit. Leptin is a hormone
secretes by adipocytes after meals and influences appetite by hypothalamic signaling. Monogenic
modifications can be against leptin itself (ob/ob mice) or against its receptor (db/db mice), causing
an impairment of leptin action and the induction of a diabetic metabolic profile after the
development of hyperphagia and consequent obesity, hyperglycemia and hyperinsulinemia. Db/db
mice develop diabetes at 4 weeks of age, bypassing prediabetic stage, and develop hyperalgesia and
allodynia between 8 and 12 weeks of age, with severe sensory and motor NCV deficits and
morphological alterations (Sullivan et al., 2007). Ob/ob mice are a mild type of type 2 DM and are
considered a typical model of obesity and hypoalgesia. They develop impairments of motor and
sensor NCV around 11 weeks of age, showing chronic hyperglycemia, thermal hypoalgesia and
tactil allodynia (Drel et al., 2006).,

Polygenic obesity models. KKmice, NZO mice, TallyHo/Jng mice, NoncNZO10/LtJ mice are a
variety of different polygenic models for obesity, glucose intolerance and diabetes. Unlike the

monogenic models, there are no wild-type controls (Leiter, 2009)

Diet-induced models. Mice develop obesity after a high-fat diet and show a gradual onset of
metabolic alterations, mimicking human pathology. They exhibit prediabetes features as weight
gain, increased adiposity, mild hyperinsulinemia, impaired glucose tolerance and normoglycemia.
Although the lacking of frank hyperglycemia, these mice display increased sorbitol pathway

activity in the peripheral nerve, as well as oxidative stress, accumulation of DNA damage and a
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prolonged inflammatory response in peripheral nerve and DRG neurons. Notably, a 6-weeks
feeding with normal fat diet after 16 weeks on high fat diet reduced tactile allodynia and essentially
corrected thermal hypoalgesia and sensory nerve NCV deficit (Obrosova et al., 2007). Diet-induced
mice are employed as model for neurologic pathophysiology related to prediabetes (O’Brien et al.,
2014).

See Table 1.1 and Table 1.2 for a summary of the main advantage and disadvantages of the above

models.

1.4 NEUROTROPHIC FACTORS IN NOCICEPTIVE TRANSMISSION AND
PATHOLOGICAL PAIN

Neurotrophic factors are a group of molecules supporting growth, survival, and differentiation of
both developing and mature neurons. They are classified into three main families: the neurotrophin
family, the GDNF family and the CNTF family (Connor and Dragunow, 1998). Here will be
discussed more in detail the first two families (Figure 1.14; Boucher and McMahon, 2001), being
strictly implicated in the survival of sensory neurons during the development (Farifias et al., 1994;
White et al., 1996; Molliver et al., 1997a; Marmigere and Ernfors, 2007), in the regulation of
physiological properties during adulthood as well as in pathological conditions (Bardoni and
Merighi, 2009; Bardoni et al., 2007; Ernfors et al., 1994; Lewin et al., 1994; Trupp, 1999).

NGF BDNF NT-3
BDNF NT-4/5
NT-3 NGF
NT-4/5
] NEUROTROPHIN
FAMILY

## \ RET

GDNF
FAMILY

FIGURE 1.14 NEUROTROPHIN AND GDNF FAMILIES OF NEUROTROPHIC FACTORS.

Top Neurotrophin family ligands bind to specific Trk receptors, while all bind p75 receptor, resulting in their
dimerization. Each receptor can activate different signaling pathways. Bottom Glial cell line-derived neurotrophic
factor (GDNF) ligands activate several intracellular pathways via the signal transducer Ret after binding the specific
GDNF-family receptors-a (GFRa). NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor; NT-3/4/5,
neurotrophin 3/4/5; NRTN, neurturin; ARTN, artemin; PSPN, persephin.
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The Neurotrophin family is composed by nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5).

NGF. NGF promotes the survival of DRG neurons during both development and adulthood, by
binding the high-affinity receptor trkA and/or the low-affinity receptor p75. The binding of trkA by
NGF induces the dimerization and the phosphorylation of the receptor, with the consequent
activation of the PI3K/Akt and the MEK/MAP enzymatic cascades, controlling neural survival and
neurites growth. Experiments performed on NGF-null and trkA-null mice showed a critical
reduction of different neurons, among which the sensory neurons, as well as an impaired phenotypic
differentiation and a defective cutaneous innervations, proving the absolute need of NGF during
development (Barde et al., 1982).

Although NGF appears to be fundamental for DRG neuron development, many studies proved its
functional role in nociception and in the development of chronic pain. Specifically, in vivo
injections of NGF are directly responsible for the induction of thermal and mechanical hyperalgesia
both in rats and mice (Lewin et al., 1993; Malin et al., 2006). NGF causes sensitization of TRPV1
cation channel (Shu and Mendell, 2001), that under normal condition tends to desensitize after
repeated activation. This sensitization is due to different mechanisms: trkA activation by NGF
activates numerous Kinases, such as tyrosin kinase Src via PI3 kinase, serine/threonine kinases PKC
(Bhave et al., 2003), PKA (Shu and Mendell, 2001) and calcium/calmodulin-dependent kinase 1l
(Shu and Mendell, 2001), inducing the phosphorylation and the consequent induction of TRPV1
Ca®" transients (Zhang et al., 2005). In addition, trkA activation causes the depletion of
phosphatidylinositol-4,5-biphosphate (PIP;2) via phospholipase Cy (PLCy) which is an inhibitor of
TRPV1, determining the loss of an endogenous regulatory mechanism (Prescott and Julius, 2003).
NGF administration also increases expression of TRPV1 (Donnerer et al., 2005) and its insertion to
the plasma membrane (Zhang et al., 2005). Eventually, NGF also recurs to bradykinin intracellular
pathway, a mediator of sensitization able to reduce the heat threshold of TRPV1 (Cesare et al.,
1999). The partial denervation of peripheral tissue causes the increased availability of NGF in the
target site for remaining uninjured afferents, producing an ectopic activity generation (Ali et al.,
1999). All together these mechanisms cause an increased activity of TRPV1 in sensory neurons,
with the additional release of excitatory mediators such as SP and CGRP, that potentially contribute

to hyperalgesia (Lewin et al., 1994).

BDNF. BDNF exerts its trophic and neuromodulatory effects by acting on the high-affinity
specific receptor trkB (Middlemas et al., 1991; Kaplan and Stephens, 1994). Under physiological
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conditions, it is mainly synthesized in primary sensory neurons and released in an activity-
dependent manner at the spinal cord level through anterograde transport (Michael et al., 1997). The
modality of transport and release are similar to those observed for conventional neurotransmitters,
thus suggesting a role for BDNF as neuromodulator (Merighi et al., 2008a; Merighi, 2016). In small
and medium size peptidergic neurons this neurotrophin co-localizes with CGRP (41%; Salio and
Ferrini, 2016) and trkA (21%; Merighi et al., 2008), while just 10% of DRG neurons are
BDNF+/trkB+ and trkA- (Salio et al., 2005). To verify the precise peptidergic expression of BDNF,
Salio and Ferrini (2016) characterized the relationship of this neurotrophic factor with peptidergic
markers SP and STT (Salio and Ferrini, 2016): around 40% of BDNF+ neurons also express SP
and, considering that SP+ population is a subset of CGRP expressing neurons, this 40% should be
BDNF/SP/CGRP+ (Salio et al., 2005). Conversely, no co-expression was found between BDNF and
STT (Salio and Ferrini, 2016). A significant number of BDNF+ neurons appear in neither
peptidergic nor non-peptidergic, suggesting the expression of this neurotrophic factor in non-
nociceptive populations too (Salio and Ferrini, 2016). In physiological conditions, BDNF is stored
with SP and CGRP in the central primary afferent terminals in the spinal dorsal horn (Salio et al.,
2005), and once released, induces an increase of glutamatergic NMDA-mediated EPSCs in spinal
neurons (Merighi et al., 2008b). In presence of thermal, mechanical or chemical noxious
stimulation, BDNF receptor trkB phosphorylation is increased, activating intracellular signals
transduction as MAP kinase pathway, which may induce long-term plasticity (Pezet et al., 2002).
TrkB receptor is expressed both on post- and pre-synaptic terminals in lamina Il (Salio et al., 2005),
where it induces channel properties modifications, as increasing opening time or enhancing
transmitters release (Merighi et al., 2008a). Moreover, BDNF may also have indirect inhibitory
effects, being trkB expressed on GABAergic terminals of some inhibitory interneurons in lamina Il,
where its activation increases the spontaneous release of GABA and glycine (Bardoni et al., 2007)

However, the role of BDNF in neuropathic pain has been debated in past studies, due to its multiple

mechanisms of action (Merighi et al., 2008a).

By using conditional knock-out mice to block the expression of BDNF in nociceptive sensory
neurons, Zhao et al. (2006) assessed that BDNF play a key role in the development of inflammatory
pain and secondary hyperalgesia, rather than chronic neuropathic pain. On the other hand, BDNF
released from spinal microglia in neuropathic pain was found to cause pain hypersensitivity by

disrupting synaptic inhibition onto lamina I neurons (Coull et al., 2005).
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NT-3. NT-3 has a fundamental role in promoting survival of sensory neurons during development
and neurites sprouting (Wang et al., 2015), by acting through its high-affinity receptor trkC. TrkC is
mainly expressed in large-sized myelinated neurons (Wang et al., 2015) and the bound with NT-3
elicits mechanical hypoalgesia and inhibits SP release (Malcangio, 1997), which is not induced in
neuropathic condition (Boucher et al., 2000). NT-3 seems to exert an anti-nociceptive effect in
neuropathic pain processing, reducing the expression of pain-related channels as Nav1.8, Nav1.9
(Wilson-Gerwing et al., 2008) and TRPV1 in small-sized neurons (Wilson-Gerwing et al., 2005).
The mechanism underlying this inhibition is not fully understood, because small-sized neurons
usually do not express NT-3 receptor trkC. An hypothesis is that, under inflammatory condition,
low affinity binding of NT-3 with trkA exerts a major effect on these neurons (Kullander and
Ebendal, 1994).

NT 4/5. NT4/5 is a member of neurotrophin family, which preferentially binds trkB and
regulates survival and differentiation of neurons (Berkemeier et al., 1991). It has a role in
supporting a subclass of cutaneous sensory afferents, D-hair receptors, which are the terminal
ending of Ad fibers surrounding the base of hair (Stucky et al., 1998). These neurons account for
just 5% of the total DRG neurons (Airaksinen et al., 1996). In mice NT-4/5 7, a selective loss of
small-sized neurons, electrophysiologically identified as D-hair receptors, was observed, suggesting
that this neurotrophic factor and BDNF, even sharing the same receptor, act on different neuronal
populations (Carroll et al., 1998). In addition, it seems that NT-4/5 (unlike other neurotrophins),
requires the binding of the low affinity receptor p75 for a correct signaling via trkB (Rydén et al.,
1995). Repeated injections of a specific antibody against NT-4/5 failed to reverse the thermal
hyperalgesia in a model of sciatic nerve ligation, effect contrary compared to the abolition obtained
with BDNF, demonstrating that the bound of NT4/5 to trkB activates a different signal transduction
pathway, Shc/ERK in turn of Ras/MAPK, which is not involved in nociceptive transmission
(Minichiello et al., 1998).

The GDNF family is part of the transforming growth factor B (TGF-B) superfamily and comprises
GDNF, neurturin, persephin and artemin. These growth factors share the mechanism of signaling by
binding a receptor complex composed by the tyrosine kinase transmembrane receptor Ret and the
glycosylphosphatidylinositol (GPI)-anchored co-receptors that, depending on the ligand, are known
as GFRal (GDNF), GFRa2 (neurturin), GFRa3 (artemin) and GFRo4 (persephin).

GDNF. Since the identification in 1993 (Lin et al., 1993), GDNF has shown to be responsible

of an impressive number of effects on the nervous system. GDNF has survival effects on
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dopaminergic (Lin et al., 1993) and motor neurons (Henderson et al., 1994), as well as on 1B4+
sensory neurons in DRGs (Fjell et al., 1999). In vivo, GDNF has a neuroprotective role and
normalizes nociceptors physiology after injury, as ameliorating the reduction in conduction velocity
of C type fibers (Bennett et al., 1998) and restoring the expression of specific markers and receptors
(I1B4 binding, expression of STT, CGRP and P2X3; Figure 1.15 B; Bennett et al., 1998).

GDNF, as BDNF, is synthesized and anterogradely transported to the dorsal horn by peptidergic
sensory neurons (Ohta et al., 2001). GDNF and BDNF are expressed by distinct DRG neuronal
populations (Figure 1.15 A), with the one expressing GDNF smaller than that expressing BDNF
(Salio and Ferrini, 2016). In particular, almost all GDNF+ neurons also co-express CGRP, around
68% are also STT+, while no one co-express SP. Thus, GDNF, CGRP and SST are expressed in a
subpopulation of peptidergic neurons, phenotipically distinct from that containing
BDNF/SP/CGREP. Interestingly, 1B4+ neurons did not co-localize with BDNF or GDNF but express
the complex receptor for GDNF GFRal/Ret, which inhibits the release of glutamate on lamina Il
neurons, exerting a inhibitory effect of nociceptive signaling transmission (Bencivinni et al., 2011;
Salio et al., 2014). Functionally, GDNF preferentially binds GFRal (even if it also shows a weak
affinity to GFRa2) increasing the affinity of this co-receptor for Ret and inducing its dimerization.
Ret is thus activated via autophosphorylation of tyrosine residues, inducing the activation of
different signaling pathways as MAPK (ERK1/2), PI3K and PLCy (Figure 1.15 B; Carnicella and
Ron, 2009). These pathways are the same activated by the trk family, confirming a commonality of

mechanisms among neurotrophic factors.

The role of GDNF in modulating pain mechanisms is still controversial as both pronociceptive and
antinociceptive roles were described, depending on the type of pain condition (inflammatory vs
neuropathic), the stimulus induced (mechanical, thermal, and noxious) and the peripheral area
innervated (skin, muscle; Fang et al., 2003; Wang et al., 2003a; Malin et al., 2006; Boucher et al.,
2000; Malcangio et al., 2000; Salio et al., 2014; Merighi, 2016).

Depending on the nature of the animal model, some investigations have shown a decreased GDNF
expression in the delayed arthritis model (Fang et al., 2003) while others an increase in the sciatic
nerve injury (Hammarberg et al., 1996). It is important to notice that, in the latter case, the
upregulation is in the proximal and in the distal trunk nerve, but not in DRG neurons, suggesting a
role of Schwann cells in the GDNF enhanced expression (Hoke et al., 2000). Conversely, other

studies on neuropathic pain highlighted both a decrease (Nagano et al., 2003) or an increase
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(Amaya et al., 2004) of GDNF expression. An hypothesis is that the downregulation of GDNF acts
as a compensatory mechanism to reduce the inflammation pain (Fang et al., 2003).

A

Laminal/llo
Lamina llo/lli

Lamina lli

Peptidergic

Non-peptidergic

Ca” homeostasis

Survival
Oxidative stress response

Growth metabolism Survival

FIGURE 1.15 DIFFERENT POPULATIONS OF SENSORY NEURONS AND GDNF SIGNALING NETWORK
A Venn diagram of different sensory neurons populations in DRG, based on neurotrophic and peptidergic content
(modified from Salio and Ferrini, 2016). B GDNF binding to GFRal receptor activates different signaling pathways via
Ret tyrosine kinase transduction: Ras/ERK, PI13K/Akt, Src and PLCy/PKC. Each of them regulates diverse processes as
differentiation, survival, oxidative stress response, Ca** homeostasis and growth metabolism.
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Regarding the pronociceptive role, GDNF was able to increase the expression of pain-related
receptors such as TRPV1 in rat DRGs (Ogun-Muyiwa et al., 1999), while in mouse DRGs this
effect was not observed because TRPV1 is not expressed on GDNF-sensitive neurons (Zwick et al.,
2002). Different mechanisms may underlie the enhancement of TRPV1, as the activation of the
MAP/ERK pathway (Bron et al., 2003), with a subsequent expression of novel receptors, or the
upregulation of transcripts Nav1.8/Nav1.9, which can cause a depolarizing shift in the membrane
and thus facilitating the voltage-dependent component of activation (Gomtsyan and Faltynek,
2010). In addition, a study on a Nav1.8-null model showed that GDNF administration induces a
strong increase in Nav1.9 conduction, the main Na" channel in 1B4+ neurons. Consistent with this
result, NGF exerted a major effect on Nav1.8, which is predominant in 1B4- neurons (Cummins et
al., 2000). Further mechanisms involve the upregulation of the ATP receptor P2X3 (Bradbury et al.,
1998), the increased release of CGRP at the dorsal horn level in non-trkA neurons (Ramer et al.,
2003) and the expression of SP (Ogun-Muyiwa et al., 1999)

Regarding the antinociceptive role, most of the literature reports antihyperalgesic effects of GDNF,
particularly in neuropathic pain models. The underlying mechanism of these effects are not entirely
understood, but may imply a control of sodium channel phenotype in sensory neurons (Boucher et
al., 2000), an increase in the release of endogenous STT (Malcangio et al., 2002), the reduction of
glutamate release from primary afferent in the dorsal horn (Salio et al., 2014). In general, GDNF
can be considered as a neuroprotector that acts to reverse the morphological, metabolic and
biochemical changes following peripheral nerve injuries (Wang et al., 2003). Indeed, intrathecal
administration of GDNF in a model of neuropathy preserved the loss of IB4 binding, both on the
soma and on the peripheral end, suppressed the expression of the transcription factor ATF3 and of
TTX-S Navl.3, blocked upregulation of pain-related galanin and NPY, thus preventing the
development of thermal and tactile impairment (Wang et al., 2003). Furthermore, delayed
administration of GDNF in a model of partial sciatic ligation reversed the mechanical and thermal
hyperalgesia for the length of administration (Boucher et al. 2000). Importantly, GDNF was found
to have protective role and restore a normal nociceptive behavior also in diabetes-induced
peripheral neuropathy (Hedstrom et al., 2014; Peeraer et al., 2011). The antinociceptive effect was
specifically replicated by a GFRal agonist topically delivered on diabetic mouse skin (Hedstrom et
al., 2014).

Neurturin.  Neurturin exerts its action via Ret kinase and GFRa2 on IB4+ primary sensory
neurons (Kotzbauer et al., 1996). Electrophysiological analysis showed that neurturin/GFRa2

signaling is involved in pain signal transduction of noxious heat but not mechanical stimuli (Stucky
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et al., 2002). Even if GDNF binds with low affinity GFRa2, it is not able to substitute neurturin in
supporting GFRa2-expressing cells (Heuckeroth et al., 1999). In neuropathic background, neurturin

level are reduced, suggesting an antinociceptive role (Merighi, 2016).

Artemin. Artemin selectively binds the high affinity receptor GFRa3 (Baloh et al., 1998).
GFRa3 is mainly found in peptidergic TRPV1+ neurons and rarely in non-peptidergic 1B4+ one
(Orozco et al., 2001). Its main role seems to be the modulation of response properties of certain
sensory neurons, rather than neuronal survival and growth (Elitt et al., 2006). Artemin induces both
pro- and antinociceptive effects: systemic delivery of artemin reduces both mechanical and thermal
hypersensitivity in a model of neuropathic pain (Gardell et al., 2003b), but over-expression of

artemin induced sensitization of nociceptors via upregulation of TRPV1 (Elitt et al., 2006).

Persephin.  Persephin acts via the GFRa4 receptor on CNS and kidney, but not on peripheral
neurons (Milbrandt et al., 1998).
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1.5 AIMS OF THE THESIS

Mechanisms underlying diabetic neuropathic pain and the involvement of DRG neurons have been
extensively studied, from physiological and molecular alterations to morphological impairments.
Despite this, limited advancements have been made in the treatment of this pathological condition
and a number of functional aspects remain to be understood. Several lines of evidence suggest that
GDNF receptor agonists may represent an effective therapeutic tool for counteracting altered
nociception in neuropathic pain, although the role of neurotrophic factor in nociception is
controversial and may vary, depending on the biological context, from anti-nociceptive to pro-

nociceptive.

The experiments performed and described in this thesis were aimed to give a contribution in
understanding the type of alterations caused by diabetes in DRG sensory neurons, both at a
functional and morphological level. The study was performed in a whole-mount preparation of
DRGs from both control mice and mice with streptozotocin-induced type 1 diabetes. Using intact
DRGs allowed, in fact, to analyze functional and phenotypical properties of sensory neurons at the

single cell level by preserving at the same time the structural organization of DRGs in vivo.
The aims of my investigation were:

- to study the morphological and cytoarchitectural alterations in DRGs in a mouse model of
type | diabetes;

- to assess the functional alterations induced by diabetes in specific populations of sensory
neurons;

- to analyze the effect of GDNF in the modulation of cell excitability of nociceptors under

control and diabetic conditions.
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MATERIALS AND METHODS

2.1 ANIMALS

Male CD1 mice (20-30 g) were housed in a controlled environment maintained on a 12/12 hour
light/dark cycle with food and water ad libitum. To induce diabetes, animals were injected with one
single intraperitoneal injection of streptozotocin (STZ, 150 mg/Kg; Sigma, St. Louis, MO, USA) at
P30. STZ was freshly dissolved in 0.1M citrate buffer (pH 4.5), while control mice received buffer
only. Four weeks after injection, glycemia was measured in 5 hours fasted animals following tail
venipuncture using a glucose oxidase impregnated test strip (Glucocard sensor, Menarini, Firenze,
Italy). Only mice with glucose concentration higher than 300 mg/dl were considered diabetic and
used for the experiments.

2.2 ETHICS

All experimental procedures were approved by the Italian Ministry of Health and the Committee of
Bioethics and Animal Welfare of the University of Torino. Animals were maintained according to

NIH Guide for the Care and Use of Laboratory Animals.

2.3 INTACT DORSAL ROOT GANGLION (DRG) PREPARATION

All the experiments presented in this thesis were performed on entire dorsal root ganglia following
a new approach published in Ciglieri et al.(2016) and summarized in Figure 2.1.

For preparation of intact DRGs, 2 month-old CD1 mice (CTR n=76, DIAB n=67) were anesthetized
with a lethal dose of sodium pentobarbital (30 mg/kg, intraperitoneal). DRGs dissection was
performed by constantly maintaining the tissues in ice-cold cutting solution, containing: sucrose
252 mM, KCI 2.5 mM, NaHCO3; 26 mM, NaH,PO, 1.25 mM, D-glucose 10 mM, kynurenate 1
mM, MgCl, 3 mM, CaCl, 1.5 mM, saturated with 95% 0,-5% CO,. DRGs were removed after
cutting the spinal column along the midline; then, they were incubated for 1 h at 37°C in constantly
oxygenated aCSF containing collagenase (7 mg/mL, collagenase type 3; Worthington, NJ, USA) to
degrade the outer connective layer.
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FIGURE 2.1 GRAPHIC REPRESENTATION OF THE METHOD ADOPTED.

Spinal column was cut along the midline and DRGs (A arrows) were harvested and incubated in constantly oxygenatec
aCSF in presence of collagenase (7 mg/mL), to remove the outer connective layer (B). After incubation, DRGs were
placed in the recording chamber (C) and electrophysiologically recorded (D). Afterwards, DRGs were fixed in 4% PFA
processed for fluorescent labeling and mounted with an anti-fade mounting medium on ad hoc modified slide tc
preserve their volume (E). Eventually, z-stacks were collected with a confocal microscope (F).

From “An improved method for in vitro morphofunctional analysis of mouse dorsal root ganglia”,

Ciglieri et al. (2016).

2.4 ELECTROPHYSIOLOGICAL RECORDING

Whole-cell current clamp and voltage-clamp recording experiments were performed at room
temperature (23-25°C). After incubation, each ganglion was transferred into a recording chamber
through which artificial cerebrospinal fluid (aCSF) was constantly perfused (2 mL/min) at room
temperature (RT). aCSF was constantly bubbled with 95% O, — 5% CO, and contained: NaCl 126
mM, KCI 2.5 mM, D-glucose 10 mM, NaHCO3; 26 mM, NaH,PO, 1.25 mM, CaCl, 2mM, MgCl,
1.5 mM. For isolating potassium conductances and blocking voltage gated Ca?* channels, aCSF was
replaced with ChCL-aCSF, containing 126 mM choline chloride, 2,5 mM KCI, 1,5 mM MgCl,, 2
mM CaCl,, 0.5 CdCl, 10 mM Hepes, 10 mM glucose, 11 mM sucrose, pH 7.4 with KOH, and
constantly oxygenated with 100% O,. Neurons were visualized using a fixed stage microscope
(Eclipse FN-1; Nikon inc, Melville, NY, USA) equipped with infrared gradient contrast optics and a
16x water immersion objective (Nikon) and with an infrared-sensitive CCD camera (W118C;
Watec Corp., Yamagata, Japan). Patch-clamp whole-cell recordings were obtained with a

Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA) connected to a Digidata
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interface (Digidata 1440A; Axon Instruments, Union City, CA, USA), sampled at 10 kHz and
filtered at 10 kHz. Signals were recorded and stored using pCLAMP 10.2 (Molecular Devices,
Sunnyvale, CA, USA). Patch pipettes were prepared using a horizontal puller (MP225; Sutter,
Novato, CA, USA). Pipette resistances were around 5 MQ. In current clamp experiments,
intracellular solution contained: K gluconate 135 mM, KCI 5 mM, HEPES 10 mM, ATP-Na 4 mM,
GTP-Na 0.4 mM, MgCl; 2 mM, pH 7.2 (with KOH). In voltage clamp experiments, EGTA 5 mM
was added to the solution. Liquid junction potential at 25°C was 15.2 mV and 14.8 mV,
respectively and was corrected offline. To allow post-recording visualization of recorded neurons,
20 uM of Alexa Fluor 568 (Thermo Fisher Scientific, Waltham, MA, USA) was added to the
intracellular solution.

Recordings were included for the subsequent analysis only if: (i) membrane potential was more
negative than -50 mV; (ii) access resistance changed less than 20% throughout the recording
session.

In current clamp, passive and active neuronal properties were recorded. Firing was obtained by
applying two different current clamp protocols: a ramp protocol, which consists in a single injection

of current for 500 ms ranging from 0 nA to 1 nA; a step protocol, which consists in 12 injections of

current of 20 pA in increasing steps lasting for 500 ms. Both protocols were applied from the
voltage membrane V,of each neurons, set at the beginning of the recording.
In voltage clamp, 3 step protocols were applied:
- a hyperpolarizing protocol in which the holding potential was fixed at -50 mV and neurons
were hyperpolarized to -130 mV in -10 mV incrementing steps, with 500 ms in duration;
- adepolarizing protocol in which each neuron was kept at a holding potential of -80 mV and
depolarized to -30 mV in 10 mV incrementing steps, with 500 ms in duration;
- a depolarizing protocol in which the holding potential was fixed at -80 mV and currents
were elicited between -130 mV and +50 mV in 20 mV depolarizing steps, with a duration of
200 ms, after a 20 ms pre-pulse at -100 mV.
To examine K* current, the following step protocols were applied in presence of ChCl-aCSF:
- ahyperpolarizing protocol (as above);
- a depolarizing protocol in which, after a pre-pulse of 1 s at -100 mV, a test pulse was
elicited from -60 to +50 mV in 10 mV increments to investigate the total Kv current;
- adepolarizing protocol in which, after a pre-pulse of 1 s at -40 mV, a test pulse was elicited
from -60 to +50 mV in 10 mV increments to investigate sustained Kv current.
The transient Kv current was obtained by subtracting sustained Kv current from total Kv current
(Tang et al., 2016).
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2.5 ELECTROPHYSIOLOGICAL DATA ANALYSIS

Electrophysiologically recorded neurons were classified based on the size in small (diameter <25
pm) or medium-to-large (diameter >25 pum; Barabas et al., 2014) neurons. Moreover, some
recorded neuron were also injected with 20 uM of Alexa Fluor 568 and phenotypically identified as
IB4+ or CGRP+ by immunofluorescence after fixation (see below). In current clamp experiments,
the identity of recorded neurons as IB4+ or 1B4- cells was assessed based on functional criteria
previously proposed by Choi et al. (2006). Briefly, the firing discharge following a ramp current in
IB4- neurons produces a higher number of action potentials (APs) with a slower decrease of peak
amplitude during the stimulation; conversely, 1B4+ exhibits stronger adaptation and reduced
number of APs. Passive membrane properties were analyzed with Clampfit software (Molecular
Devices) and include: resting membrane potential (Vm), membrane capacitance (Cm), input
resistance (Rin).

AP properties were analyzed with Stimfit Software analysis (courtesy of C. Schmidt-Hieber;
http://www.stimfit.org; Guzman et al., 2014) and the following measurements were obtained: AP
threshold (defined as the point of depolarization at which an AP is generated), rheobase (the
minimum amount of current to trigger a AP), latency (time from the beginning of the depolarizing
step to AP), AP width (defined as the duration of an AP measured at half-maximal amplitude), AP
overshoot (peak measured from 0 mV), AP afterhyperpolarization amplitude, maximum rise slope
(defined as the maximum value of the slope in the rising phase of an AP), time of maximum rise
slope (defined as the time needed to reach the maximum rise slope), rise time 20-80% (defined as
the time needed by an AP to pass from the 20% to the 80% of the rising phase), maximum decay
slope (defined as the maximum value of the slope in the falling phase of an AP). When multiple
APs were generated during ramp or step stimulation, AP frequency (inter-event interval) and
number were also calculated.

To minimize variations due to differences in cell size, current amplitudes were expressed as current
densities (pA/pF). 1-V curves of hyperpolarizing protocols were obtained by measuring the current
at the beginning of each voltage step (instantaneous current, lig), in the middle region, and at the
end of the pulse (steady state current, ls). Hyperpolarizing I, currents were obtained by the
difference between I and lis; (Rateau, 2006). Tail currents amplitude following the voltage steps
was also measured. In depolarizing protocols, current amplitude was measured at peak (i.e. at

beginning of the voltage step).
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2.6 DRUGS

The following drugs were bath applied:

glial cell line-derived neurotrophic factor (GDNF; Peprotech, NJ, USA), tetraethylammonium
(TEA; Sigma), barium chloride (Merck, Darmstadt, Germany) and 4-aminopyridine (4-AP; Sigma).
All drugs were prepared in distilled water as stock solution, kept frozen in aliquots and then added
to the bath solution to obtain a concentration of 100 ng/mL (GDNF; Matheson et al., 1996), 25 mM
(TEA; Tang et al. 2016), 100 uM (barium chloride; Tang et al. 2010) and 5mM (4-AP; Winkelman
et al. 2005).

2.7 IMMUNOFLUORESCENCE

Acutely dissected and collagenase-treated entire DRGs were fixed for 30 min with 4%
paraformaldehyde in phosphate buffer (PB, 0.1 M, pH 7.4) washed several times in phosphate
buffered saline (PBS; 0.02 M, pH 7.4), and then processed for immunofluorescence. Depending on
the type of marker used to label DRG neurons and/or SGCs, the following protocols were
performed:

IB4-labeling: DRGs were pre-incubated in PBS containing 6% bovine serum albumin for 1 h,
incubated overnight at 4°C in biotin-conjugated 1B4 (1:250; L2140, Sigma), then incubated for 1 h
with Extravidin-FITC (1:500; Sigma).

CGRP labeling: DRGs were pre-incubated in PBS containing 1:100 Normal Goat Serum and 0.1%
Triton X-100 for 1 h, incubated overnight at 4°C in rabbit anti-CGRP (1:500; C8198, Sigma), then
incubated for 1 h with anti-rabbit Alexa 594 or 633 secondary antibody (1:1000; Thermo Fisher,
Waltham; MA, USA).

Glutamine synthetase labeling: DRGs were preincubated in PBS containing 1:100 Normal Goat
Serum and 0.1% Triton X-100 for 1 h, incubated overnight at 4°C in mouse anti-glutamine
synthetase (1:50; MAB302, Merck, Darmstadt, Germany) then incubated for 1 h with anti-mouse
Alexa 546 secondary antibody (1:1000; Thermo Fisher).

Immunofluorescence was acquired using a confocal microscope (TCS SP5; Leica Microsystems,
Wetzlar, Germany) with 20x lens. To obtain Z-series reconstructions, immunostained DRGs were
transferred on slides modified ad hoc to maintain the 3D volume and to avoid movements due to the
immersion lens of microscope. To avoid the interferences link to the different fluorophores,

confocal optical sections were acquired at 3.5 pum intervals in a sequential mode.
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2.8 PRIMARY ANTIBODIES

Anti-CGRP_antibody. This polyclonal antibody was raised in rabbit against synthetic CGRP

conjugated to KLH as the immunogen. Working dilution was 1:500. The specificity of the CGRP
antiserum was previously characterized in several publications (Merighi et al., 1991; Salio and
Ferrini, 2016).

IB4-biotin conjugate. I1B4 is a protein of non-immune origin capable of binding glycoproteins

expressed on the surface of non-peptidergic sensory neurons. Working dilution was 1:250. The

specificity was previously characterized (Ciglieri et al., 2016a).

Anti-glutamine synthetase. This monoclonal antibody was purified from sheep brain. Working

dilution was 1:50. Detection of glutamine synthetase in SGCs by this antibody has been reported on

mice with immunofluorescence technique (Rajasekhar et al., 2015).

2.9 IMMUNOHISTOCHEMICAL CONTROLS

In order to verify the specificity of immunohystochemical reactions, the following control
experiments were performed:
- specificity controls, by pre-adsorbing primary antibodies with their respective control
peptides;

- negative controls, by omitting primary antibodies.

2.10 SOFTWARE-BASED ANALYSIS OF NOCICEPTORS DISTRIBUTION IN
MICE DRGS

To better elucidate the cellular organization of DRGs and the possible alterations that can occur in
diabetic conditions, a software-based analysis of 3D configuration, named 3DRG, was developed in
collaboration with the Department of Control and Computer Engineering of Polytechnic of Turin.
Entire DRGs were collected for electrophysiological recordings and then fixed in PFA 4% to be
processed for immunofluorescence staining of IB4+ and CGRP+ nociceptors (as described before).
Z-stack images of 20-30 um of depth and 3.51 um of thickness were acquired with the confocal
microscope and then sent to software-based analysis to make semi-automated a quantitative analysis
on entire DRGs.

To distinguish the positive stained neuronal cells from noise and artifacts (e.g. spurious
fluorescence, black spots, etc. which are intrinsic limitations of immunofluorescence) a 3D

segmentation technique, comprising different specific steps, was applied (Figure 2.2):
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- - images were optimized acting on contrast and background parameters in a way that did not
alter the original immunostaining, and a filter was applied to remove fake signal and
preserve significant details as neurons borders;

- - a fuzzy c-mean algorithm was applied to distinguish fluorescent objects from the dark
background. Fuzzy c-mean is a clustering technique that assigns a membership value to each
data to organize data with similar values in proper cluster, reducing noise and spurious
blobs;

- - arefinement of the cell segmentation was performed by separating the positive objects in
single cells, based on the assumption that individual cells are approximately circular;

- - the objects collected from a single image were projected to the neighborough slices of the
z-stack to discriminate the type of object: if the neighborough slices contained an object that
was at least the 50% of the object projected, it was interpreted as part of the positive cells,
otherwise the corresponding object was considered as a sham fluorescence and discarded.

Figure 2.3 shows some examples of 2D and 3D reconstructions of DRGs obtained with this

software.

Math formulas used to calculating parameters are showed in Table 2.1

TABLE 2.1 FORMULAS USED BY 3DRG TOOL.

NUMEROSITY VOLUMETRIC ANALYSIS
Ncls _ .
3 Nl med (Vcls) Vcls
Reett = Z <= Ycluster 1 =—=+100 | Vimea cis = A %cluster 2 = —=+100
=1 Vrer Ny ref
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FIGURE 2.2 SIMPLIFIED STEP-BY-STEP INPUT/OUTPUT OF 3DRG.
From “Automated 3D immunofluorescence analysis of dorsal root ganglia for the investigation of neural
circuit alterations: a preliminary study”, (Cataldo et al., 2016)
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FIGURE 2.3 EXAMPLES OF SOME OUTPUTS OF 3DRG TOOL.
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2.11 ANALYSIS OF SGCS ENSHEATMENT

Cell-specific SGCs ensheatment was analyzed in 5 CTR DRGs and 5 DIAB DRGs, for a total
account of 47 CTR neurons and 54 DIAB neurons. To analyze the level of SGC coverage
associated with specific populations of nociceptors, entire DRGs were collected and triple
immunostained for IB4, CGRP and a-glutamine synthetase (GS). DRGs images were collected
using the confocal microscope (as described above) and analyzed with a technique to quantify the
GS staining around neurons. GS staining was analyzed on single optical sections at the level of the
neuron equator, where the neuronal cell body has the largest diameter. GS fluorescence was
measured along four lines crossing the sensory neuron from side to side and passing through the cell
center. Since GS staining is concentrated on the outer aspect of the sensory neuron membrane
where SGCs are located, the peak of GS fluorescence surrounding the neuron was detected where
the 4 lines crossed the neuronal membrane (8 points). In these points the fluorescence intensity was
calculated by averaging the fluorescence of three consecutive values. As shown in Figure 2.4, the 8-
point values were ordered from the higher to the lower, which correspond to the maximum and the
minimum level of GS expression around the neuron. This analysis was performed in 1B4+ and

CGRP+ subpopulations, in the presence of diabetes or not.

%

FIGURE 2.4 ANALYSIS OF SGCS ENSHEATMENT.

2.12 STATISTICS

Statistical analysis was performed with GraphPad Prism 7 (GraphPad Software, La Jolla, CA USA).
Since values in our dataset did not follow a normal distribution, they were analyzed by appropriate
non-parametric tests (Wilcoxon test for paired samples, Mann-Whitney for independent samples,
Friedman test for multiple paired samples with Dunn’s test as post-hoc).

All data were reported as mean +SEM, with n indicating the number of neurons (unless otherwise

stated). Values of P<0.05 were considered statistically significant.
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RESULTS

3.1PATCH-CLAMP CHARACTERIZATION OF DRG NEURONS IN CONTROL
AND DIABETIC MICE

3.1.1 ACTIVE AND PASSIVE MEMBRANE PROPERTIES OF DRG NEURONS IN CONTROL
AND DIABETIC MICE

Active and passive membrane properties were investigated in whole-cell current clamp mode (data
are summarized in Table 3.1). Passive properties and, in particular, membrane capacitance (Cp,),
membrane resistance (Rny), and resting potential (V) were not significantly different between
neurons from control (CTR) and diabetic (DIAB) mice. Also the mean cell area was not different
between groups, indicating a randomized sampling of DIAB and CTR neurons unbiased by the cell
size. To investigate action potential (AP) firing activity in DRG neurons, step and ramp
depolarizing protocols were used in whole cell current-clamp mode. For the step protocol (Figure
3.1 A), a train of depolarizing steps current (A = 20 pA) with a duration of 500 ms was injected
through electrode until an AP firing was evoked. The interval of each trace was 300 ms. For the
ramp protocol (Figure 3.1 B), a unique step increasing from 0 nA to 1 nA or 1.5 nA with a duration
of 500 ms was injected. In both cases, the injection of current was performed from the V,, of each
neurons (mean values for CTR neurons of -60 mV and for DIAB neurons of -58 mV), set at the

beginning of recording.

TABLE 3.1
CTR neurons (n=19) Diab neurons (n=17)
C, (pF) 38.26 + 4.03 38.29 +3.00
R, (Mohm) 258 +50.79 310 + 63.67
Area (um’) 548.75 + 58.22 575.19 + 59.64
Vv, (mV) -74.99 +1.70 -70.37 +3.75
Rheobase (pA/pF) 8.54 +1.45 8.27 +1.57
Threshold (mV) -39.10 + 1.64* -33.44 + 1.63
Latency (ms) 31.16 + 17.55 19.02 + 3.54
Overshoot (mV) 46.40 +2.10 46.56 + 3.32
Max rise slope (mV/ms) 131.16 + 14.36* 90.28 +13.31
Time of max rise slope (ms) 14.76 +0.19 14.71+0.14
Rise time 20-80% (ms) 0.39 +0.04 0.59+0.08
Max decay slope (mV/ms) 63.84 +10.20 44,00 + 5.54
Time of max decay slope (ms) 18.03 +0.60 18.91 + 0.82

*P<0.05, Mann-Whitney test.
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FIGURE 3.1 ACTION POTENTIALS EVOKED IN CURRENT-CLAMP CONFIGURATION.

Firing patterns obtained after injection of a depolarizing A step protocol and a B ramp protocol from V., (mean values
for CTR neurons of -60 mV and for DIAB neurons of -58 mV). Notice lower AP threshold in neurons from (blue)
control as compared to (red) diabetic mice. On the bottom, representation of the protocols applied.

We measured the AP-related parameters from all recordings and compared their values between
CTR and DIAB DRG neurons. As shown in Table 3.1 and Figure 3.2, the mean AP threshold in
CTR neurons (n=19) was -39.10 + 1.64 mV, while in DIAB neurons was -33.44 + 1.63 mV (n=17,
P<0.05, Mann-Whitney test). Moreover, the AP maximum rise slope of CTR neurons was
significantly faster than the DIAB neurons (P<0.05, Mann-Whitney t-test). All together, these data
indicate that DIAB neurons react with a slower depolarizing shift to current injections and generate
APs to more positive potentials as compared to controls. Other parameters, such as rheobase and

latency, were not significantly different.

To determine if there was an AP firing difference between neurons with different sizes, all the data
collected were divided in two categories based on the cell area. The first category,
identified/classified as “small-sized”, contained neurons until 490 um? while the second category
“medium-sized” contained neurons between 490 um? and 1100 um? This choice was based on our

interest to analyze physiological differences in nociceptors, whose diameters sizes normally lie
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FIGURE 3.2 AP-RELATED PARAMETERS - CTR VS DIAB.

AP-related parameters were recorded from neurons of (blue) control and (orange) diabetic mice. The only parameters
that differ significantly were the threshold, which was more depolarized for DIAB neurons, and the maximum rise
slope, which was reduced in DIAB neurons (CTR n=19, DIAB n=17; *P<0.05, Mann-Whitney test). On the left, two
AP superimposed to show the different kinetics between CTR and DIAB neurons. Abbreviations: CTR =control,
DIAB=diabetic.

between 10 um and 30 um, depending on the sub-population considered (Stucky and Lewin, 1999b;
Kestell et al., 2015). As shown in Table 3.2, some parameters resulted significantly different
between small-sized and medium-sized cells in both control and diabetic mice, as expected.
However, other parameters, such as maximum decay slope, rheobase and resting potential, were
significantly different in diabetes only (*P<0.05, **P<0.01, Mann-Whitney test).

TABLE 3.2 _
Small-size CTR (n=11)  Medium-size CTR (n=8) Small-size DIAB (n=9)  Medium-size DIAB (n=8)

C. (pF) 28.82 +2.83** 51.25 + 6.46 30.22 +2.88%** 47.38+3.28
R, (Mohm) 358.91 + 72.66* 118.50 + 24.58 434.78 +103.12* 170.25 + 26.96
Area (um’) 367.71 £ 23.69*** 797.67 + 65.64 386.15 £ 21.71*** 787.85 + 66.84
Vv, (mv) -59.55 +2.33 -75.33+2.65 -54.22 +2.29* -78.3312.52
Rheobase (pA/pF) 7.52+1.86 9.95+2.38 4.40 £ 1.08** 12.44£2.28
Threshold (mV) -37.78 £2.15 -40.92 +2.53 -33.97 £1.57 -32.85+3.10
Latency (ms) 46.95 + 29.93 9.46 +2.74 27.79 + 4.89 9.16 + 1.96
Overshoot (mV) 47.52£3.12 44.85 +2.69 49.15+3.17 43.23+6.52
Max rise slope (mV/ms) 112.33 £ 18.59 157.05 + 20.38 82.04 +19.89 100.87 +17.36
Time of max rise slope (ms) 14.58 +0.32 15.01 +0.13 14.62 +0.14 14.81 +0.28
Rise time 20-80% (ms) 0.45 + 0.05* 0.30 +0.03 0.64 + 0.08 0.51+0.15
Max decay slope (mV/ms) 47.94 +9.49* 85.70 + 18.47 32.50 +5.47* 58.78+7.70
Time of max decay slope (ms) 18 54 +0.88 1732 +0.76 014 +124 17.33 +0.68

*P<0.05, **P<0.01, ***P<0.001, Mann-Whitney test between small-sized and medium-sized, within CTR
and DIAB categories. No differences between CTR and DIAB.
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To unveil any voltage-dependency under the observed diabetes-induced effects, current-clamp

protocols were applied after imposing an hyperpolarized holding potential (-85 mV; Table 3.3).

TABLE 3.3

CTR (n=19) CTR hyper DIAB (n=17) DIAB hyper
Rheobase (pA/pF) 8.54 + 1.45* 11.80 +1.29 8.18 + 1.54* 11.38 +1.59
Threshold (mV) -39.10 + 1.64***  -44.21+1.87 -33.44 + 1.63* -36.62 + 2.39
Latency (ms) 31.16 £ 17.55***  71.81+27.83 19.02 + 3.54 35.46 +22.95
Overshoot (mV) 46.40 + 2.10**  42.29+2.61 46.56 + 3.32 47.65 + 2.87
Rise time 20-80% (ms) 0.39 +0.04 0.39 +0.04 0.59 +0.08 0.52 +0.06
Max rise slope (mV/ms) 131.16 +14.36 128.96 £ 14.20 90.28 +13.31 106.60 £ 14.66
Time of max rise slope (ms) 14.76 +0.19 14.59 +0.16 14.71+0.14 15.94+1.31
Max decay slope (mV/ms) 63.84 +10.20 61.32+9.21 43.99 +5.54 49.27 +7.61
Time of max decay slope (ms)  18.03 +0.60* 17.43 +0.60 18.73 £ 0.80 19.57 +1.26

*P<0.05, **P<0.01, ***P<0.001, Wilcoxon test between resting and hyperpolarized condition, within
CTR and DIAB categories. P<0.05 Mann-Whitney test between CTR and DIAB.

After hyperpolarization, AP threshold was the only parameter remaining significantly different
between control and diabetic mice. No differences were observed in parameters associated with AP
kinetics (maximum rise slope and rise time). Interestingly, hyperpolarized state significantly
affected several AP properties of CTR neurons as compared to their respective resting values, and
namely threshold, latency, overshoot, timing of maximum decay (CTR n=19, DIAB n=17; *P<0.05,
**P<(.01, ***P<0.001, Wilcoxon test; Figure 3.3). Conversely, small or no detectable differences

were observed in DIAB cells.
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FIGURE 3.3 AP RELATED PARAMETERS - RESTING VS HYPER.
AP related parameters were recorded from neurons of (top) control and (bottom) diabetic mice. For each neurons, the
same protocols were repeated in resting and hyperpolarized (i.e. -85 mV) conditions, to analyze voltage-dependent
differences. Interestingly, only CTR neurons showed significant differences in hyperpolarized condition in parameters
as threshold, latency, overshoot, AP peak time and time of max decay (CTR n=19, DIAB n=17, *P<0.05, **P<0.01,
***P<0.001, Wilcoxon test). Abbreviations: CTR=control, DIAB= diabetic.
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The effects of hyperpolarization were analyzed by considering the categories “small-sized” and
“medium-sized” (Table 3.4). In small CTR neurons, a significant decrease in AP overshoot was
measured, which passed from 47.52 + 3.12 mV to 43.20 + 3.71 mV, while an increase resulted in
threshold, which passed from -37.78 £ 2.15 mV to -43.99 + 3.07 mV, and in latency, which varied
from 46.95 + 29.93 ms to 62.49 + 30.77 ms (*P<0.05, **P<0.01 respectively, Wilcoxon test).
Medium-sized CTR neurons also reacted to hyperpolarization with a significant change in
threshold, which passed from -40.92 + 2.53 mV to -44.51 + 1.70 mV and latency, from 9.46 + 2.74
ms to 7.40 £ 0.52 ms (P<0.05, Wilcoxon test). Parameters in DIAB neurons, as above stated, were
little affected by hyperpolarization. The only AP feature that changed was rheobase in small-sized
cells, which increased from 4.40 + 1.08 pA to 10.89 + 2.31 pA (P<0.01, Wilcoxon test).

TABLE 3.4
Small-size CTR (n=11)  Small-size hyper CTR Medium-size CTR (n=8) Medium-size hyper CTR
Rheobase (pA/pF) 7.52+1.86 11.23+1.98 9.95+2.38 12.57 £1.55
Threshold (mV) -37.78 £ 2.15** -43.99 + 3.07 -40.92 +2.53* -44.51 +1.70
Latency (ms) 46.95 + 29.93* 62.49 +30.77 9.46 +2.74* 7.40 +0.52
Overshoot (mV) 47.52 +3.12* 43.20+3.71 44.85 +2.69 41.02+3.75
Max rise slope (mV/ms) 112.33+18.59 111.33+£16.17 157.05 + 20.38 153.20 + 23.93
Time of max rise slope (ms) 14.58 +0.32 14.63+0.14 15.01 +0.13 15.00 +0.14
Rise time 20-80% (ms) 0.45 +0.05 0.44 +0.05 0.30+0.03 0.33+0.05
Max decay slope (mV/ms) 47.94 +£9.49 46.45+7.71 85.70 + 18.47 81.76 +17.28
Time of max decay slope (ms) ~ 18.54 +0.88 18.54 +0.86 17.32 £0.76 16.98 +0.70
Small-size DIAB (n=11)  Small-size hyper DIAB Medium-size DIAB (n=8) Medium-size hyper DIAB
Rheobase (pA/pF) 4.40 +1.08** 10.89 +2.31 12.44 +2.28 14.63 +2.17
Threshold (mV) -33.97 £ 1.57 -36.73+£2.23 -32.85+3.10 -36.50 + 4.63
Latency (ms) 27.79 +4.89 60.32 +42.72 9.16+1.96 7.50 +0.97
Overshoot (mV) 49.15+3.17 49.11+2.66 43.23+6.52 45.77 £5.83
Max rise slope (mV/ms) 82.04 +19.89 88.60 + 16.58 100.87 +17.36 129.75 + 24.47
Time of max rise slope (ms) 14.62 +0.14 16.63 + 2.35 14.81 +0.28 14.89 +0.18
Rise time 20-80% (ms) 0.64 +0.08 0.60 + 0.07 0.51+0.15 0.41 +0.09
Max decay slope (mV/ms) 32.50 +5.47 34.32+4.30 58.78 + 7.70 68.49 +13.78
Time of max decay slope (ms)  20.14 +1.24 19.67 £ 0.99 17.33 +0.68 17.19 +0.63

*P<0.05, **P<0.01, ***P<0.001, Wilcoxon test between resting and hyperpolarized condition, within CTR
small/medium-sized and DIAB small/medium-sized categories. No difference between CTR and DIAB.

Eventually, the above analysis was repeated further dividing the small-sized category into putative

IB4+ and IB4- subsets. This subdivision was based on data published by Choi et al. (2006) and

Fang et al. (2006), who demonstrated that 1B4+ neurons adapt quickly to ramp stimuli, showing a

rapid decrement of AP amplitude and a longer AP duration. Conversely, 1B4- neurons did not show

the decline in AP amplitude during ramp current injection and present a shorter AP (Figure 3.4 C).
59



This correlation was confirmed in a subset of neurons dye-injected during the electrophysiological
recordings and subsequently processed for identification of IB4+ and CGRP+ neurons by
immunostaining (Figure 3.4 A). Our data showed that threshold was more positive in IB4- neurons
(n=4) than in IB4+ ones (n=4) (-25.74 £ 2.57 mV and -43.10 £ 4.00 mV, respectively; P<0.05,
Mann-Whitney test). Conversely, this difference was lost in diabetic mice. Interestingly, the main

effect induced by diabetes on AP threshold was detected in IB4+ neurons (Figure 3.4 B). By using a

two-ways ANOVA, the increase in threshold induced by diabetes was shown to be clearly
associated with cellular phenotype (CTR n=4, DIAB n=4; **P<0.01,two-way ANOVA).
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FIGURE 3.4 1B4+ AND IB4- SENSORY NEURONS.

A Dye injected neuron during electrophysiological recording and subsequently processed for identification with
immunostaining. The fluorescent label indicates a 1B4+ non-peptidergic neuron. B Two-way ANOVA to compare the
different effect exerted by diabetes on 1B4+ and 1B4- neurons. 1B4+ neurons showed significant depolarization of the
threshold in diabetic condition, while 1B4- not. In addition, 1B4+ CTR neurons were more hyperpolarized than 1B4-
CTR one (CTR n=4, DIAB n=4;*P<0.05, two-way ANOVA). C IB4+ neurons can be recognized from IB4- based on a
different kinetics of adaptation (Choi et al., 2006).

50 mV

All together, these data indicate that DIAB neurons exhibit a reduced excitability as compared to
CTR neurons. This effect is particularly obvious in small B4+ neurons. Since the observed effect is
differentially influenced by hyperpolarization in diabetic and control mice, it might involve voltage-

dependent channels, such as K* channels.
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3.1.2 VOLTAGE-CLAMP CHARACTERIZATION OF DRG NEURONS IN CONTROL AND
DIABETIC MICE
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FIGURE 3.5 TOTAL CURRENTS ELICITED IN CTR AND DIAB NEURONS IN ACSF.

Top Representative traces of the current elicited by two depolarizing and one hyperpolarizing protocols in voltage-
clamp configuration. Currents were measured at the start (orange circle), the middle (yellow triangle) and at the end
(blue square) of the traces. Bottom Analyzing the mean density of current no difference were observed (CTR n=16,
DIAB n=17). Abbreviations: CTR=control, DIAB= diabetic.
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To better isolate voltage-dependent components underlying diabetes-induced effects in DRG
neurons, current-voltage (I-V) relationship were further investigated in voltage clamp. Both
depolarizing and hyperpolarizing step protocols were applied (Figure 3.5, upper panel).
Depolarizing protocols ranged from -80 mV to -30 mV (500 ms, A=10 mV) or from -140 mV to
+40 mV (200 ms, A=20 mV). Hyperpolarizing protocol considered voltage steps from -50 mV to -
130 mV (500 ms, A=20 mV). Currents were measured at three different time-points (start, middle,
end of the step pulse; see Figure 3.5). Comparing the mean currents evoked in neurons from control

(n=14) and diabetic mice (n=14), no significant differences were observed.

Subsequently, to isolate K™ conductances, Na* conductances were minimized by substituting NaCl
with choline chloride in aCSF and by adding Cd** (500 pM) to block Ca?* conductances. First,
hyperpolarizing protocol was applied as described above (Figure 3.6).

The mean current measured in neurons from diabetic mice (n=15) was significantly greater
compared to neurons from control mice (n=15; P<0.05, Mann-Whitney test). This difference was

mostly due to small-sized neurons contribute.

Hyperpolarizing voltage steps often induce a hyperpolarization-activated inward current (l) whose
amplitude can be calculated as the difference between the steady state current measured at the end
of the step (Iss, blue squares) and the instantaneous current lis; (orange circles) at the beginning of
voltage step. In this case, no significant difference were measured in I, currents between CTR and
DIAB neurons (Figure 3.7).
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FIGURE 3.6 CURRENTS ELICITED BY HYPERPOLARIZING PROTOCOL IN NA+-FREE ACSF.
Top Representative traces of the current elicited by the hyperpolarizing protocols from -50 mV to -130 mV (500 ms,
A=20 mV). Currents were measured at the start (orange circle), the middle (yellow triangle) and at the end (blue
square) of the traces. Bottom The mean density of current in DIAB neurons was significantly greater than in CTR
neurons, mostly due to the effect in small-sized cells (CTR n=15, DIAB n=15; *P<0,05, **P<0.01, Mann-Whitney
test). Abbreviations: CTR=control, DIAB= diabetic.
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FIGURE 3.7 IH CURRENTS IN NA+-FREE ACSF.

Hyperpolarization-activated inward current (l,) calculated as the difference between the steady state I and the
istantaneous I currents. No significant difference were measured in Iy, currents between CTR and DIAB neurons (CTR
n=15, DIAB n=15). Abbreviations: CTR=control, DIAB=diabetic.

Then, depolarizing protocols were optimized to distinguish sustained (Ix) and a transient (la)
component within the total K* current (Kv), as described in Fan et al. (2011). Total Kv current was
evoked by voltage steps ranging from -60 mV to + 50 mV with 500 ms of duration, preceded by a
1000 ms prepulse of -100 mV. A prepulse of -40 mV was instead applied for inactivating transient
Kv current and filtering out Ix. The subtraction of the respective current traces induced by these two
protocols yielded the transient 15 (Figure 3.8). The mean of steady-state total Kv currents in neurons
from diabetic mice (n=14) was significantly greater than in neurons from control animals (n=12) at
more negative voltages, (*P<0.05, **P<0.01, ***P<0.001, Mann-Whitney test). This difference
was lost for Ik currents while it was amplified for 14 currents. Differences were observed again at
more negative voltages (from -60 to -20 mV), where at the peak currents were nearly 2 times larger
in cells from diabetic than control mice. When neurons were pooled according to the size,

differences were still significant in small-sized neurons only (Figure 3.9).

All together these data indicate that the activity of voltage dependent Kv channels is increased in
DRG neurons of diabetic mice. The effect is mainly due to a potentiation of I conductance,

particularly in small sized cells.
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FIGURE 3.8 KV CURRENTS FROM CTR AND DIAB NEURONS IN NA+-FREE ACSF.

Top Representative traces of the total Kv current (left), sustained (centre) and transient Kv currents (right). Bottom The
mean density of total, sustained and transient Kv currents of DIAB neurons was significantly higher than that of CTR
neurons, both measured at the start (orange circle) and at the middle (yellow triangle) points (CTR n=12, DIAB n=14;
*P<0.05, **P<0.01, ***P<0.01, Mann-Whitney test). Abbreviations: CTR=control, DIAB=diabetic.
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FIGURE 3.9 KV CURRENTS IN NA+-FREE ACSF ACCORDING TO THE NEURONS SIZE.

The mean density of total, sustained and transient Kv currents was significantly higher in DIAB small-sized neurons
than in CTR small-sized one, while there was no difference between CTR and DIAB neurons in the medium-sized
class. This difference was particularly high measuring the current at the middle point (yellow triangle) (CTR small-
sized n=9, medium-sized n=5;DIAB small-sized n=10, medium-sized n=5; *P<0.05, **P<0.01, Mann-Whitney test).
Abbreviations: CTR=control, DIAB=diabetic.
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3.1.3 EFFECT OF GLUCOSE-ENRICHED PERFUSION ON DRG NEURONS ON CONTROL
AND DIABETIC MICE

In order to verify if a standard aCSF perfusion was suitable for studying neurons from diabetic
mice, which adapted to a glucose-rich extracellular environment, the effect of high glucose
concentration on Kv currents was investigated. Depolarizing and a hyperpolarizing protocols were
applied as previously described (Figure 3.10). At the end of each experiment, DRGs were perfused
for 5 minutes with aCSF containing 20 mM glucose (twice the regular concentration). A significant
increase in currents at negative voltage steps was observed in control neurons only (-50 mV and -60
mV with depolarization and -70 mV to -80 mV with hyperpolarization; CTR n=10, DIAB n=9;
P<0.05, Wilcoxon test). This difference was not noticed in neurons from diabetic mice. This
indicates that Kv currents in control neurons can be potentially affected by an increase of
extracellular glucose; on the other hand, recording neurons from diabetic mice in normal aCSF does

not significantly affect these conductances.
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FIGURE 3. 10 CURRENTS IN GLUCOSE-ENRICHED ACSF.

Mean currents measured after perfusion with normal aCSF (10mM[GIu]) and glucose-enriched aCSF
(20mM[Glu]) to mimic hyperglycemia. DRG CTR neurons showed an higher mean current after perfusion with
glucose-enriched aCSF, while DIAB neurons did not show any change (CTR n=10, DIAB n=9; *P<0.05,
Wilcoxon test). Abbreviations: CTR= control, DIAB=diabetic, Glu=glucose).
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3.2 PHYSIOLOGICAL EFFECT OF GDNF ADMINISTRATION ON DRG
NEURONS IN CONTROL AND DIABETIC MICE

3.2.1 PATCH-CLAMP CHARACTERIZATION OF DRG NEURONS AFTER GDNF
ADMINISTRATION.

The aim of the present study was to test whether acute application of GDNF modulates neuronal
excitability of DRG neurons and whether such modulation is altered in diabetic condition. The
concentration of GDNF used (100 ng/mL) was based on dose-response curves from a previous
report (Matheson et al., 1996) to provide the maximal effect for sensory neurons. All the protocols
described in the previous section were repeated in presence of GDNF (bath-applied for 5-10 min).

GDNF effects on active membrane properties in current clamp mode are reported in Table 3.5 and
two representative recorded traces in Figure 3.11. In CTR neurons (n = 19), GDNF induced a
significant increase in the AP latency (from 31.16 + 17.55 ms to 66.43 + 26.33 ms; P<0.05,
Wilcoxon test). This effect was not observed in diabetes, in which GDNF only induced a slight
hyperpolarization of action potential threshold (from -33.44 £ 1.63 mV to -37.90 + 3.13 mV;
P<0.05, Wilcoxon test).

TABLE 3.5

CTR (n=19) CTR + GDNF DIAB (n=17) DIAB + GDNF
Rheobase (pA/pF) 8.54 +1.45 9.43 +1.47 8.18+1.54 8.84+1.44
Threshold (mV) -39.10+ 1.64 -36.91 +2.32 -33.44 +1.63* -37.90 +3.13
Latency (ms) 31.16 +17.55*  66.43 + 26.33 19.02 + 3.54 18.57 +3.59
Overshoot (mV) 46.40 + 2.10 45.04 +3.03 46.56 + 3.32 46.66 + 3.01
Rise time 20-80% (ms) 0.39 +0.04 0.40 +0.03 0.59 +0.08 0.56 + 0.06
Max rise slope (mV/ms) 131.16 +14.36 122.09 + 15.54 90.28 +13.31 89.19 + 11.59
Time of max rise slope (ms) 14.76 +0.19 14.38 +0.42 14.71£0.14 14.84 £ 0.24
Max decay slope (mV/ms) 63.84 + 10.20 58.80 + 9.98 43.99 +5.54 46.10 + 7.06
Time of max decay slope (ms) 18.03 +0.60 18.40 +1.18 18.73 +0.80 18.52+0.73

*P<0.05, Wilcoxon test between pre and post GDNF administration, within CTR and DIAB categories. P<0.05
Mann-Whitney test between CTR and DIAB.
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FIGURE 3.11 SUPERIMPOSED APS BEFORE AND AFTER GDNF.

Interestingly, previously described differences between CTR (n=19) and DIAB (n=17) neurons in
threshold and kinetics were abolished in presence of GDNF.

As previously described, the involvement of putative voltage-sensitive mechanisms was evaluated
by replicating current clamp protocols under hyperpolarized conditions (Vn, -85 mV). In CTR
neurons, the effect of GDNF on action potential latency observed under resting conditions was
inverted (from 71.81 + 27.83 ms to 39.44 + 19.11 ms; P<0.01, Wilcoxon test). Other parameters
were instead significantly increased (i.e. rheobase, threshold), indicating an overall higher
resistance to fire following GDNF application (Table 3.6). No major effects were instead observed

in DIAB neurons, except for small changes in action potential kinetics (Table 3.6).

TABLE 3.6
CTR (n=19) hyper CTR hyper + GDNF | DIAB (n=17) hyper DIAB hyper + GDNF

Rheobase (pA/pF) 11.80 + 1.29* 14.32£2.11 11.38 +1.59 11.86+1.58
Threshold (mV) -44.21 + 1.87* -39.85 +2.60 -36.62 +2.39 -36.11+2.21
Latency (ms) 71.81 + 27.83** 39.44+19.11 35.46 + 22.95 73.73 +34.66
Overshoot (mV) 42.29+2.61 41.18+2.91 47.65 +2.87 47.13+3.16
Rise time 20-80% (ms) 0.39+0.04 0.41+0.03 0.52 + 0.06* 0.57 +0.05
Max rise slope (mV/ms) 128.96 + 14.20 120.74+16.29 | 106.60 + 14.66* 96.69 +12.71
Time of max rise slope (ms) 14.59 +0.16 14.71 £0.13 15.87 +1.31 16.08 +1.20
Max decay slope (mV/ms) 61.32+9.21 62.03 +8.95 49.27 +7.61 47.07 +7.57
Time of max decay slope (ms)  17.43 +0.60* 17.27 +0.49 19.69 +1.20 19.66 + 1.20

*P<0.05, **P<0.01, Wilcoxon test between pre and post GDNF administration in hyperpolarized condition,
within CTR and DIAB categories. P<0.05 Mann-Whitney test between CTR and DIAB.
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The same parameters were analyzed after pooling the data according to “small-sized” and
“medium-sized” categories (Figure 3.12). Under resting condition, GDNF increased the rheobase in
small-sized CTR neurons only (from 7.52 + 1.86 pA/pF to 9.35 £ 1.91 pA/pF; CTR n=11, DIAB
n=9; P<0.05, Wilcoxon test) and, after hyperpolarization, also increased the threshold (-44.00 +
3.07 mV to -38.10 + 3.97 mV; *P<0.05, **P<0.01, Wilcoxon test).
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FIGURE 3.12 AP-RELATED PARAMETERS IN CTR — RESTING VS HYPERPOLARIZATION.

AP-related parameters were recorded from CTR (blue) small-sized and (green) medium-sized neurons before and after
GDNF administration and a comparison was made with hyperpolarized condition. The only parameters that differ
significantly were in small-sized neurons and were the rheobase, which was lower before GDNF administration, but
only in resting condition; and threshold, which was depolarized after GDNF administration, but only in hyperpolarized
condition (small-sized n=11, medium-sized n=8; *P<0.05, Wilcoxon test). Abbreviations: CTR =control.

In medium-sized neurons, GDNF affected only some action potential Kinetics as the maximum
decay slope, which was significantly slowed down from 81.76 + 17.27 mV/ms to 77.55 + 16.97

mV/ms. No GDNF effects were observed within “small-sized” or “medium-sized” DIAB neurons
(Figure 3.13).
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FIGURE 3.13 AP-RELATED PARAMETERS IN DIAB — RESTING VS HYPERPOLARIZATION.

AP-related parameters were recorded from DIAB (pink) small-sized and (orange) medium-sized neurons before and
after GDNF administration and a comparison was made with hyperpolarized condition. No parameters differ
significantly in both the condition and size-class (small-sized n=9, medium-sized n=8). Abbreviations: DIAB =diabetic.

All together, these data suggest that GDNF may reduce the excitability of DRG neurons from
control mice, especially affecting firing properties in small-sized neurons. However, the
neurotrophic factor seems to have little effects in neurons from diabetic animals, which already

exhibit reduced excitability as compared to control neurons.

3.2.2 VOLTAGE-CLAMP ANALYSIS OF GDNF ADMINISTRATION

The effect of GDNF in voltage clamp was then analyzed applying the same protocols used to
investigate the differences between CTR and DIAB neurons in the previous section (Figure 3.5).
First, we performed experiments in regular aCSF by bath-applying GDNF (100 ng/mL) for 5-10

minutes. 1-V curves obtained from hyperpolarizing and depolarizing protocols are reported in
Figure 3.14.
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FIGURE 3.14 TOTAL CURRENTS ELICITED IN CTR AND DIAB NEURONS IN ACSF.

Currents were measured at the start (orange circle) and at the middle (yellow triangle) of the traces. Conflicting results
were observed analyzing the mean density current, and this contrast depended on the measured point: at the start point,
both CTR and DIAB neurons showed a decreased current after GDNF administration, while an increase if measured at
the middle point (CTR n=16, DIAB n=17). Abbreviations: CTR=control, DIAB= diabetic.

72



Under these experimental conditions, only slight and conflicting effects can be detected. Indeed,
when current measurements (orange circles) were performed at the beginning of the voltage step,
GDNF induced a small reduction of the total current in both CTR (n=16) and DIAB (n=17)
neurons, even though the effect appeared most prominent in the former. Conversely, a slight current
increase of total Kv current was observed when measurements were made on the middle region of
the step pulse (yellow triangle). Considering this latter region of measurement (Figure 3.15), the
GDNF effect was mostly seen in small-sized CTR neurons as response to the hyperpolarizing
protocol (n=9; P<0.05, Wilcoxon test). These data support a putative effect of GDNF in small-sized

CTR neurons, as observed in current clamp experiments.
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FIGURE 3.15 TOTAL CURRENTS ELICITED IN CTR AND DIAB NEURONS IN ACSF.

Were considered only currents measure at the middle point of the traces (yellow triangle). Analyzing the mean density
currents, we observed an increase only in small-sized CTR neurons after GDNF administration (CTR small-sized n=9,
medium-sized n=5; DIAB small-sized n=10, medium-sized n=5; *P<0.05, **P<0.01, Wilcoxon test). Abbreviations:
CTR=control, DIAB= diabetic.

As results obtained in aCSF were rather contradictory, GDNF effect was also analyzed in a ChClI-
based aCSF solution (see above) to better explore the putative contribution of voltage-gated K
channels in reducing firing activity. First, we analyzed K* conductances by applying
hyperpolarizing protocol (CTR n=15, DIAB n=15; Figure 3.16). Although an increase of the
instantaneous current at the beginning of voltage step (linst) Was observed, it was not statistically

significant.
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FIGURE 3.16 CURRENTS ELICITED BY HYPERPOLARIZATION IN NA+FREE-ACSF.
No significant difference were noticed before and after the administration of GDNF recurring to an hyperpolarizing
protocol (CTR n=15, DIAB n=15).

However, when considering only small-sized neurons, the effect was partially significant at
negative voltage steps (CTR n=9, DIAB n=10; P<0.05, Wilcoxon test; Figure 3.17).
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FIGURE 3.17 CURRENTS ELICITED BY HYPERPOLARIZATION IN NA+FREE-ACSF.

The mean density current was significantly increased after GDNF administration, but only in small-sized CTR neurons
and at high negative voltages (CTR small-sized n=9, medium-sized n=5;DIAB small-sized n=10, medium-sized n=5;
*p<0.05, **p<0.01, Wilcoxon test).

Hyperpolarizing voltage steps often induce a hyperpolarization-activated inward current (I) whose
amplitude can be calculated as the difference between Is and i (see above). GDNF significantly
reduced the amplitude of I, currents (Figure 3.18). The effect was observed in both CTR (n=15;
**P<(0.01 and ***P<0.001, Wilcoxon test) and DIAB neurons (n=15; **P<0.01, Wilcoxon test).
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This difference was recorded only in small-sized neurons (CTR n=10, DIAB n=10; *P<0.05 and
**P<0.01, Wilcoxon test).
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FIGURE 3.18 IH CURRENTS IN NA+-FREE ACSF.
Hyperpolarization-activated inward current (I,) calculated as the difference between the steady state I and lig. A
significant difference was noticed at high negative voltages only in small-sized neurons, both in CTR and DIAB
animals. GDNF seemed to block the Iy, currents (CTR small-sized n=9, medium-sized n=5;DIAB small-sized n=10,
medium-sized n=5; *p<0.05, **p<0.01, Wilcoxon test).
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In depolarizing protocols, GDNF administration in CTR neurons did not induce significant changes

in total Kv current. However, while delayed rectifying I currents were inhibited, transient Ia

currents were significantly increased (n=13; *P<0.05,**P<0.01, Wilcoxon test, Figure 3.19). A
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similar effect was also detected in DIAB neurons, especially in Ia currents (n=15; *P<0.05,
**P<(.01, ***P<0.001, Wilcoxon test).
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FIGURE 3.19 KV CURRENTS FROM CTR AND DIAB NEURONS IN NA+-FREE ACSF.

Top Representative traces of the total Kv current (left), sustained (centre) and transient Kv currents (right). Bottom The
mean density of sustained and transient Kv currents of both CTR and DIAB neurons was significantly different after
GDNF administration, with a decrease of the sustained component and an increase of the transient component.
Contrariwise, the total Kv current did not vary significantly (CTR n=14, DIAB n=15; *P<0.05, **P<0.01, ***P<0.001,
Wilcoxon test).
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After pooling data according to the cell sizes (Figure 3.20), both small-sized CTR and DIAB
neurons showed significant variations after GDNF administration (small-sized CTR n=9, DIAB=10;
*P<0.05, **P<0.01, ***P<0.001, Wilcoxon test).
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FIGURE 3.20 KV CURRENTS FROM CTR AND DIAB NEURONS IN NA+-FREE ACSF.

The mean density of sustained and transient Kv currents of CTR small-sized neurons was significantly
different after GDNF administration, with a decrease of the sustained component and an increase of the
transient component. Contrariwise, the total Kv current did not vary significantly. This effect was not measured
in small-sized DIAB neurons or in medium-sized both CTR and DIAB (CTR small-sized n=9, medium-sized
n=5;DIAB small-sized n=10, medium-sized n=5; *p<0.05, Wilcoxon test
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The effect of GDNF persisted, or even increased, for 5-10 minutes after switching to a GDNF-free

aCSF solution (Figure 3.21). The persistance of the effect after removing GDNF was particularly
evident in small-sized CTR neurons (small-sized CTR n=5; *P<0.05, **P<0.01, ***P<0.001,

Friedman test), while in small-sized DIAB neurons only lIa current increased (small-sized DIAB
n=5; P<0.05, **P<0.01, ***P<0.001, Friedman test).
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FIGURE 3.21 EFFECTS ELICITED BY GDNF INCREASED IN THE WASH STEP.

Currents were measured at the middle of the traces in CTR and DIAB neurons. The increase of the currents induced by
the administration of GDNF was not wash out by 5-min perfusion with ChCl-based aCSF. The major effect was
induced in small-sized CTR neurons (small-size CTR n=5, DIAB n=5, medium-sized CTR n=4, DIAB n=3; *P<0.05,
**p<0.01, ***P<0.001, Friedman test).
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Altought it was not possible to properly washout the GDNF effect in our experimental settings, no

significant changes were detected when the same protocols, with similar timing, were applied
without GDNF (n=5; not shown).

3.2.3 GDNF EFFECT IN PRESENCE OF VOLTAGE-DEPENDENT K+ CHANNEL BLOCKER

Effects on hyperpolarizing currents were analyzed in presence of Ba®* (100 uM, Tang et al., 2010)

to block inwardly rectifying potassium channels (Kir).
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FIGURE 3.22 CURRENTS ELICITED IN CTR AND DIAB NEURONS IN ACSF AND ACSF+BARIUM.
Currents were measured at the middle of the traces only in small-sized neurons. The increase of the current induced by
the administration of GDNF was detected in CTR neurons. The same experiment was repeated in Barium containing
aCSF (100uM) and the effect was lost. However, isolate the specific effect of GDNF in this experimental condition was
difficult, so no strong conclusion can be drawn (small-sized CTR n=4, small-sized DIAB n=6).
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Experiments were performed in Ba®*-containing normal aCSF with special focus on small-sized
CTR (n = 4) and DIAB (n = 6) neurons which are more sensitive to GDNF than medium-sized
(Figure 3.22). However, as GDNF effects were difficult to isolate under these experimental

conditions (see above), no strong conclusions can be drawn.

In depolarizing protocols, the non-selective K-channels blocker tetraethylammonium (TEA, 25
mM; Tang et al., 2016) was added to the ChCl-based aCSF. Traces shown in Figure 3.23 were
recorded from a single small-sized CTR neuron. Despite the presence of TEA, the reduction of Ik

currents and the increment of 14 currents following the administration of GDNF was still detectable.

a) Total b) I, a)-b) |,

100 mvV

= L_ HP‘BO"‘VJ—; — 05s

Pre-pulse -40 mV

— aCSF (CTR)
— GDNF (CTR)
— 4-AP (CTR)

aCSF+ChCI+Cd*+TEA

FIGURE 3.23 KV CURRENTS FROM CTR AND DIAB NEURONS IN NA+-FREE ACSF, TEA AND 4-AP.
Representative traces of the total Kv current (left), sustained (centre) and transient Kv currents (right) of a small-sized
CTR neuron are shown. Despite the presence of the K-channel blocker TEA, the reduction of the sustained component
and the increment of the transient component of Kv current were still detectable. The administration of the K-channel
blocker 4-AP at the end of the experiment confirm an involvement of the transient component of Kv current in GDNF-
mediated effect.
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This suggests that at least part of the effect of GDNF is TEA-insensitive. However, bath-applying
4-AP (5 mM; Winkelman et al., 2005) at the end of the experiment, selectively blocked the transient

component, confirming a major involvement of I, currents in GDNF-dependent effects.

The data collected suggest multiple effect of GDNF on K™ currents, including an increase of the
transient component I, which seems to be TEA-insensitive 4-AP-sensitive, and an inhibition of the

sustained component.

3.3 MORPHOLOGICAL CHARACTERIZATION OF NOCICEPTORS IN DRG IN
CONTROL AND DIABETIC MICE

3.3.1 CLUSTERIZATION OF IB4+ NOCICEPTOR SUB-POPULATION IN MICE DRGS

Primary sensory neurons subpopulations can be distinguished using immunofluorescence labeling:
peptidergic sensory neurons are labeled by the antibody recognizing CGRP, while non-peptidergic
are bound by the marker isolectin B4 dye-conjugated (for in-depth description see Paragraph 1.2.2).
During z-stacks confocal acquisition of entire DRGs, a particular distribution of 1B4+ nociceptors
was observed, as shown in Figure 3.24. IB4+ neurons tended to aggregate in structures that can be
called “clusters”, in which some cell’s surfaces seem in direct contact to each other. Conversely,
CGRP+ neurons did not show this type of cell distribution, being completely separated each other.
The 3DRG tool, used for 3D reconstruction of entire DRGs, was optimized and employed to have a
validating analysis of the cluster distribution and to verify if these structures could be altered in the

presence of diabetes.

Being a semi-automated software, 3DRG required some manual inputs that were inserted by an
operator: i) the size of the cells of interest (Vref); ii) the size threshold between single cell and
cluster (V¢is). Vref was set considering a diameter size of 20 um for 1B4+ neurons and a diameter
size of 25 um for CGRP+ neurons. These diameter sizes are consistent with manual measurements
performed on our images (Figure 3.24), as well as with previously published literature data (Stucky
and Lewin, 1999b; Kestell et al., 2015). Then, all the positive objects found during the
preprocessing were normalized for Vref and only the objects with a value higher than the 85"
percentile were accounted as clusters. This decision was justified by the need to face the internal
variance of cellular sizes, mostly for CGRP+ neurons, which sizes ranged in a broad spectrum
(Figure 3.24).
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FIGURE 3.24 DIFFERENT SIZES OF PEPTIDERGIC AND NON-PEPTIDERGIC POPULATIONS

Parameters obtained were: the median volume of cluster normalized for Vref (Vimeq cis), the mean
number of cells per cluster (N°.), the percentage of cells involved in cluster on the total amount of
cells (%cluster 1) and the percentage of volume belonging to cluster on the total amount of volume
(% cluster 2) (Table 2.1). Analysis was carried out on 147 different DRGs, which includes 48 CTR
samples and 57 DIAB samples for IB4+ neurons, and 58 CTR samples and 56 DIAB samples for
CGRP+ neurons. Data obtained from semi-automated analysis not only confirmed the tendency of
IB4+ cells to form clusters but also provided other features of this configuration: around 15% of the
total positive objects found were clusters and this 15% occupied around 80% of the total positive
volume (Table 3.7; Figure 3.25). IB4+ clusters were usually composed of 4/5 cells each and the
Vmed c1s Was about 2.5 times V. The discrepancies between this two latter data can be explained by
the fact that the mean number of cells present in each cluster is the mean obtained dividing the
volume of clusters higher than 75™ percentile for Ve, while the Vimeq ais is the median of all clusters’

volume divided for V.
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TABLE 3.7 Output of 3DRG software analysis

Marker  Treatment N® cell per % cluster 1 % cluster 2 Positive 3
cluster volume (mm?°)
CTR 4,70+0.26 15.24+0.65 80.36£1.09 2.40+0.09 0.0194+0.001 140.14+18.64
I1B4+
DIAB 4.28+0.24 15.08+0.55 78.21+1.39 2.34+0.09 0.0196%0.001 201.17+25.84
CTR 1.89+0.11 8.45+0.37 56.87+2.02 1.75+0.04 0.0176+0.001 192.54+8.48
CGRP+
DIAB 1.65+0.08 7.84+0.35 52.79+2.18 1.81+0.06 0.015+0.001 189.53+12.02

As shown in Figure 3.25, the comparison of all these parameters between IB4+ and CGRP+
neurons resulted significantly different (P<0.001, Mann-Whitney test). CGRP+ neurons do not form

clusters, thus both the number of cells per cluster and the Veq 15 are expected to be 1.
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FIGURE 3.25 STATISTICAL ANALYSIS OF 3DRG OUTPUT DATASET.

Parameters analyzed were the number of cells per cluster, the percentage of the total volume detected as positive
fluorescence that is involved in cluster (%clusterl), the percentage of volume occupied by cluster on the total volume of
the DRGs (%cluster2) and the size relationship with Vref.

In our samples, the number of cells/cluster was 1.89 and the Veq c1s 1.76, both in CTR and DIAB.
This deviation from the expected values was due to the heterogeneous sizes that characterize
CGRP+ neurons in respect to 1B4+ cells. Regarding the comparison between CTR and DIAB

samples, no significant differences were outlined in both the cellular subpopulations.

83



The cluster organization of 1B4+ neurons was not described previously. We hypothesized that the

cluster distribution may have a role in the cross-talk between 1B4+ neuronal somata.

3.3.2 ALTERATIONS IN SATELLITE GLIAL CELL MORPHOLOGICAL ORGANIZATION IN
DRG FROM DIABETIC MICE

Direct neuron-to-neuron communication in DRGs is limited by the presence of a thin layer of
satellite glial cells (SGCs) which individually ensheats and insulates sensory neurons. At the same
time, SGCs may indirectly mediate cross-talk between neuronal somata by forming “sandwich
synapses” (Rozanski et al., 2013).

Since different neuronal populations exhibit different patterns of spatial organization, the level of
cell coverage by SGCs may differ within specific cell populations and may be differentially

compromised in pathological conditions.
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FIGURE 3.26 ANALYSIS OF SGCS ENSHEATMENT.

A Graphs of the mean intensity values of SGCs ensheathment measured around CGRP+ and I1B4+ neurons; B Graphs
of the coefficient of variation; C images showing the three different population (red SGCs, green 1B4, blue CGRP).
Statistic for the analysis performed: *P<0.05, **P<0.01, ***P<0.001, Mann-Whitney test).

To test this hypothesis the cell-specific SGCs ensheathment was analyzed in 7 CTR DRGs and 8
DIAB DRGs, for a total account of 47 CTR neurons and 54 DIAB neurons. Entire DRGs were
harvested and triple stained for IB4+, CGRP+ and a-glutamine synthetase (GS), a marker of SGCs.
The staining for these two markers allowed their characterization, while the stain for the latter the

analysis of the ensheatment degree (for in-depth description of the method, see Paragraph 2.11).
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This analysis was performed in IB4+ and CGRP+ subpopulations (Figure 3.26 C), in the presence
of diabetes or not. Interestingly, a significant difference existed in 1B4+ subset between CTR and
DIAB neurons (Figure 3.26 A), with a decrease of the fluorescence in the latter, suggesting a
reduction of the coverage due to SGCs in diabetic conditions (*P<0.05; **P<0.01, ***P<0,001,
Mann-Whitney test).

On the contrary, SGCs staining upon CGRP+ neurons was increased around DIAB neurons, but it
was not significant. Moreover, the coefficient of variation of fluorescence around the cell
circumferences appeared to be significantly higher in DIAB IB4+ neurons as compared to CTR
(P<0.01, Mann-Whitney test; Figure 3.26 B), indicating a higher degree of variance of fluorescence
around the cell membrane, which might reflect defective SGCs covertures. This difference was not

present in CGRP+ neurons.

These data suggest a putative alteration of SGCs in diabetic condition, with a reduction of the
ensheatment around 1B4+ neurons and an increase around CGRP+ neurons. The reduction of SGC
coverage in cells with high tendency to cluster may promote direct cross-talk between neurons and

account for aberrant encoding in pathological settings.
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DISCUSSION

4.1 FUNCTIONAL ALTERATIONS IN SENSORY NEURONS ASSOCIATED
WITH DIABETES AND ROLE OF GDNF

4.1.1 FUNCTIONAL ALTERATIONS OF SENSORY NEURONS IN DRG OF DIABETIC MICE

Diabetic peripheral neuropathy (DPN) is characterized by a length-dependent alteration of the
sensory system. Neuropathy typically starts at small nerve fibers, giving rise to hyperalgesia and
allodynia, which consists in an increased sensitivity to painful and non-painful stimuli, respectively
(Callaghan et al., 2012). Then a further advancement causes dysfunction and degeneration of larger
myelinated fibers, with the consequent sensory ataxia and decreased proprioception (Tesfaye and
Selvarajah, 2012). Eventually, hypoalgesia and completely sensory loss characterizes the advanced
stage of peripheral neuropathy (Callaghan et al., 2012), although a highly variable constellation of
sensory loss- and gain-of-function can be expressed (Themistocleous et al., 2016).

In the present study, functional properties of primary sensory neurons were analyzed in a STZ-
induced model of type 1 diabetes in mice. The model was chosen as it induces a strong diabetic
phenotype in few days after a single high dose of STZ and thus allows to generate highly
reproducible diabetic phenotypes (see King, 2012 for review). To further maintain reproducibility,
mice were all sacrificed one month after diabetes induction. At this stage, it was reported that CD1
male mice exhibit thermal and mechanical hypersensitivity (Courteix et al., 1996; Pabbidi et al.,
2008). Finally, to preserve the anatomical configuration and cell-to-cell interactions, functional
experiments were performed ex vivo on intact DRGs rather than in dissociated DRG cultures,
allowing to analyze physiological cell properties in experimental conditions mimicking in vivo
settings (Ciglieri et al., 2016b; Gong et al., 2016).

One of the main findings emerging by this study was that neurons from diabetic mice exhibit
reduced excitability and higher resistance to fire. Action potentials showed indeed a higher
threshold and slower Kinetics as compared to neurons from control mice. By sorting neurons
according to the size (Stucky and Lewin, 1999b; Kestell et al., 2015), differences in firing
properties between small and medium populations were more prominent in diabetes, with a
substantial increase of action potential latency and kinetics in small neurons. Moreover, not only
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small neurons appeared more sensitive to diabetes-induced changes but among them, non-
peptidergic IB4+ neurons turned out to be the more affected population. These observations are
consistent with firing profiling published by Choi et al. (2006), in which 1B4+ neurons presented a
physiological more negative AP threshold than IB4- ones. Interestingly, this difference was lost in
diabetes. All together, these data indicate a reduced excitability of DRG neurons from diabetic
mice, particularly in the non-peptidergic population.

Several voltage-gated channels (Nav channels, Kv channels, Cav channels) may have an altered
expression and/or function in DPN (Hong et al., 2004; Cao et al., 2010; Waxman and Zamponi,
2014). Interestingly, while firing properties in control DRG were very sensitive to hyperpolarization
(increase in rheobase, threshold, latency), the effect was largely lost in diabetes. This observation
led to speculate that voltage-dependent potassium conductance might play a role in the observed
differences.

Results from voltage clamp experiments confirmed this hypothesis suggesting an upregulation of
Kv channels activity in diabetes, with a major involvement of fast inactivating component A-type
(1) isolated in depolarizing protocols and of the leak current in hyperpolarizing protocols, which
are likely mediated by inward rectifier potassium channels (Rateau, 2006). Importantly, this
enhancement was only found in small-sized neurons, while in the medium-sized ones K*

conductances resulted unvaried.

The observation of an overall impairment of cell excitability in small DRG neurons well support
clinical observations indicating a decreased conduction velocity in peripheral nerves with particular
reference to small fibers neuropathy (Cummins and Dorfman, 1981; Erdogan et al., 2013), as well
as preclinical studies in STZ diabetic mice which confirm the hypofunction of peripheral nerves in
diabetes (Murakami et al., 2013). Interestingly, the observation that reduced excitability might be
particularly prominent in IB4+ neurons is in strongly agreement with histological investigations
indicating that non-peptidergic fibers in STZ diabetic mice were more vulnerable to diabetes
(Akkina et al. 2001). Of course, reduced conduction velocity may be due to the degeneration
process at distal peripheral afferent or to segmental demyelination rather than alterations in the cell
soma (Toth et al., 2004); however, impaired nerve function is observed at early stage of diabetes,
when degenerative process and reduction of fiber number is not detected yet (Shaikh and Somani,

2010), suggesting more complex molecular alterations likely involving ion channels.

On the other hand, most of the in vitro studies reported increased excitability of sensory neurons

from diabetic animals (Cao et al., 2010; Hirade et al., 1999). Specifically, in a rat model of diabetes
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a marked reduction of the densities of total Kv, A-type (1a) and sustained delayed (Ix) currents was
observed, particularly in medium- and large-sized neurons in diabetic condition, while small-sized
neurons resulted unaffected (Cao et al., 2010). These results are partly in contrast with the findings
in the present study. However, it should be pointed out that, besides methodological differences in
time point and type of animals, all the above studies were performed on dissociated DRG cell
cultures rather than intact DRGs, leaving open the question of whether in vitro modifications in
molecular profiles and neuroanatomical relationships might have affected the results. It is also
important to note that hyperalgesia and allodynia associated with diabetes do not necessarily
correlate with increased excitability into sensory neurons. Aberrant encoding in specific cell
populations and the synthesis and release of specific factors from pathological sensory neurons,
may induce a neurimflammatory state in the dorsal horn of the spinal cord, which eventually may

undergo to central sensitization mechanisms (Latremoliere and Woolf, 2009).

4.1.2 FUNCTIONAL EFFECT OF GDNF ADMINISTRATION ON DRG NEURONS

Several studies highlighted the crucial role of neurotrophic factors in regulating DRG sensory
neurons survival and function also in adulthood (Ernfors et al., 1994; Lewin et al., 1994; Trupp,
1999; Bardoni et al., 2007; Bardoni and Merighi, 2009). In addition, their effect is specifically
associated with certain neuronal subpopulations, as peptidergic and non-peptidergic neurons for
NGF and GDNF, respectively (Bennett et al., 1998; Molliver et al., 1997b). The majority of small-
sized DRG sensory neurons are involved in nociceptive signaling and our data, in concert with
previous studies, suggested a crucial role of their afferents in the development of DPN (Akkina et
al., 2001). In particular in this study, non-peptidergic nociceptors appeared as the population of
sensory neurons most sensitive to diabetes-induced alterations in excitability. Since this population
also expresses the GDNF receptor complex GFRal/Ret (Salio et al., 2014), the role of the
neurotrophic factor GDNF in modulating sensory neurons function was investigated in control and

diabetic mice.

The acute administration of GDNF on entire DRGs from control mice induced a substantial increase
in the AP latency and threshold, especially from hyperpolarized membrane potentials. As expected,
the effect was more prominent in small-sized neurons. Interestingly, GDNF had little effect on
firing properties of sensory neurons from diabetic mice. Actually, the previously reported
differences between neurons from control and diabetic mice were abolished after GDNF
administration, suggesting that GDNF recapitulates in normal neurons some of the mechanisms

leading to reduced excitability in pathology. Indeed, GDNF potentiated A-type K+ currents and
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hyperpolarizing leak currents in small-sized neurons from control mice, the same potassium
conductances that were increased in small-sized neurons from diabetic mice. The potentiation of
these conductances may account for the altered AP properties observed in current clamp. However,
it should be noted that GDNF also inhibits some specific potassium conductances, and namely, the
sustained potassium currents (lx) and the hyperpolarization-activated currents (I;). This dual action
implies the activation of multiple intracellular pathways with positive and negative effects on
different voltage-dependent potassium channels. This duality may be explained by the activation,
via binding of GFRal/Ret complex (Jin et al., 2002), of several intracellular signaling cascades.
Binding to GFRal, GDNF initiates functional coupling with Ret and activates extracellular signal-
regulated kinase (ERK), p38 mitogen activated protein kinase (MAPK), phosphatidylinositol 3-
kinase (PI3K)/AKT and other pathways (c-Jun N-terminal kinase, Src family kinases; Tansey et al.
2000; Airaksinen and Saarma, 2002). While the activation of MAPK/ERK pathway was shown to
inhibit A-type transient (Kv4.2) and K-type sustained current via phosphorylation of specific
residues (Takeda et al., 2010; Yang et al., 2001), the activation of PI3K pathways via Akt kinase, by
overriding the activation of MAP/ERK, may lead to a potentiation of the same conductances (Jin et
al., 2002; Liu et al., 2009). MAPK/ERK pathway itself does not always produce an inhibitory effect
on Kv4.2 channels. In fact, point mutations on three different Kv4.2 residues targeted by ERK
kinase lead to both potentiating and inhibitory effects on the gating properties of these channels
(Schrader et al., 2006). The activation of one specific pathway, and thus its biological effect, may
depend upon a variety of factors, including: i) the neuronal cell type which may express different
types of GFRa receptors; ii) the receptor organization/phosphorylation (Runeberg-Roos and
Saarma, 2007); iii) the subcellular localization (Paratcha et al., 2001; Richardson et al., 2006); the
dose of GDNF applied (Mills et al., 2007) and more in general, iv) the experimental settings.
Contrasting evidence on the physiological role of GDNF in neuronal excitability follows this
complexity. A recent study on dissociated sensory neurons in trigeminal ganglia has shown that
GDNF increases the excitability by inhibiting transient I currents and sustained Ik currents (Takeda
et al., 2010), while in our study we observed an inhibition of the latter and a potentiation of the
former, with a net inhibitory effect. Again, as discussed above, such discrepancy may account for
differences in the experimental model adopted, which in turn might influence intracellular signaling
pathways. Importantly, by using the entire DRGs, the intimate relationship between SGCs and
sensory neurons is preserved. On one side, SGCs physiologically act as a buffer for extracellular
potassium, thus lowering the cell excitability (Pannese, 1981); moreover, SGCs may express and
release trophic factors, including GDNF, in pathological conditions (Otoshi et al., 2010), thus

possibly modifying subsequent responses to exogenous stimuli.
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On the other hand, the observed inhibitory effects of GDNF are consistent with a broad number of
published works supporting an antinociceptive role of the trophic factor, with special reference to
neuropathic pain syndromes (see for review Merighi, 2016). Antinociceptive effects have been also
described following topical application of GFRal agonist in a mouse model of diabetic neuropathy
(Hedstrom et al., 2014) or the induction of GDNF overexpression in peripheral tissues (Liu et al.,
2009), which support its clinical use to treat diabetes-induced neuropathic pain. In our study,
however, we found that the inhibitory effect of exogenous GDNF in sensory neurons are reduced in
diabetes. The more logical explanation is that the increased potassium conductances in diabetes
counteract a further potentiation induced by exogenous GDNF. It can be speculated that the same
signaling pathways activated by exogenous GDNF may be already activated in diabetic condition

by the endogenous molecule released with protective purposes.

4.1.3 STRUCTURAL ALTERATIONS IN SENSORY NEURONS ASSOCIATED WITH
DIABETES

Dorsal root ganglia present very unique features that characterize them as the site of sensory
afferent somata. Their anatomical structure is characterized by nerve cell bodies in mutual contact
during the development. Then, they are progressively enveloped by a satellite cell sheath, which in
turn becomes enveloped by connective tissue (Pannese, 1981), thus completely isolating cell bodies
from each other just before birth. Nevertheless, sparse pairs or triplets of nerve cell bodies,
identified as cell clusters, surrounded by a common connective tissue, have been described in the
spinal ganglia of various species (Pannese et al., 1991, 1993). This particular arrangement raises the
question whether a cell-to cell communication exists in DRGs and how it develops being these cells
not synaptically interconnected (Amir and Devor, 1996). In this context, even if the functional
profile of these neurons has now been widely investigated (Pannese, 1981; Hanani, 2005;
Nascimento et al., 2008; Rozanski et al., 2013; Hanani, 2015), little is still known on their mutual
spatial relationship and distribution and whether this has an impact on their function in health and

disease.

In the present study the anatomical distribution and structure of DRG nociceptors was
morphologically analyzed in control and diabetic mice, by using two classically recognized
markers, such as 1B4 to label non-peptidergic nociceptors and CGRP for the peptidergic ones. In
collaboration with the Politecnico of Turin, a 3D software-based analysis, named 3DRG (Cataldo et

al., 2016) was set up and an innovative method developed in our laboratory, consisting in a DRG
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whole-mount preparation (Ciglieri et al., 2016), was applied. In particular, based on a previously
described approach used to record neurons from entire DRGs (Hayar et al., 2008; Zhang et al.,
1998) a collagenase treatment was performed to remove the external fibrous connective capsule
from acutely excised DRGs. Collagenase pre-treatment significantly improves antibodies and
marker penetration into intact DRGs without requiring classical slicing procedures.

The interesting result emerging from this analysis, never described in literature until now, is that the
non-peptidergic IB4+ population of nociceptors tend to cluster in groups of three-four, with neurons
apparently in strict contact each other. In particular, considering the total positive objects identified
by the software during the analysis of 1B4+ fluorescence, clusters represent 15% of total 1B4+-
labeled volume in the DRGs. On the contrary, the CGRP+ peptidergic population of nociceptors
never clusterize, being the immunolabeled cells scattered all over the DRG.

The cluster structure indicates a non random cell distribution, which may condition the spread of
excitation among neighboring cells. The existence of some form of anatomical arrangement in
DRGs, albeit confined to a single cell population, is in contrast with the common belief of a lack of
organization in these formations (Taylor et al., 1982). We have also to take in mind that both spinal
cord and cortex have a precise somatotopic organization in somatosensory pathways (Welker, 1971;
Swett and Woolf, 1985), while only few observations were made about a similar organization in
DRGs (Pfaller and Arvidsson, 1988; Wessels and Marani, 1993; Wessels et al., 1990). In this
context, the IB4-clusters could be part of a more complex somatotopic organization, related to
particular pattern of skin innervations or transduction of multi-quality stimuli. The intimate contact
observed in our study between specific IB4+ nociceptor populations may have an important impact
in cell-to-cell communication in DRGs, thus overcoming the classical idea of sensory neurons as
independent communicating elements. Even if synapses are virtually absent in DRGs and thus cell-
to-cell interactions within DRGs cannot involve synaptic junctions, the close membrane apposition
in the non-peptidergic -1B4+ cluster could permit electrotonic interactions among neighboring DRG
neurons. Furthermore, around 5% of DRG somata are described to be able to originate electrical
impulses (Wall and Devor, 1983) and titanic stimulation of one axon can exert subthreshold activity
in the neighboring neurons, even if not directly stimulated (Devor and Wall, 1990).

We then speculated whether the cluster structure observed in the 1B4+ non-peptidergic population
of nociceptors could have an impact also in diabetes-induced alteration, but we did not observe
significant changes between normal and diabetic mice, remaining both the total number of clusters

and the mean value of cells involved in the clusters unchanged.
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Although the cluster structure was unaltered in DRGs from diabetic mice, a different arrangement
of SGC was detected. Alterations in SGC ensheatment between the different cell populations of
nociceptors may strongly affect the spread of excitability across DRG neurons. SGCs were proved
to communicate between each other via gap junctions (Huang et al., 2005) and to mediate inter-
soma communication via “sandwich synapses” (Rozanski et al., 2013). During systemic
inflammation, SGCs resulted activated and the communication between each other potentiated
(Blum et al., 2014). Moreover, SCGs are reported to undergo important changes in different pain
models, contributing to chronic pain (Jasmin et al., 2010; Hanani, 2012). In a streptozotocin-
induced type 1 diabetic model, SGCs were activated with a 4-fold and 5-fold increase in GFAP
immunostaining in mice and rats, respectively. Being GFAP a marker of glia activation, this
indicates that important functional modifications occur in diabetic condition (Hanani et al., 2014).
Here, the level of SGCs ensheathing in diabetes was found to be specifically reduced around I1B4+
non-peptidergic neurons only, while little changes were observed around CGRP+ peptidergic
neurons. A decreased SGC ensheathment around IB4+ nociceptors in diabetes may lead to an
augmentated possibility of contacts between neighboring neurons in IB4+ cell clusters. This
anatomical configuration may favor direct functional crosstalk between clustered neurons in

pathological conditions, that may disrupt the correct encoding of sensory input.

4.1.4 IMPACT AND FUTURE DIRECTIONS

The present study has explored ex vivo various features of the physiological and morphological
alterations induced by diabetes in DRG sensory neurons, encompassing perturbations of neuronal
membrane properties to the impairment of neuron-glia relationship. In particular, a detailed analysis
of GDNF effects has elucidated the role of the neuroptrophic factor in mitigating neuronal
excitability, which may represent an innovative approach to tackle altered somatosensory function
in diabetes (Akkina et al., 2001; Anitha et al., 2006; Peeraer et al., 2011).

To further investigate these mechanisms and to explore their impact in vivo different approaches

could be adopted.

Glia-neuron interactions can be better investigated by using genetically modified or virally-injected
animals to induce the expression of light-inducible molecules to stimulate or inhibit selected
sensory neuron populations. As shown by lyer et al. (2014), the injection of viruses encoding
excitatory and inhibitory opsin light sensitive allowed the optogenetic control of sensory neurons
excitability. An alternative approach (Kim et al., 2016) consist in recurring to genetically-modified

mice expressing calcium indicators in sensory neurons. These in vivo techniques represent a
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powerful tool to explore direct interactions among sensory neurons in DRGs following
physiological stimulations of peripheral tissues. Coupling activation of neighbouring neurons has
been indeed demonstrated (Kim et al., 2016) and the impact of SGCs on neuronal crosstalk can be
directly analyzed. Secondly, direct evidence of the effect of GDNF in restoring normal cell
excitability in pathological conditions could be effectively monitored in vivo by delivering systemic
treatments with GDNF or GDNF mimetics.

Targeting cell-to-cell communication in DRGs represents a new frontiers in the treatment of
neurological diseases associate with pathological pain (Costa and Neto, 2015; Hanani, 2012; Wu et
al., 2012). In this context, gap junctions and pannexin are key mediators of the communication and
resulted hyperactivated following injury (Hanani et al., 2002; Hanstein et al., 2013, 2016; Wu et al.,
2012). Gap junction-forming connexin is a protein that resulted hypoexpressed in pathological
condition and the increase of SGCs coupling was explained with an augment of these specific
channels functioning (Xu et al., 2014). On the contrary, membrane channels pannexins resulted
increased in pain models, releasing signaling molecules as ATP, which is algogenic and lead to
cytokine production (Silverman et al., 2009) and, eventually, to peripheral sensitization (Zhang et
al., 2015). In future studies, the role of SGCs in contributing to altered pain in diabetes can thus take
advantage of gap junctions and pannexin blockers, such as carbenoxolone, which are proved to

dramatically reduce pain profile (Bravo et al., 2014; Hanstein et al., 2010).

Regarding the kinetics of action of GDNF in pathological situation, a different type of approach to
study alterations in DRG sensory neurons could be recurring to GDNF or GFRal-null mice. Few
studies performed in the past showed that GDNF-/- mice embryos presented 23% losses of L5 DRG
sensory neurons, while GRFal-/- embryos showed a normal neuronal population (Moore et al.,
1996). These findings and the lack of a massive neuronal cell loss suggested that GDNF, even if
involved in cells survival, was not the key survival factor of peripheral nervous system and that
GFRal is just one of the mediators of GDNF action (Cacalano et al., 1998; Moore et al., 1996;
Pichel et al., 1996; Sanchez et al., 1996). On the contrary Ret-/- embryos presented a severe loss of
neurons, probably due to the fact that is a signaling transducer shared by all GDNF family ligands
(Cacalano et al., 1998; Schuchardt et al., 1994).

Currently, a definite role for GDNF as modulator of the nociceptive information is still
controversial, considering its actions as both anti- and pro-nociceptive, depending on the system
and the type of pain considered: indeed, GDNF may exert hyperalgesic effect in peripheral nervous
system, and an analgesic effect in the central, as deeply rewied in Merighi (2016). Taking this in

consideration, an interesting resolution is the development of neurotrophic mimetics, which are
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small molecules that act as agonists of neurotrophic factors but without the poor drug-like features,
as low bioavailability, poor tissue diffusion (Piltonen et al., 2009) and high-cost production.
Regarding GDNF, few alternatives are currently available: gliafin, that is a peptide able to induce
Ret phosphorylation, but still under study for testing pain reduction (Garcia-Bennett et al., 2013);
BT13, a Ret agonist, which decreased mechanical hypersensitivity and normalized the expression of
several DRG neurons markers in a model of neuropathic pain (Sidorova et al., 2017); X1B4035, a
small molecule that enhances the signaling of GFRal (Tokugawa et al., 2003) and, administered
topically, alleviates small fiber neuropathy in a rat model of diabetes (Hedstrom et al., 2014;
Merighi, 2016).

A combination of the previous in vivo approaches together with behavioral studies in animal models
of diabetic neuropathy would help to make a significant step forward in the comprehension of the
molecular and cellular mechanisms underlying alterated nociceptive transmission in diabetes.
Moreover new insights on physiological mechanisms of GDNF kinetics are necessary for new drug

design.
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CONCLUSION

The experiments described in this thesis were carried out by combining electrophysiological and
morphological approaches in order to analyze the pathological alterations of dorsal root ganglia as a
consequence of the metabolic impairments typical of diabetic polyneuropathy. Sustained
hyperglycemia affects the entire nervous system, with major impairments over the peripheral
nervous system which is more exposed to the direct effects of systemic diseases. In particular,
DRGs host the cell bodies of sensory neurons and therefore represent the center where gene

expression is controlled and cell excitability modulated as a response of environment changes.
The main findings presented in this thesis can be summarize as follows:

- diabetes causes relevant alterations in sensory neurons, mainly in small-sized non-
peptidergic nociceptors. These neurons exhibit reduced excitability and decreased firing
activity, which is associated with a potentiation of voltage-dependent potassium channels;

- the neurotrophic factor GDNF mitigates cell excitability in small nociceptors under
physiological conditions. The mechanisms implies again an increase in potassium
conductances, namely driven by fast inactivating I, and hyperpolarized-activated I, currents;

- in neurons from diabetic animals, GDNF response is diminished or lacking;

- morphologically, diabetes does not affect the general organization of DRG neurons, while
causes a disruption of the functional unit formed by neuronal somata and satellite glial cells,

again mainly of small-sized non-peptidergic neurons.

Thanks to the new methodological approach developed in our laboratory, the analysis of the DRGs
as entire structure was feasible and allowed to investigate the effects of diabetic polyneuropathy

with a more integrated view.

Non-peptidergic neurons in DRGs appeared particularly affected by diabetes and therefore
represent a strategic target for future drug development to contain altered nociceptive behavior in
diabetic neuropathy. Indeed, these neurons were shown to form cluster which may favor the spread
of excitation and amplify the incoming sensory input. Moreover, the insulation provided by satellite
glial cells is mainly lost upon this population in diabetes, which may further favor atypical cell-to-
cell communication. Finally, these neurons express the GDNF receptor complex GFRal/Ret (Salio

e al. 2014) and are the most sensitive to the inhibitory effects of this neurotrophic factor.
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These results thus support the hypothesis that the administration of GDNF or GDNF analogs may
exert protective and antinociceptive effects in pathological conditions in which non-peptidergic
nociceptors are involved and potentially damaged. This view is supported by a broad literature that
confirm a regulatory role for GDNF (Akkina et al., 2001; Mills et al., 2007; Liu et al., 2009;
Hedstrom et al., 2014; Merighi, 2016). Overall, it is clear that a deeper analysis of the role of
neurotrophic factors, mainly GDNF, could bring not only a broader knowledge of the mechanisms
underlying nociception, but also uncover new ways to approach diseases such as diabetic
polyneuropathy. Considering that the somata of the neurons sensitive to GDNF are hosted by DRGs
and that these structures are easily accessible to systemic treatments, this could be translated in a

more efficient administration and, possibly, in a higher therapeutic effect.

“The dorsal root ganglion (DRG) is an odder beast than most of us realize”

-Unexplained peculiarities of the dorsal root ganglion- Marshall Devor, 1999.
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