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Abstract

Vascular Endothelial Growth Factor (VEGF) is a family of signal proteins produced
by different cells, that stimulates the formation of blood vessels. VEGE-A is the most
studied member of its family. In addition to its well-known pro-angiogenic
properties, it also directly influences neuronal and glial biological processes,
exerting trophic and signaling functions in nervous tissue.

In recent years, the involvement of the VEGF family in pain signaling is emerging,
highlighting the opportunity of a new possible pharmacological target and making
urgent the knowledge of its role in the pathophysiological mechanisms of algic
sensitivity.

For these reasons, the purpose of this thesis was to investigate the involvement of
VEGF-A and its receptors VEGFR-1 and VEGFR-2 in pain perception, and the
possible role of this growth factor in neuroprotection.

In naive mice, intrathecal infusion of VEGF165b (3- 10 and 30 ng/5 pL- a most
representative member of VEGF-A) induced dose-dependent noxious
hypersensitivity, assessed by pain threshold measurement, mediated by its VEGFR-
1. The involvement of VEGFR-1 was confirmed by both using selective ligands
(PIGF and VEGF-E that bind VEGFR-1 and VEGFR-2 respectively) and receptor
blockers (mAb D16F7 specific for VEGFR-1 and DC101 for VEGFR-2), and from the
silencing of the two VEGFRs by siRNAs in the lumbar spinal cord. In addition, to
deepen the molecular mechanism underlying the painful action of VEGF-A, the
immunofluorescence analysis showed that VEGFR-1 is more expressed on neuronal
rather than astrocytic cells. Consequentially, in the electrophysiological study,
VEGF165b stimulated the activity of spinal nociceptive neurons via VEGFR-1.
Furthermore, in the dorsal horn of the spinal cord, immunofluorescence analysis
revealed that VEGF-A increased in astrocytes from animals with oxaliplatin-
induced neuropathy, compared to microglia and neurons, suggesting that this cell
population is the source of the effective pain mediator. In addition, confocal
microscopy confirmed the expression of VEGF-A in astrocytes, separately from its

vascular component.



To investigate the relevance of this result, we selectively silenced astrocytic VEGF-A
via shRNAmir in spinal cord of neuropathic animals, resulting in a block of the
development of chemotherapy-induced neuropathic pain. In addition, anti-VEGFR-
1 mAb DI16F7 effectively relieved neuropathic pain induced by various
chemotherapeutic agents.

Following these data, to further investigate the mechanisms of pain modulation and
to study the neuroprotective component of VEGF-A in nervous tissue, we used the
organotypic spinal cord slice. After fourteen days of cultivation, the slices were
analyzed by immunofluorescence analysis with GFAP and NeuN markers to
confirm the maintenance of cell morphology and structural organization of the
spinal cord; in addition, using RECA-1 as endothelial marker, we highlighted a
significant reduction of the normal vascular network.

At this point, we focused our attention on three "key" factors that play important
role in the development and maintenance of pain: Calcitonin gene-related peptide
(CGRP), widely distributed in peripheral and central nervous system and its
receptors are expressed in pain pathways; Substance P, involved in the onset and
modulation of different types of pain; Glutamate, that showed a pivotal role in pain
sensation and transmission.

Treatment with both oxaliplatin (10 uM) and VEGF65b (100 ng/mL) enhanced the
release of CGRP and Substance P in the culture medium of the slices compared to
control; co-treatment with D16F7 (300 ng/mL), but not with DC101 (10 ng/mL),
prevented the release of both two pro-algic factors. Measuring the mRNA of EAAT1
and EAAT?2, the reduction in gene expression of the two glutamate transporters
caused by VEGF165b, as well as by oxaliplatin, was improved by VEGFR-1 blocker.
From the toxicity studies, we observed that oxaliplatin causes a dose-dependent
neurotoxicity and alteration of neurons morphology expressed as a reduction in
fluorescence intensity and in the number of NeulN* cells, after 24 hours
incubation.  Moreover, activation @ of  astrocytes  (evaluated by
immunofluorescence staining) was observed.

The co-treatment with VEGF165b showed neuroprotection of the nervous tissue

assessed by PI fluorescence, reduction of astrogliosis and neuronal alterations
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caused by oxaliplatin. To investigate the molecular mechanism underlying this
neuroprotective effect, we analyzed the role of VEGFR-1 and VEGFR-2 by using
PIGF and VEGF-E as their specific ligand and also D16F7 and DC101 as receptor
blockers. Quantitative analysis of PI fluorescence showed that VEGFR-2 is
involved in VEGF-A-mediated neuroprotection.

Ultimately, since the existence of astrocytic VEGF-A is reported in the literature,
as confirmed by our in vivo results, we treated the slices with fluorocitrate, a
glial metabolism blocker, to evaluate its effect in physiological and pathological
conditions. Our results showed that fluoricitrate (80 uM) was able to reduce
both VEGF-A baseline release and that induced by oxaliplatin treatment.
Moreover, the astrocytic inhibition caused an increase in PI fluorescence at all
times considered, as expected, worsening the toxicity due to oxaliplatin after
three hours of treatment. The addition of exogenous VEGF165b reduces the
toxicity caused by oxaliplatin and fluorocitrate after 24 hours of treatment.

In conclusion, this thesis highlighted that VEGF-A released by astrocytes is a
new actor in the complex neuron-glia network that oversees physiological and
pathological pain, and mAb D16F7 exerts a potent painkiller action in different
models of chemotherapy-induced neuropathic pain. Furthermore, the use of
organotypic slices of the spinal cord has allowed to deepen the dichotomy
between the proalgic and neuroprotective action of VEGF-A, highlighting that
VEGFR-1 could be a promising therapeutic target in the modulation of
chemotherapy-induced neuropathic pain, without blocking the protective

component of the growth factor.



1. Introduction

1.1. Growth Factors

A growth factor is a natural and soluble substance that can affects growth and
division cell by specifically binding to certain cell receptors and transmitting signals
within the cell'. Growth factors such as "Platelet Derived Growth Factor" (PDGF),
"Vascular Endothelial Growth Factor" (VEGF), "Transforming Growth Factor" (TGEF-

), "Insulin Like Growth Factor" (IGF) and others, play a central role in:

a) cell survival, through the inhibition of the programmed cell death process

called apoptosis;
b) the induction of proliferation or, conversely, the arrest of the cell cycle;
c) the reorganization of the cytoskeleton with consequent morphology change;

d) modulation of adhesion between cell and cell and between cell and

extracellular matrix;
e) control of cell migration;

f) regulation of gene expression with consequent definition of the
differentiated phenotype2.

The growth factors, secreted in the extracellular medium, can act on the same cell
that produced them (autocrine mechanism), on neighboring cells (paracrine
mechanism) or at a distance®. Once they reach the target cell, the growth factors bind
to one or more types of receptors exposed on the cell surface, with an affinity that
can vary up to three orders of magnitude (generally low-affinity receptors bind to
growth factors with a nanomolar binding constant and those with high affinity with
a picomolar bond constant)®.
Following the formation of the growth factor-receptor complex, second messengers
are generated within the target cell, which in turn control a series of biochemical
pathways, regulating the activity of enzymes and transcription factors3®. The
specificity of the cellular response to a given growth factor depends on the

appropriate combination of the signals activated by the second messengers®. While



the same cell responds differently to different growth factors, the same growth
factor induces different responses in distinct cell types. Finally, there are cases
where different growth factors induce the same response in the same cell”.
Considering the importance of actions controlled by growth factors, it is not
surprising that various mechanisms have developed during evolution that regulate
all levels of their production and action®. First, their synthesis and maturation are
modulated (many growth factors are synthesized in the form of an inactive
precursor, which must be processed to be functional). Its secretion is often
regulated, and any covalent modifications affect the diffusion and the average life of
the growth factors put into circulation?. In addition, receptor binding can be
regulated by the function of 'carrier' proteins, which transport growth factors within
the cell, or by antagonist ligands that compete with them for the binding site on the

receptor’.

1.1.1. The growth factors in neoplastic formation
Considering the importance of cellular responses controlled by growth factors, it is

not surprising that their lack of regulation is the cause of serious diseases, first of all
cancer’’. Indeed, uncontrolled proliferation, the ability to survive signals of
programmed death, motility and the ability to invade surrounding tissues, typical
characteristics of metastatic cancer cells, are all processes under the control of
growth factors'. Since the mid-1980s, a growing number of scientific publications
have shown that growth factors, or their receptors, are improperly expressed in the
majority of neoplastic cells, or the proteins that mediate the signal transduction of
growth factors are deregulated inside the cell™. In fact, cancer cells, from which it is
often easy to obtain in culture a homogeneous population capable of unlimited
proliferation, have often represented the instrument of choice for the biochemical
study of the mechanism of action of growth factors'>. On the other hand, the role
played by particular growth factors in tumor control or progression is not always

easy to understand.



1.1.2. Nerve Growth Factors

Neurotrophins are a small family of factors that act primarily, but not exclusively,
on nerve cells. They are important regulators of neural survival, development,
function, and plasticity'. There are four neurotrophins characterized in mammals:
NGF (Nerve Growth Factor), BDNF (Brain-Derived Neurotrophic Factor), NT-3
(Neurotrophin-3), and NT-4 (Neurotrophin-4) are derived from a common ancestral
gene, are similar in sequence and structure, and are therefore collectively named
neurotrophins'.

NGF was the first growth factor described; was identified in 1951 by Rita Levi
Montalcini and Victor Hamburger as a substance, released from a tumor (a mouse
sarcoma), capable of stimulating the growth of nerve cells of the sympathetic and
sensory system of the chicken embryo!¢'7(4. During the development of the nervous
system, neurotrophins have three main functions. Primarily they are trophic factors,
which allow the survival of target cells’®. Immature nerve cells, neurotrophin-
dependent, compete with each other for these factors, which are produced in limited
quantities by target organs'®. As a result, supernumerary neurons, which fail to bind
enough neurotrophins, undergo programmed cell death. In this way the
neurotrophins participate in the formation of nerve circuits®. A second function of
neurotrophins is the trophic action, which determines the growth of nerve fibers in
the direction of greater concentration of the growth factor itself. Finally,
neurotrophins exert a differentiation function on some immature cells by
modulating their repertoire of expressed genes®.

The activity of neurotrophins is not limited to the immature nervous system; in the
adult organism, neurotrophins regulate the function of already formed synaptic
circuits, modulating the response to neurotransmitters?’. From this point of view,
the most studied neurotrophin is BDNF, which regulates the process known as 'long
term potentiation' (LTP)*. Long-term potentiation is the phenomenon that allows a
synapse that is repeatedly stimulated over a short period of time to remain, for a
certain period, more sensitive to a subsequent stimulation?. This mechanism
appears to contribute to memory formation. Furthermore, neurotrophins act on

non-neuronal cells: for example, they modulate the motility of Schwann cells, glial
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cells that form the myelin sheath in the peripheral nervous system?:. Neurotrophins
have also been shown to have an antiapoptotic effect on immune system cells, such
as mast cells and lymphocytes B, and are supposed to regulate physiological
functions that require a coordinated response between the nervous and immune
systems®.

Neurotrophins, which in the active form are small proteins (about a hundred amino
acids with a molecular weight of just over 10,000 Da) are synthesized as inactive
precursors, pro-neurotrophins, processed through a proteolytic cut by specific
proteases present in the secretion vesicles?. This process occurs with less than 100%
efficiency and as a consequence both pro-NGF and pro-BDNF can be released into
the extracellular space. The maturation of pro-BDNF by extracellular proteases such
as plasmin, is a mechanism that modulates the induction of LTP?. The pro-NGF
exercises its function regardless of the mature form of the NGF; in particular, pro-
NGF induces cell death in neuronal subpopulations that express the p75 receptor, a
phenomenon that seems relevant in Alzheimer's?.

There are two types of neurotrophin receptors: p75, which belongs to the family of
TNF receptors (Tumor necrosis factor) and binds indiscriminately all neurotrophins
with low affinity, and Trk receptors, with tyrosine kinase activity (tyrosine kinases
are enzymes that add a phosphate group to the tyrosine residues present in the
substrate protein sequence)®. Trk receptors have a greater affinity for neurotrophins
than p75; in addition, there are three isoforms of Trk receptors. Trk-A which mainly
binds NGF, and with lower affinity NT-3; Trk-B capable of binding both BDNF and
NT-4/5; Trk-C which specifically binds NT-3%.
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Illustration 1. Neurotrophins and their receptors.
Neurotrophins NGF, BDNF, NT-3 and NT-4 bind as dimers to the TrkA, TrkB and Trkc receptors, as well as to
the more common p75. Binding to the extracellular domain of receptors triggers intracellular signaling

pathways>'.

Animals in which the Trk receptors have been inactivated by gene knock-out
manifest deficits during the development of the nervous system that are much more
severe than those present in animals deprived of the p75 receptor?’. For this reason,
p75 is generally considered a co-receptor that modulates the affinity with which
neurotrophins bind to the Trk receptor®. The mRNAs of Trk receptors are subject to
alternative splicing processes, a mechanism whereby more transcripts and
consequently different proteins originate from a single gene. Thus, there are variant
receptors in the extracellular portion and, consequently, with a different affinity for
neurotrophins, and receptors that lack the intracellular portion, with tyrosine kinase
activity and therefore unable to generate a biological response®®. The binding of
neurotrophins to Trk receptors induces the formation of dimers or multimers of the
same receptors and stimulates their tyrosine kinase activity*. The phosphorylation
of tyrosine residues, in the cytoplasmic portion of the receptor, creates high affinity
binding sites for a series of molecules with various enzymatic activities or for
adapter proteins, which in turn recruit proteins capable of transducing the

signal®®2. In other words, a platform is created on which the molecular signal
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transduction machine is assembled. The proteins recruited into a certain and specific
set are the basis of the specificity of the cellular response3.

In polarized cells with complex morphology, such as nerve cells, the receptors may
not be uniformly distributed on the cell surface, and therefore the production of
second messengers can be localized in specific areas of the cell, with important
consequences on the cellular response'®”. In the event that neurotrophins bind to
Trk receptors present on the cell membrane surrounding the cell body, the distance
between the signal transduction machine and the nucleus is short®!. In the event that
the neurotrophins are released from the target organ and bind receptors present at
the tip of the axon, the signal must instead travel for great distances with respect to
the cell diameter®. In this case the neurotrophin-receptor-transduction molecule
complex is internalized and transported retrograde from the periphery towards the
nucleus®. During this process there are large margins to modulate the cellular
response by altering the assembly of the proteins that transduce the signal.
Neurotrophins are an example of growth factors that act via tyrosine kinase
receptors®. The list of factors that use a similar signal transduction mechanism also

includes the superfamily of EGF (Epidermal Growth Factor), consisting of:
a) 8 EGF-like genes and 4 neuregulins;
b) insulin and insulin-like factors (IGFs);
¢) angiogenic factors of the VEGF family (Vascular endothelial growth factor);
d) 23 members of the FGF (Fibroblast growth factor) family;

e) eferins, membrane-anchored growth factors that mediate cell-cell
interactions and guide cell migration and directional growth of nerve

extensions.

1.1.3. Nerve Growth Factor in pain

NGEF plays a leading role in nociception because its selective receptor trkA is mainly
expressed on nociceptors®. Recent studies have shown that it sensitizes the response
to nociceptive stimuli through acute post-transcriptional mechanisms and by

modifying the expression of numerous genes*. Furthermore, in the inflammatory
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process NGF is released in high concentrations by mast cells and induces axonal
growth in nociceptive neurons which leads to a greater perception of pain in

inflammatory areas®..
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Illustration 2. Schematic diagram of the NGF mechanisms involved in the initiation and maintenance

of pain*.

The importance of NGF has been demonstrated by the numerous cases of congenital
insensitivity to pain caused by trkA mutations, the high affinity receptor of NGF#.
Some of these mutations make trkA receptor insensitive to NGF, which then stops
working. Consequently, mice with a mutation in the gene encoding NGF or trkA,
show insensitivity to painful stimuli*’. The reason for the loss of pain sensitivity as a
consequence of these NGF/trkA mutations is that NGF is necessary for the
peripheral nociceptive system development, so those affected have no way of
detecting pain. However, in healthy individuals, NGF continues to play an
important role in pain signaling after primary nociceptors have lost their

dependence on NGF in the postnatal period. Indeed, nociceptors always express
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NGF receptors during adulthood and, consequently, NGF continues to exert
significant biological effects on pain for the rest of the individual's life*.

It has been observed that both in humans*# and in adult animals* peripheral
injection of NGF induces pain. The mechanism of action identified is: the activation
of nociceptors through the binding of NGF to the trkA receptor expressed by the
primary peptidergic sensory neurons, the sensitization of nociceptors through
phosphorylation of the TRPV1 channels and of the intracellular pathways PI3K and
MEK/ERK#*#%05! and the post-translational modification of voltage-dependent ion
channels, especially Nav 1.8, which can cause a general increase in nociceptor
excitability®2%.

Furthermore, NGF modulates pain by inducing an increase in the synthesis of
neuropeptides and neuromodulators, for example Calcitonin Gene Related Peptide
(or CGRP), Substance P and BNDF. In particular, in healthy animals, BDNF is
normally expressed in a small number of DRG neurons (about 10%), but following
treatment with NGF, the expression of BDNF is induced in the vast majority of
sensory neurons expressing trkA%. This neurotrophin also acts as a modulator,
compromising the efficiency of central nociceptive signals. While neurotrophin-3
and neurotrophin-4/5 appear to play relatively minor roles in pain®.

As has already been pointed out, NGF has a profound and lasting sensitizing effect
on the nociceptive system in both rodents and humans. NGF mRNA and protein
levels have been observed to be increased in different types of pain in humans,
especially in an inflammatory setting, for example in bladder pain
syndrome/interstitial cystitis®®, in inflammatory bowel disease®, in chronic
pancreatitis”, in osteoarthritis®, rheumatoid arthritis and spondyloarthritis>®*® and
in cases of burns induced by ultraviolet (UV) radiation®'.

Chronic pain represents a huge health and societal problem, affecting 1 in 5 people.
It is associated with multiple comorbidities, such as depression, and has a
significant negative impact on quality of life and employment®. Current treatments
for chronic pain are limited by inadequate efficacy, poor tolerability and abuse
potential®®, therefore new analgesics are urgently needed. To this end, there has

been a growing interest in targeting NGF and its signaling pathways to provide
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analgesia. Data obtained in preclinical pain models have been shown to be
encouraging in this regard, suggesting that NGF antagonism may improve the pain
condition®. Literature data report how the state of thermal and mechanical
hypersensitivity evoked by an inflammatory process caused by the administration
of Freund's complete adjuvant or by carrageenan in the paw is blocked using anti-
NGF antibodies®>* or by means of a trkA-IgG molecule to sequester NGF¢’.
Anti-NGF therapy produced analgesia but had no effect on tissue edema®. This
treatment does not affect the inflammatory response per se, but rather the
sensitization of downstream nociceptors. Anti-NGF has also been shown to reduce
hyperalgesia in several preclinical models of chronic pain, including bone cancer
pain®, plantar incision as a postoperative pain model®, and bone fracture as a
model of complex regional pain syndrome”.

Several mechanisms have been proposed by which anti-NGF can reduce pain. One
is the reduction of spontaneous activity and stimulus response of inflammation-
evoked nociceptive afferents’, but it can also normalize the expression of
neuromodulators by primary afferents, which is increased in inflammation®:72,
These encouraging and preclinical data have provided strong motivation for drug
development programs aimed at targeting NGF. Thus, several companies have
developed humanized monoclonal antibodies that bind to NGF with high specificity
and affinity, preventing the latter from interacting with its receptor. These include
tanezumab (Pfizer and Eli Lilly), fasinumab (Regeneron), and fulranumab (Janssen).
While it is particularly difficult to develop a specific trkA antagonist that does not
bind to trkB and trkC, given their high homology. Concern about a non-selective trk
receptor inhibitor is related to the potential side effects this could have on the
central nervous system. A potential means of avoiding this problem would be the
synthesis of compounds with action limited to the periphery only®.

Several studies concerning the treatment of osteoarthritis have provided an impetus
to the use of anti-NGF as an analgesic. All three anti-NGF monoclonal antibodies
were shown to be effective in reducing pain and improving function compared to
placebo, and tanezumab was shown to be more effective than non-steroidal anti-

inflammatory drugs (NSAIDs) and opioid treatment”. These results reporting the
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potent analgesic effects of anti-NGF are encouraging, however there is concern
regarding the long-term safety of these substances as NGF has growth-promoting
effects on nociceptive afferents and sympathetic neurons in adults, who would be
compromised by anti-NGF therapy. The purpose of anti-NGF therapy should be to
normalize NGF levels and signaling and not eliminate it completely, given its role in
adulthood. Indeed, adult sensory neurons no longer require NGF for survival,
although they remain sensitive to it, which greatly increases the growth of sensory
axons in vitro’.

Abnormal sensory phenomena have been reported since Phase I studies with anti-
NGF and have been described in multiple patient populations in subsequent Phase
IT and III studies using different therapies. These sensory changes include burning
sensation, paraesthesia, peripheral hypoesthesia and hyperesthesia, and sensory
disturbances. Additional symptoms described with anti-NGF therapy versus
placebo are myalgia and arthralgia®. Furthermore, toxicological studies of anti-NGF
in non-human primates have raised the possibility that this may affect the
morphology of neurons within sympathetic ganglia, and preclinical studies have
shown evidence of reversible shrinkage of sympathetic neurons in adulthood
following treatment. anti-NGF”. Finally, anti-NGF antibodies downregulate pro-
inflammatory neurotransmitters and other mediators such as Substance P or CGRP

and thus could potentially induce systemic immunosuppression®.

1.1.4. Non-nervous Growth Factors
1.1.4.1. Transforming Growth Factor (TGF)
The components of this family, including TGF-B (Transforming growth factor-f3),
activins and BMP (Bone morphogenic protein) proteins, signal through the
activation of serine/threonine kinase receptors’. In Mammals the family is made up
of 29 members and has two types of receptors: 7 type I and 5 type II receptors”. The
receptor complex is composed by the association between a homodimer of type I
receptors and a homodimer of type II receptors (35 possible combinations). These
growth factors exert a plethora of effects during animal differentiation, from

induction of the mesoderm to determination of the right-left and anterior-posterior
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axis in the embryo, to bone morphogenesis’®”. At the cellular level they control
processes such as cell proliferation, cell survival, morphology change, cell migration
and differentiation. The most studied family member is TGF-3 originally isolated
from tumor cell culture medium®s!. Contrary to what its name suggests, TGF-3
often has a cytostatic and apoptotic action, at least on epithelial cells. This
phenomenon has been observed both in vitro and in various transgenic animal
models. For example, TGF-[3 overexpression in mammary gland cells, pancreatic 3
cells (those that produce insulin), liver or prostate induces cell division arrest and/or
cell death in vivo®?®. Similarly, TGF-f exerts a cytostatic function on cells of the
immune system, in particular on lymphocytes T, so much so that, in mice, the
knock-out of the gene for TGF-3 causes death in the period immediately following
birth, due to severe inflammation resulting from the overactivity of the immune
system®. More ambiguous is the response of endothelial cells: while TGF-{ is clearly
cytostatic and pro-apoptotic for endothelial cells in vitro, this factor is necessary for
vasculature formation and angiogenesis during development and TGF-3 injection
induces neo-angiogenesis in vivo in adult®®. A possible explanation for these
findings is provided by the fact that endothelial cells simultaneously express two
different type I receptors: ALK1 and ALKS5. The former induces a proliferation and
migration signal, while the latter induces an antagonist signal®”. Considering that
the receptor complexes bind TGF-8 with different affinities, it is possible that the
cellular response varies according to the concentration of this factor, in some
tumors. Paradoxically, TGF-f3 is overexpressed in other cancers®®. A possible
explanation arises from the fact that high levels of TGF-f can create a
microenvironment favorable to tumor development by influencing the growth of
different cell types such as fibroblasts, immune system cells and endothelial cells
present in the vicinity of the tumor®®V. For example, inhibition of lymphocytes T
and promotion of angiogenesis may alone explain the role of TGF-f3 in promoting

tumor progression and metastasis formation®.
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1.1.4.2.  Platelet Derived Growth Factor (PDGF)
PDGEF is a peptide growth factor that is secreted by numerous cell types including

platelets, fibroblasts and vascular smooth muscle cells and functions as a mitogen
for mesenchymal and neuroectodermal cells®2. PDGF is a dimeric protein consisting
of 2 of the 4 known homologous chains (A, B, C and D), which are linked by
disulfide bridges and are both homo- (PDGF-AA, PDGF-BB, PDGF-CC, PDGF - DD)
and form heterodimers (PDGF-AB)*. All PDGFs are synthesized in the endoplasmic
reticulum as inactive precursors and must be converted to their active form by
proteolytic cleavage. The classical PDGFs, PDGF-A and PDGF-B, are already
activated intracellularly during the exocytosis process, while the recently identified
PDGF-C and PDGF-D are secreted as latent factors that are activated by
extracellular proteases (plasmin, tPA)%.

Multi-tissue expression analyses showed that the four PDGF chains are ubiquitously
expressed; in particular, all the PDGF isoforms are expressed both in the heart and
in the vessel wall**. The two PDGFR subtypes, a and (3, show a non-overlapping
expression pattern during embryogenesis, but are drastically regulated during
pathological processes.

PDGF induces the proliferation, migration, differentiation and transformation of
numerous cell types and is involved in the regulation of gene expression and
apoptosis, as well as in the formation of oxygen radicals®**. Ligand binding of
PDGEF isoforms leads to the dimerization of 2 receptor subunits with a consecutive
increase in the intrinsic activity of tyrosine kinase and receptor
autophosphorylation. The binding of specific signal transduction molecules to
phosphorylated tyrosines leads to the activation of signal transduction cascades,
which selectively mediate cellular responses induced by PDGF.

PDGF plays an important role in embryonic development, angiogenesis and
physiological processes such as wound healing®. However, this growth factor
acquires pathophysiological importance in numerous proliferative diseases such as

tumorigenesis, as well as in fibrotic and inflammatory diseases.
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1.1.4.3. Hepatocyte Growth Factor (HGF)

HGF is among a group of factors possessing angiogenic ability that are described as
heparin-binding growth factors””. HGF is secreted by fibroblasts and is mitogenic for
epithelial and endothelial cells and also melanocytes, but does not affect
fibroblasts®®. HGF induces cell proliferation and invasion by activating PI3K/Akt
and ERK signalling pathways, the latter a component of the MAPK system®. It
induces invasion of cholangiocarcinoma cells in this way. The biological effects of
HGF are interfered with or complemented by several interacting signalling systems.
The induction of invasion was reported to be accompanied by alteration of
membrane-located E-cadherin expression'®. The ECM proteolytic system of MMPs
or PA was unaffected. Inhibition of PI3K abolished the increased invasion. PI3K
induced ERK1/2 phosphorylation, but inhibition of this route suppressed invasion
only in one of the two cell lines tested?’. These authors have suggested that
different signalling systems might operate in different cell lines. On the other hand,
it might possibly be due to the interaction of different effectors with HGF signalling.
The cadherins are closely involved with catenin/Wnt signalling. HGF/MET does
indeed activate the B-catenin/Wnt pathway'%2. PI3K and MAPK pathways might be
activated either independently or in concerted function with other effectors such as
EGF or thrombospondin (TSP). EGF has been found to induce MET expression,
which might bind to and be activated by HGF and enhance proliferation by ERK1/2
activation'®. Inhibition of ERK signalling has led to the inhibition of induction of

cell proliferation'*.

1.1.4.4. Plasma Rich in Growth Factor (PRGF)

Platelet-rich plasma (PRP) is widely used in regenerative medicine because of its
high concentrations of various growth factors and platelets!®. In addition to PDGF,
PRP provides fibrinogen, which is converted into insoluble fibrin fibers, to support
cell adhesion and control the delivery of growth factors'®. Furthermore, PRP
provides anti-inflammatory factors and anti-bacterial peptides to optimize the local
environment by suppressing inflammatory responses!07:108:109(p2);110,

Plasma rich in growth factors (PRGF), a subtype of P-PRP (pure platelet-rich

plasma), is a supernatant enriched in plasma and platelet-derived morphogens,
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proteins and growth factors. PRGF represents a complex pool of active mediators
that may stimulate and accelerate tissue regeneration, which is generally safe to use
and inexpensive to obtain. Indeed, autologous PRGF has been approved for clinical
use by the European Community and the U.S. Food and Drug Administration'"!,
and it is generally employed in ophthalmology as eye drops to treat the ocular
surface!'?113,

Retinal ganglion cells (RGCs) are in close contact with Miiller glia, the main glial
cells in the mammalian retina. These cells that serve to maintain retinal homeostasis,
and they are involved in retinal metabolism, in the phagocytosis of neuronal debris,
in the release of certain transmitters and trophic factors, as well as in K* uptake!!“.
Miiller cells extend across the thickness of the retina, providing structural stability
and maintaining close contact with the majority of retinal neurons!®. In addition to
their involvement in maintaining homeostasis, these cells also provide trophic
factors to neurons that potentially promote their survival and repair'', and they
have been seen to enhance RGC survival''!'8, Therefore, in the CNS, PRGF may
interact with these glial cells as it contains growth factors known to accelerate cell
proliferation, stimulate differentiation and promote cell survival''. Among the
growth factors present in PRGF, those implicated in proliferation include Platelet-
Derived Growth Factor (PDGF), Transforming Growth Factor-beta (TGF-B),
Vascular Endothelial Growth Factor (VEGF), Fibroblast Growth Factor (FGF),
Epidermal Growth Factor (EGF), Insulin-like Growth Factor-I (IGF-I) and Nerve
Growth Factor (NGF)2.

1.1.4.5. Non-nervous Growth Factors in pain

In addition to neurotrophins, there are many other growth factors that play a role in
pain modulation. Knowing them is important as they provide new insights into the
pathophysiology of nociception and represent promising molecular targets for novel
therapeutic agents for pain treatment.

Studies have shown the protective role of TGF-B in nerve injury induced
neuropathic pain. TGF-3 appears to promote the expression of endogenous opioids

and inhibit the neuro-immune responses of glial cells and neurons in the spinal cord
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following peripheral injury. Furthermore, there are other indeterminate peripheral
mechanisms that contribute to its analgesic effect’?2. Recombinant TGF-3 was
administered by prolonged intrathecal infusion in sciatic nerve ligated rats and this
growth factor was found to significantly attenuate the development of mechanical
allodynia and thermal hyperalgesia for 14 days. It has been observed that TGF-f3
also produces a significant reduction in hyperalgesia with established damage, an
important fact from a therapeutic point of view since it has symptomatic as well as
preventive properties. These results support the hypothesis that TGF- exerts
peripheral anti-nociceptive effects and helps preventing sensitization of peripheral
nociceptors following nerve injury'?. Furthermore, TGF-f3 is capable of maintaining
the integrity of the blood brain barrier thus carrying out a protective mechanism
against the development of pathological pain following inflammatory
peripheral'?#1% or neural lesions'?. This evidence suggests that modulation of TGF-f3
signaling could be used as a new pharmacological strategy for the control and
treatment of chronic pain'?.

Another factor that mediates pain, particularly inflammatory pain, is PDGEF.
Injection of the PDGEF-BB isoform into the rat paw produced thermal and
mechanical hyperalgesia, while in vivo sequestration of PDGF or inhibition of its
receptor alleviated formalin-induced acute inflammatory pain. The proalgic action
of PDGF is due to the inhibition of the Kv7/M class of potassium channels which
leads to the activation of nociceptive neurons and therefore contributes to
inflammatory pain. These findings broaden the knowledge regarding the
pathophysiology of inflammatory pain and may have important clinical
implications'?’.

HGEF is a plasminogen-related, mesenchyme-derived pleiotropic growth factor that
regulates cell growth, cell motility and morphogenesis in various cell types,
including epithelial and endothelial cells'?®. Subsequently, it was found that HGF
performs several functions including angiogenesis'?, morphogenesis'*, an anti-
inflammatory effect's!, tissue regeneration of different organs'®*'331% and the

enhancement of neurite growth of the dorsal root ganglia's>1%.
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Studies have shown that HGF protects neurons from injury and promotes nerve
regeneration in vivo in central and peripheral nervous system!¥. Furthermore, local
intramuscular injection of HGF reverts pain induced by chronic constriction injury
(CCI) and tendon injury in rats!*.

HGF therefore emerges as a potential candidate for the analgesic therapy of
neuropathies thanks to its multifunctionality that includes angiogenic, neurotrophic
and anti-inflammatory actions. Indeed, the release of HGF promotes nerve repair
and functional recovery after spinal cord injury, improves neuronal survival and
increases the proliferation of oligodendrocyte progenitor cells'®4. HGF has been
shown to decrease pain induced by tendon injuries, the mechanism of which is
associated with an anti-inflammatory effect'!. In addition, repeated intramuscular
injections of non-viral HGF-HV]J liposomes (hemo-agglutinative virus of Japan)
attenuated neuropathy induced by loose sciatic nerve ligation (CCI) in rats by
preventing sensory nerve degeneration and improving nerve blood flow!%,
However, it must be considered that microglia and astrocytes also play a critical role
in the development and maintenance of neuropathy. In fact, the injury of a
peripheral nerve leads to the activation of microglia and astrocytes that contribute
to the amplification of pain through the production and release of pro-inflammatory
cytokines and neuro-excitatory substances'#’, while the blockade of activation of
microglia and astrocytes at the spinal level attenuates hypersensitivity to pain'#4.
It was observed that HGF also inhibits LPS-induced activation of microglia cells and
decreases the upregulation of LPS-induced IL-1§3, IL-6, TNF-a, and iNOS expression
in vitro. Taken together, these results suggest that HGF may represent a promising
therapeutic strategy for the treatment of neuropathy, through the reduction of
cytotoxicity products released by activated glial cells and the induction of nerve
repair’4.

Some studies have shown that infiltration of plasma rich in growth factors (PRGF-
Endoret) effectively led to the reduction of joint pain'¥’.

A significant clinical motivation for pain relief arises from the need to get patients
back to their daily routine and improve their quality of life. An innovative

biologically inspired approach to tissue repair is the application of plasma rich in
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growth factors (PRGF-Endoret)#¥, which has been shown to be an effective
treatment for relieving knee and hip pain in patients with osteoarthritis (OA) and to
improve their clinical condition by reducing joint pain!#14.

PRGF-Endoret is an autologous product that carries fibrin incorporated with a pool
of growth factors, such as fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF), insulin-like growth factor-1 (IGF-1), vascular endothelial growth
factor (VEGF), transforming growth factor- (TGF-3), hepatocyte growth factor
(HGF), connective tissue growth factor (CTGF) and growth factor of nerves (NGF),
derived from activated platelets and plasma. It acts as a biological scaffold that
determines a prolonged and gradual release of growth factors in dysfunctional and
degenerate sites!,

Inflammation is a term that encompasses clinical, physiological, cellular and
molecular phenomena, with pain being the hallmark or tip of the iceberg underlying
pro-inflammatory cytokine release, extracellular matrix catabolism and cell death.
Therefore, pain and inflammation are two sides of the same coin, namely tissue
damage. Data from animal studies strongly suggest that pro-inflammatory
cytokines such as tumor necrosis factor-a (TNF-a), interleukin-13 (IL-1f) and IL-6
are critical for onset and the maintenance of pain primarily derived from damaged
peripheral tissues. In contrast, anti-inflammatory cytokines such as IL-4 and IL-10
have analgesic properties'®. Some components present in PRGF-Endoret (HGEF,
LXA4, PF4, IGF-1, PDGF and TGF@)"! inhibit the NF-kB signaling pathway in
various cell lines including macrophages, chondrocytes, and fibroblasts.
Considering that NF-kB plays an important role in mediating the gene expression of
pro-inflammatory cytokines such as TNFa, IL-13, PGE2 and COX-1 and COX-2'%,
consequently, it is reasonable to assume that the PRGF-Endoret exerts an anti-
apoptotic, protective effect on the extracellular matrix, anti-inflammatory and pain-
reducing effectively at the joint level'>3154,

This leads to further emphasis that growth factors play a role in pain signaling and
that it is important to know their mechanism of action in order to develop new

therapeutic approaches for the treatment of pain.
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1.2. Vascular Endothelial Growth Factor (VEGF)
Vascular endothelial growth factor (VEGF) is a key regulator of physiological

angiogenesis during embryogenesis, skeletal growth, and reproductive functions.
VEGEF has also been implicated in pathological angiogenesis associated with tumors,

intraocular neovascular disorders and other conditions!*.

1.2.1. The discovery
VEGF was discovered in the late 1970s following the observation that fibrin deposits

were present in the stroma of animal tumors'*. Fibrin is generated by the clotting of
fibrinogen, a plasma protein normally contained within blood vessels. In order for
the fibrinogen to escape from the vessels and thus to coagulate, forming fibrin, the
local capillaries had to become hyper-permeable to it.

In 1983, Senger described a protein called vascular permeability factor (VPF)
secreted by animal cancer cells (hamster, guinea pig, pig) responsible for the
increased permeability of tumor blood vessels to fibrinogen, as well as other plasma
proteins, and for development of ascites associated with certain abdominal
tumors!®.

In 1989, Ferrara and Da Genentech independently isolated and described the VEGF
protein, demonstrating its role in angiogenesis'®. Subsequently, the two proteins

VPF and VEGF turned out to have the same structure!®.
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Illustration 3. A historical timeline of VEGF discovery'®.
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1.2.2. The VEGF family
The human VEGF gene, located on chromosome 6p21.3, is part of the VEGF/platelet-

derived growth factor (PDGF) gene family, also called the “Cystine Node (Cys-loop)
Growth Factor superfamily”1¢.

From a structural point of view, VEGF is a 40 kDa heterodimeric glycoprotein that
contains a cystine bridge, characterized by the presence of three disulfide bridges in
the protein structure that confer high stability'¢’.

VEGEF family includes several members with various functions: VEGF-A (which has
different isoforms), VEGF-B, VEGF-C, VEGF-D, VEGF-E (viral), VEGE- F (present in
the venom of some snakes) and placental growth factor (PIGF). More recently, a
new member has been added to this family, called endocrine gland-derived
vascular endothelial growth factor (EG-VEGF)'.

VEGEF-A, also called VEGF, is the most important and powerful stimulator of
angiogenesis, first described as VPF by Senger and colleagues'®. It plays an
important role in vasculogenesis and neoangiogenesis, causing cell proliferation,
inhibition of apoptosis, increased vascular permeability, vasodilation, recruitment of
inflammatory cells to the injury site'®. VEGEF is secreted, particularly in response to
lack of oxygen, not only by endothelial cells, but also by other cells such as tumor
cells, macrophages, platelets, keratinocytes, renal mesangial cells, activated T cells,
leukocytes, dendritic cells, epithelial cells retinal pigmentary cells, retina Miiller
cells, astrocytes, osteoblasts, bronchial and alveolar epithelial cells, pericytes. More
recently, VEGF has also been found to be expressed in myofibroblasts located in the
myocardium, suggesting its implication in post-infarct tissue repair and

remodelingl64;165;166;167;168;169.

Illustration 4. Three-dimensional structure of VEGF-A',
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1.2.2.1. VEGF-A isoforms
Alternative splicing of the Vegfa gene leads to different VEGF-A isoforms which

have been proposed to promote distinct signalling outcomes!”°. Alternative splicing
is advantageous in expanding the repertoire of possible VEGF-A isoforms that can
be produced from a single gene'”!. These isoforms differ in respect to their length
and are designated VEGFxxx, where xxx represents the number of amino acids
present in the final protein sequence. To date, 16 distinct VEGFA isoforms have
been identified most commonly from six transcripts: VEGF111, VEGF121, VEGF145,
VEGF165, VEGF189, and VEGF206170172173 An additional isoform, VEGF-Ax, was
also identified in 2014 that arises from programmed translational read-through
(PTR)'. VEGF165a was the first isoform characterized and remains the most
extensively investigated in respect to its function, signalling, expression and
pathological roles'”. As a potent stimulator of angiogenesis, VEGF165a is
considered the prototypical pro-angiogenic VEGF-A isoform. Altered VEGF-A
isoform expression has been well documented in tissues during physiological

and/or pathological conditions!75176177:178:179,
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Illustration 5. Scheme illustrating the structure of vascular endothelial growth factor A (VEGF-A)

isoforms'”.

A major site of alternative splicing occurs at exon 8, whereby proximal splicing
results in the VEGFxxxa forms and distal splicing generates the VEGFxxxb isoforms

containing exon 8b'®. In respect to their sequences, VEGFxxxa and VEGFxxxb
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isoforms only differ in the six amino acids found at their C termini; VEGFxxxa
isoforms end in the sequence CDKPRR, whereas VEGFxxxb isoforms terminate in
SLTRKD™!. Based on both in vitro and in vivo experimental evidence, VEGFxxxa
isoforms are considered to be “pro-angiogenic” as major mediators of vascular
permeability, cell proliferation, survival and migration, and angiogenesis'®?; in
contrast, VEGFxxxb isoforms have been reported to have “anti-angiogenic”
properties!®¥184185, with evidence that these isoforms may act as regulators and
inhibitors of VEGFxxxa-induced pro-angiogenic activity'®%184 Interestingly, in
quiescent vessels, a higher proportion of total VEGF-A is represented by VEGF165b,
which is then downregulated in cancer where a switch to pro-angiogenic isoform
expression is observed to drive tumour angiogenesis!®318187(¢2, Proximal or distal
splicing of exon 8 can be influenced by external stimuli, as proximal splicing has
been promoted by insulin like growth factor (IGF1) or tumour necrosis factor alpha
(TNFa), whereas stimulation with tumour growth factor beta 1 (TGF-f1) has
promoted distal splicing'®. This bias was governed by the specific SR protein splice
factor that was bound to a sequence within exon 8a (SRSF1) or 8b (SRSF6). It is
worth noting that this bias may not be consistent in all cell types, however this
highlights how isoform expression can be context dependent. There has been some
debate as to the existence of VEGFxxxb isoforms physiologically'#1%, with genome
wide RNA sequencing data of the human transcriptome questioning whether the

relevant exon-exon junctions in the Vegfa gene are present'®.

1.2.2.2. VEGF-B
VEGF-B was first isolated in 1996'®, and it is predominantly expressed in the

embryonic heart but not in the endocardial cushions!®!. VEGF-B167 and VEGF-B186
are the two isoforms expressed in humans. The VEGF-B167 isoform is mainly
expressed in the most tissues including skeletal muscles, myocardium and brown
fat and accounts for more than 80% of the total VEGF-B transcripts'®>. The VEGF-
B186 isoform is expressed at lower levels and only in a limited number of tissues.
VEGEF-B is a ligand for VEGFR-1 and Nrp-1, and it can form heterodimers with
VEGEF-A"31%, Neither isoform binds VEGFR-2 or VEGFR-3. VEGF-B167 binds
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heparan sulfate proteoglycans and is mostly sequestered in the extracellular matrix
while VEGF-B186 is freely diffusible. The precise role of VEGF-B in vivo is not
precisely known. Study with mice deficient in VEGF-B reported development of
smaller hearts and impaired recovery after induced myocardial infarction,
suggesting that formation of coronary collaterals might be partly attributed to
VEGF-B". Also, VEGF-B has been reported to be weakly angiogenic after
adenoviral delivery to periadventitial tissue or hindlimb skeletal muscle!®!.
Reduced synovial angiogenesis in VEGF-B knockout arthritis models suggest a role

of VEGEF-B in inflammatory angiogenesis!*.

1.2.2.3. VEGF-C
VEGEF-C with the molecular weight of 46.9kDa was purified first by Joukov et al. in

1996'”. Lee et al. also isolated the corresponding gene, and the protein encoded by
this gene was named VEGF-related protein (VRP)2®4%, VEGF-C is produced as a
precursor protein and is proteolytically activated in the extracellular space by
proteases to generate a homodimeric protein with high affinity for both VEGFR- 2
and VEGFR-3?". VEGF-C induces mitogenesis, migration and survival of ECs.
VEGF-C is expressed in the heart, small intestine, placenta, ovary and the thyroid
gland in adults. Developmental studies, knockout models and gene transfer
experiments suggest that VEGF-C is primarily a lymphangiogenic growth factor
and its lymphangiogenic effects are mediated by VEGFR-32122, However, the
increase in blood vascular permeability induced by VEGF-C is mediated by VEGFR-
2202, Disruption of the VEGF-C gene in mice demonstrates that the growth factor is
indispensable in embryonic lymphangiogenesis?®. VEGF-C is also involved in
tumor and inflammation associated lymphangiogenesis. Examination of VEGF-C
function in a number of assays has also shown an angiogenic activity, presumably
via activation of VEGFR-2. VEGF-C gene transfer produced moderate angiogenesis

in rabbit skeletal muscle' and perivascular tissue!”.

1.2.2.4. VEGF-D
VEGEF-D is a secreted glycoprotein and is structurally 48% identical to VEGF-C. It is

expressed in many adult tissues including the vascular endothelium, heart, skeletal
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muscle, lung, and bowel?*®. The mature form of human VEGF-D binds to and
activates VEGFR-2 and VEGFR-3%. However, mouse VEGF-D binds only to
VEGEFR-3. VEGF-D has been shown to be responsible for proliferation of ECs, and it
shows angiogenic properties in vitro and in vivo. Similar to VEGF-C, it also shows

lymphangiogenic potential.

1.2.2.5. VEGF-E
VEGEF-E is a protein elaborated by the Orf virus, a parapoxvirus that affects sheep,

goats and occasionally humans, and has an amino acid homology of about 25% with
human VEGF?®. Infection by this virus causes proliferative skin lesions in which
extensive capillary proliferation and dilation are prominent histological features®.
Several strains of the virus encode different VEGF-E variants, which bind
specifically to VEGFR-2 and Nrp-1 and are able to stimulate EC mitogenesis and
vascular permeability. Gene expression of VEGF-E induces a strong angiogenic
response. Edematous lesions and hemorrhagic spots on the ear which were reported

as side effects in VEGF-A transgenic mice were not detectable in VEGF-E transgenic

mice207(p1);206

1.2.2.6. PIGF
PIGF is a member of the VEGF family which was first identified in placenta but is

also known to be present in heart and lungs. Four isoforms-PIGF-1, PIGF-2, PIGF-3
and PIGF-4, have been described!®?. PIGF-1 and PIGF-3 are non-heparin binding
diffusible isoforms PIGF-2 and PIGF-4 have heparin binding domains. PIGFs
mediate their effects through VEGFR-12%8. PIGF-2 is also able to bind Nrp-1 and NrP-
2 due to the insertion of 21 basic amino acids at the carboxy terminus, while both
PIGF-1 and PIGF-3 lack this amino acid insert. PIGF has direct effects on ECs, both
by inducing its own signaling and by amplifying VEGF-driven angiogenesis?®.
PIGF-2 overexpression results in the production of significant angiogenesis in
different tissues?®?%eD, Various mechanisms by which PIGFs can enhance
angiogenesis include: (a) intracellular signal transduction through VEGEFRs; (b)
Increasing the fraction of VEGF-A available to activate VEGFR-2 by displacing
VEGEF-A from the “"VEGFR-1 sink’2"®b; (c) Activation of VEGFR-1 by PIGFs results
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in intermolecular transphosphorylation of VEGFR-2 that could increase VEGF-A
mediated angiogenesis?'®V; (d) PIGF/VEGF-A heterodimer formation, which could
act through VEGFR-1/VEGFR-221(pD),

1.2.3. VEGF Receptors

Initially, VEGF binding sites were identified on the cell surface of vascular ECs in
vitro and in vivo. Subsequently, it was clear that VEGF receptors also occur on bone
marrow—derived cells?2. VEGF-A binds two related receptor tyrosine kinases
(RTKs), VEGFR-1 and VEGFR-2. Both VEGFR-1 and VEGFR-2 have seven
immunoglobulin-like domains in the extracellular domain, a single transmembrane
region and a consensus tyrosine kinase sequence that is interrupted by a kinase-
insert domain?'3?'4, VEGFR-3 (fms-like-tyrosine kinase (Flt)-4) is a member of the
same family of RTKSs but is not a receptor for VEGF-A, binding instead to VEGF-C
and VEGF-D8. In addition to these RTKs, VEGF-A interacts with a family of co-

receptors, the neuropilins.
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Illustration 6. Role of the VEGF receptor tyrosine kinases in different cell types'>.
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1.2.3.1. VEGFR-1 (Fit-1)

It is a member of the receptor tyrosine kinase (RTK) family, with a molecular weight
of 180 kDa and binds VEGF-A, VEGF-B, PIGF and VEGE-F, with high affinity. It is
expressed on endothelial cells, but also on inflammatory cells,
monocytes/macrophages, bone marrow-derived hematopoietic progenitor cells,
trophoblastic cells, mesangial kidney cells, tumor cells, vascular smooth muscle cells
(VSMC). Furthermore, it has also been identified on myofibroblasts located in the
connective tissue of the mouse myocardium in the infarct areas'®. VEGFR-1 plays
an important role in the migration of endothelial cells, monocytes, macrophages and
hematopoietic stem cells and is therefore mainly involved in pathological
angiogenesis in adult life (ftumors, inflammation, ischemia, preeclampsia)?'®.
VEGFR-1 has a 10-fold greater affinity for VEGF-A than VEGFR-2 and lower
tyrosine kinase activity. Recent data on the biological role of VEGFR-1 in
angiogenesis during embryonic development are contradictory. Most authors state
that VEGFR-1 plays a role in endothelial cells differentiation and migration, but not
in their proliferation?'®. Inactivation of the murine gene that codes for VEGFR-1 (flt-
1/ mice) leads to embryonic death in days 8 or 9 of gestation because, even if the
endothelial cells undergo differentiation, vascular channels are formed anarchists
and therefore the development and organization of a functional and vital vascular
system does not occur. Consequently, according to these studies, VEGFR-1 is only
involved in the differentiation of endothelial cells and is not actively involved in the
early stages of angiogenesis during embryogenesis?”. Instead, the molecular
mechanisms that refer to the involvement of the VEGFR-1 gene in vasculogenesis
are not fully understood, and there are still aspects that need to be clarified. VEGFR-
1 appears to inhibit pro-angiogenic signals early in development by preventing the
binding of VEGF-A to VEGFR-2, which has a stimulating effect on endothelial cell
proliferation and is expressed on newly formed endothelial cells'®.

Some experiments sought to determine which of the three VEGFR-1 receptor
domains was involved in vasculogenesis and which in pathological angiogenesis. In
mice with the mutation of the segment of the VEGFR-1 gene that codes for the

intracellular domain with tyrosine kinase activity (flt-1 TK” mice), there is the
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differentiation of endothelial cells, but not the migration of macrophages in
pathological conditions. The extracellular and transmembrane domains of the
receptor, which instead remained unchanged, showed that the effect of VEGFR-1 on
vasculogenesis is influenced by these. Thus, the receptor tyrosine kinase activity
does not influence the differentiation of endothelial cells during embryogenesis but
plays an important role in pathological angiogenesis?®. In fact, other experiments on
mutant mice that do not contain the tyrosine kinase region (flt-1 TK* mice), have
shown a lower rate of tumor invasion and metastasis and also a lower degree of
inflammation (for example in theumatoid arthritis) than to wild-type .

Due to various splicing variants, VEGFR-1 may also produce soluble VEGFR-1
(sVEGFR-1 or sFlt-1). VEGFR-1 and sVEGFR-1 can both bind to VEGF-A with high
binding affinity, but VEGFR-1 has low intracellular response compared to VEGFR-
2219220,

sFlt-1 comprises the extracellular domains of VEGFR-1, and is soluble, being present
in the circulation. It acts as an anti-angiogenic protein by antagonizing the actions of
both VEGF-A and PIGF. Multiple splice variants of sFlt-1 have significantly different
tissue distributions?!, raising the potential for different physiological and
pathological roles. For example, in humans, the main sFlt-1 variant, known as sFlt-1
i13, is widely expressed in most tissues, whereas another variant known as sFlt-1
el5a appears to be almost exclusively expressed by the placenta??!.

sFlt-1 results either from alternative splicing of the VEGFR-1 pre-mRNA?? or
through cleavage of the ectodomain of VEGFR-1?%. Proteolytic cleavage of the
extracellular region is thought to occur adjacent to the transmembrane domain?*
and is potentially due to the actions of proteolytic enzymes?*>?%. Proteolytic
cleavage produces an sFlt-1 that is identical to the extracellular region of VEGFR-1,
while the multiple variants of sFlt-1 that have been identified all have unique C-

terminal sequences??225,

1.2.3.2. VEGFR-2 (KDR or Flk-1)
It is a member of the tyrosine kinase receptor family, with a molecular weight of

200-230 kDa?*. It shows higher affinity for VEGF-A and VEGF-E and lower affinity
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for VEGF-C and VEGF-D?*. VEGFR-2 is mainly expressed on blood endothelial cells
and lymphatic vessels, but also has a weak expression on hematopoietic cells,
megakaryocytes, retinal progenitor cells, neurons, osteoblasts, pancreatic ductal
cells, tumor cells?®®>. VEGFR-2 is expressed at the beginning of embryonic life (day
7.5 of gestation) on hemangioblasts of mesodermal origin, influencing their
migration, differentiation into endothelial cells and the formation of vascular islets
in the yolk sac with the onset of vasculogenesis?!.

Inactivation of the murine gene encoding VEGFR-2 in homozygous (-/-) animals
leads to embryonic death on days 8 and 9, due to a failure in vascular islet
formation. In this case, the differentiation of endothelial cells does not occur and
thus the development and organization of the vascular system is blocked. Therefore,
VEGFR-2 is essential for the normal course of vasculogenesis during embryonic
development?®.

VEGEFR-2 has the same domains as the other receptors of this family. The binding of
VEGEF to the extracellular domain of VEGFR-2 causes the autophosphorylation of
tyrosine residues and the activation of some signaling pathways (phospholipase-Cy
(PLCy)/protein kinase C (PKC) and Ras/Raf/ERK/MAPK) which are involved in the
proliferation of endothelial cells. By activating the PI3K/Akt pathway, VEGFR-2
plays a role in endothelial cell survival, mediating an anti-apoptotic effect.
Furthermore, it activates some integrins that disrupt cell-cell cohesion and initiate
cell migration. The mechanism by which this occurs could depend on the formation
of a complex between adhesion molecules and VEGFR-2 which would lead to
weakening of the intercellular junctions, destabilization of the cytoskeleton of
endothelial cells and formation of endothelial windows. Consequently, there is an
increase in vascular permeability and cell migration is favored. Furthermore, by
activating the protein kinase Akt, the production of endothelial nitric oxide synthase
(eNOS) and nitric oxide (NO) in endothelial cells is stimulated, inducing
vasodilation and an increase in vascular permeability!®®?. During tumor
neoangiogenesis, there are numerous paracrine interactions between endothelial
cells and tumor cells. In particular, the binding of VEGF to VEGFR-2 stimulates the

secretion of von Willebrand factor by endothelial cells which is an essential event
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for tumor progression?®. Therefore, VEGFR-2 is involved in vasculogenesis, normal
angiogenesis and pathological angiogenesis by acting through different mechanisms
such as migration of haemangioblasts towards the yolk sac and differentiation into
endothelial cells, formation of vascular tubes (tubulogenesis), proliferation of
endothelial cells (mitogenic effect), increased vascular permeability, migration of
endothelial cells, transmission of signals that promote the survival of endothelial
cells by preventing apoptosis and formation of endothelial windows. In
pathological processes, VEGFR-2 is often involved in tumor angiogenesis. In fact, it
has the strongest pro-angiogenic activity, consequently blocking this receptor could
have useful clinical implications. Finally, VEGFR-2 has a higher tyrosine kinase

activity than VEGFR-1, but a lower affinity for VEGF?#2%,

1.2.3.3. VEGFR-3 (FLT-4)
VEGEFR-3 It belongs to the family of tyrosine kinase receptors, with a molecular

weight of 195 kDa. It plays an important role in the morphogenesis of the lymphatic
vessel network during embryonic development and is also involved in the
formation of new lymphatic vessels in adult life?”. In adults, lymphangiogenesis, or
de novo formation of lymphatic vessels from pre-existing postcapillary venules (high
endothelial venules), occurs in certain pathological conditions, most frequently in
inflammation and tumors?°. VEGFR-3 has affinity for the growth factors VEGF-C
and VEGF-D, it is expressed in the lymphatic endothelium and high endothelial
venules, and influences differentiation, proliferation, migration and survival of
lymphatic endothelial cells. VEGFR-3 expression has also been observed in other
cells, such as osteoblasts, macrophages, neural progenitors; while its presence in
cancer cells remains controversial®?’. The signaling pathways that activate
lymphangiogenesis, especially during embryonic development, are: activation of
kinases regulated by the extracellular signal MAPK (ERK1/2) through the PKC and
Ras pathways (important pathways in cell proliferation), as well as the PI3K-Akt
pathway/PKB (mainly involved in the survival of lymphatic endothelial cells)?®.
Expression of the murine VEGFR-3 gene begins on day 8.5 of intrauterine

development, resulting in the differentiation of lymphatic endothelial cells and the
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formation of lymphatic sac-like structures that will form a dense network of
lymphatic vessels. Inactivation of this gene leads to the death of the mouse embryo
due to the absence of lymphatic vessel formation and the development of massive
edema. Indeed, it is believed that the onset of human hereditary primary
lymphedema in adults is related to the activity of VEGFR-3. The binding of VEGF-C
to VEGFR-3 is responsible for most of the biological effects of this receptor. The
discovery of a soluble form of VEGFR-3 (sVEGFR-3) and experiments on transgenic
mice expressing this gene led to the conclusion that sVEGFR-3 inhibits lymphatic
vessel development and induces edema by inhibiting VEGF-C and VEGE-D-
mediated signals?®®. Finally, tumors with lymph node metastases have been
observed to express high levels of VEGF-C or VEGF-D and, consequently, it has
been hypothesized that VEGFR-3 may be involved in the migration of tumor cells

through lymphatic vessels.

1.2.3.4. Neuropilins

NRP-1 and NRP-2 are transmembrane receptors located on endothelial cells that
function as co-receptors, modulating the activity of tyrosine kinase receptors.
Neuropilins selectively bind to some isoforms of the VEGF growth factor, have a
low molecular weight of 120-135 kDa and were initially identified as receptors for
different types of traffic lights (class 3 traffic lights)?.

NRP-1 is expressed on endothelial cells of arteries and has an affinity especially for
VEGEF 165. NRP-1 increases VEGFR-2 activity up to six-fold, affecting angiogenesis
and endothelial cell migration. Furthermore, the synergistic action of NRP-1 and
VEGEFR-2 leads to the intensification of Platelet Activating Factor (PAF) secretion by
endothelial cells, promoting inflammation and increasing vascular permeability and
migration of endothelial cells. NRP-1 can also be present in other cells such as
neurons, smooth muscle cells or cancer cells (it has been detected on the surface of
breast, prostate, lung, pancreatic and colon cancer cells, as well as in astrocytomas,
glioblastomas and melanomas)?!.

NRP-2 is mainly expressed on endothelial cells of lymphatic vessels and veins

where it increases the binding of VEGF-C with VEGFR-3 and consequently its
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effects. The role of neuropilins in vasculogenesis was demonstrated using NRP-1
knockout mice (Neuropilin-17-) which led to the death of mouse embryos due to
abnormalities of the vascular system?.
1.3. Role of VEGF in the Nervous System

In addition to the effects on vascularity, VEGF also regulates the migration of
neuronal cells into the CNS. There is a close embryogenetic parallelism between the
development of the vascular system and that of the nervous system?®2. Both are
composed of a network of afferent and efferent connections: the motor and sensory
nerves in the nervous system, the arteries and veins in the circulatory system. These
systems are regulated by similar cellular signals and cooperate with each other to
coordinate the growth and modeling of neuronal and vascular networks??. Recent
studies have shown that similar molecular pathways regulate cell differentiation
and the development of both systems?*. In fact, the processes of neurogenesis and
angiogenesis are closely related to the function of endothelial cells. On the one hand,
the molecules that control axonal growth (netrins, semaphorins, ephrins) also
regulate vascular development, on the other hand, the angiogenic molecules
regulate the formation of neurons and axons. VEGF is an example of a molecule that
participates in the development of both neuronal and vascular cells!?$24,

In the development of retina, astrocytes grow outward thus forming a pattern for
the growing vessels. Initially, the developing retina has no vessels and hypoxia
stimulates an up-regulation of astrocytic VEGF expression, which promotes vessel
growth. Tissue oxygen supply from newly formed vessels produces a down-
regulation of VEGF expression in astrocytes and their differentiation?”.
Furthermore, VEGF regulates the migration of nerve cells into the CNS. For
example, the migration of facial motor neurons into the developing mouse
hindbrain is regulated by VEGF and neuropilin 1242245, Another ligand of the VEGF
family, VEGF-C, regulates population expansion of oligodendrocyte precursor
(OPC) and neural progenitor cells in vitro. VEGF-C acts as a trophic factor for these
cells in vivo, as VEGF-C deficient mouse embryos show a selective loss of OPC in

their optic nerve?.
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The observation that VEGF is involved in the wiring of the developing nervous
system is not surprising, given that VEGF and its receptors first appeared in the
nervous system of invertebrate species, such as worms and flies, which lack a well-

developed vascular network??.
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Illustration 7. VEGF in the CNS. Vascular endothelial growth factor (VEGF) has multiple roles in the central
nervous system, both by directly affecting various neural cells, and by promoting vascular perfusion, immune cell
transport, and endothelial cell survival of brain blood vessels. VEGF also stimulates the production of neurogenic

growth factors by endothelial cells*¥.

1.3.1. Neurogenesis
VEGEF is thought to be involved in both the development of the nervous system as

well as the differentiation and formation of vessels in the developing brain2%,
VEGF promotes endothelial cell survival and angiogenesis through a paracrine
action; it also promotes neuronal survival in the CNS by autocrine and paracrine
pathways. Indeed, VEGF regulates vascular growth and directly affects different
types of brain cells: neuronal stem cells (NSCs), neurons, microglia and astrocytes?>.
Neurogenesis in an adult person is a dynamic process, regulated by many factors.
The neurogenesis of the hippocampus, partially regulated by VEGEF, is stimulated
by environmental enrichment and physical exercise, learning and antidepressant
drugs and is inhibited by aging. The abrogation of neurogenesis by exposure to

irradiation induces fear and depressive behaviors®'?2. On the other hand,
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antidepressant drug-induced hippocampal neurogenesis is accompanied by an
increase in VEGF expression leading to increased stimulation of VEGFR-2%. Many
studies in recent years address the problem of the role of neurotrophic factors in the
pathogenesis of depression and the effect of antidepressant drugs on neurogenesis
and synaptic plasticity?2. Neuronal stem cells differentiate to form neurons or glial
cells. It has been shown in the hippocampus that endothelial cells can influence this
process by releasing many factors that induce the differentiation of neuronal
precursors. Several studies have shown that VEGF synthesized by ependymal cells
(lining the ventricles of the brain and spinal cisterns), acting via VEGFR-2,
stimulates the proliferation of neuronal precursors and increases the formation of
new neurons in the subventricular (SVZ) and subgranular zone (SGZ) of the dentate
gyrus (DG) of the hippocampus. VEGF subjected to intracerebral stimulated
neurogenesis in the SVZ and SGZ of the DG of the hippocampus?32*. In vitro VEGF
promoted the proliferation of neuronal precursors in mouse cortical cell cultures.
Integrating these cultures with VEGF increased the diameter of neuronal cells and
the number of developing axons?>2%,

VEGF also promotes neurogenesis by stimulating endothelial cells to release
neurotrophic factors, such as BDNF which aids neuronal survival and integration
into SVZ. Many factors participate in the angiogenic and neurogenic action of
VEGEF. For example, erythropoietin promoted angiogenesis by increasing the release
of VEGF from neuronal precursors and the regulated expression of VEGFR-2 in
endothelial cells. The in vitro proliferation of neuronal stem cells, mediated by
VEGF, was subject to the presence of the basic fibroblast growth factor (bFGF).
Granulocyte colony stimulating factor (G-CSF) also stimulated neurogenesis in vitro
by increasing the expression and release of VEGF from neuronal stem cells. This
process requires VEGFR-2 since the integration of cultures with an antagonist of this
receptor caused a block of neurogenesis induced by G-CSF#24,

Under hypoxic conditions, VEGF stimulates the growth and survival of Schwann
cells that form the myelin sheath on the axons of peripheral nerves. On the other
hand, experiments with a co-culture of endothelial cells, dorsal root ganglia (DRG)

cells and Schwann cells showed that both types of nerve cells, by releasing VEGF,
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promoted endothelial cell differentiation. In the peripheral nervous system, VEGF
stimulated the proliferation and promoted survival of Schwann cells in superior

cervical ganglia (SCG) and DRG explants?7:2582%9,

1.3.2. Neuronal plasticity

The processes of neuronal plasticity include changes that arise during learning and
memory formation, and during developmental and compensatory alterations. Brain
plasticity depends on the modification of synaptic function, in particular, on the
effectiveness of the transmission of nerve impulses?®. Research results indicated
that VEGF affects neuronal plasticity in the central nervous system of adult animals.
In hippocampal neuronal cultures, VEGF enhanced protein synthesis by modulating
Ca?/calmodulin-dependent protein kinase II (CaMKII), cAMP-responsive element
binding protein (CREB) and target mammalian rapamycin kinase (mTOR). It
suggests that VEGF may participate in long-term changes in synaptic efficacy. The
mechanism of action of VEGF in synaptic plasticity has not been fully elucidated. At
the local level, VEGF plays the role of signal modulator in neurons, increasing the
influx of calcium ions and/or activating the transmembrane domains of the tyrosine
kinase?!. Long-term potentiation (LTP) is the most widely used model of synaptic
plasticity. High-frequency stimulation of hippocampal axons in different brain
regions induces LTP in postsynaptic neurons. Protein kinases, including CaMKII,
are indispensable for the induction of LTP?®. Experiments on hippocampal slices
showed that treatment with VEGF prior to high-frequency neuronal stimulation
intensified LTP while a VEGFR-2 antagonist reduced this effect. VEGF is released by
hippocampal neurons even after activation of the N-methyl-D-aspartate (NMDA)
receptor?®. A single administration of NMDA to hippocampal neuronal precursor
cell culture was observed to increase the proliferation and differentiation of these
cells. A single injection of NMDA in vivo into the hippocampal dentate gyrus
increased cell proliferation. NMDA regulated the survival of new hippocampal
neurons indirectly by releasing mitogens such as VEGF?%2. Activation of the NMDA
receptor in hippocampal neuronal precursor cells, which exhibit VEGF expression,

produces an immediate influx of calcium ions and release of VEGF??2¢1. VEGF can
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be released from astrocytes by "scattering" the contents of the extracellular vesicles.
In vitro, astrocytes form extracellular structures containing fibroblast growth factor-
2 (FGF-2), VEGF and integrin b1l. These compounds are released after the contents
of the vesicles "leak'"2022¢3, Although the biological significance of VEGF secretion is
not yet known, these observations suggest that VEGF release may post-synaptically
influence the action of neurotransmitters?*.
1.4. VEGF-A in neuroprotection

VEGF exhibits neurotrophic and neuroprotective activity in the central nervous
system and peripheral nervous system. It protects cells of the central and peripheral
nervous system from death induced by a variety of damaging factors, such as
hypoxia or medium deficiency?®. In vitro studies on hypoxia/ischaemia models
indicated that the neuroprotective action of VEGF is mediated by the PI3K/Akt and
MAPK/ERK signaling pathways. VEGF inhibited ischemia-induced apoptosis by
inhibiting the activity of caspase-3 and promoted the proliferation and migration of
neuronal cell precursors?42¢>, The concentration of VEGF and VEGFR-2 and the
expression of phosphorylated Akt and ERK was increased in a hypoxia model
induced in cultured rat cerebellar granule (CGN) neurons. The neuroprotective
action of VEGF has also been demonstrated after exposure of CGN to other harmful
influences, such as the elimination of calcium ions from the culture medium or toxic
concentrations of glutamate?®. On the other hand, VEGF stimulated axonal growth
and promoted the survival of neurons and satellite cells in dorsal root ganglion
cultures. It has also shown a neurotrophic effect in organotypic cell cultures,
increasing the survival of midbrain neurons®®. In many cases VEGF increased
neuronal cell survival under conditions of hypoxia, oxidative stress and deprivation
of serum or glucose culture medium, by signal transduction via the VEGFR-2 and
PI3/Akt pathway20267:26825 (derived from the fusion of mouse hippocampal neuronal
cells and neuroblastoma cells). VEGF reduced the cytotoxic effect of glutamate in
hippocampal neuronal cell cultures, thereby increasing cell survival. This effect can
probably be attributed to VEGF-induced inhibition of glutamate-induced
overexpression of caspase-3, which is a key mediator of apoptotic neuronal cell

death. The PI3/Akt and MEK/ERK-mediated signaling pathway via VEGFR-2
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protects hippocampal neurons from hypoxia-induced damage?*2532¢°, Blockade of
VEGF signal transduction in cortical neuronal cultures led to apoptosis®?, while
deletion of hypoxic inducible factor (HIF) in the VEGF promoter in mice caused
degeneration of motor neurons which it was probably the result of the suspension
of an indirect neurotrophic effect of VEGF'2%?°. Thus, VEGF produces in vitro an
indirect neurotrophic effect on many types of nerve cells, including neurons of the
autonomic nervous system, sensory neurons, dopaminergic and hippocampal,
cerebellar and cortical nerve cells?.

In vivo studies in rats exposed to hypoxia through middle cerebral artery occlusion
indicated an increase in VEGF mRNA in the hypoxic area. VEGF administered
directly to the brain surface resulted in a reduction in the hypoxic area, while its
intravenous administration reduced cortical neuronal damage. The exogenous
application of VEGF stimulated the maturation of new neurons in the hypoxic area
and resulted in the neuroprotective effect. It did not affect angiogenesis and glia
proliferation. On the other hand, VEGF at high concentrations was found to be
harmful because its proangiogenic action causes edema in the stroke area which
worsens the prognosis?’??”2. An increased of in vivo VEGF expression was observed
mainly in the brains of mice exposed to chronic hypoxia. The increase in VEGF
expression was observed in both neurons and glial cells. VEGF had a
neuroprotective effect on these cells*. VEGF increased the proliferation and
migration of astrocytes. Its mitogenic action on these cells has been demonstrated
both in cell cultures isolated from the midbrain and in vivo after intracerebral
administration. Reactive astrocytes have been shown to express VEGFR-1, but not
VEGEFR-2. This suggests that VEGFR-1 mediates the mitogenic action of VEGF on
astrocytes. Furthermore, the activation of VEGFR-1 by VEGF also participates in the
stimulation, migration and proliferation of microglia®?®. Thus, the VEGFR-2
signaling pathway is mainly related to the action of VEGF on Schwann cells and
peripheral neurons, while VEGFR-1 mediates the effects of VEGF on astrocytes and
microglia’??®, With its neuroprotective action, VEGF influences hippocampal-
dependent processes, such as learning and memory?*. Changes in VEGF

concentration have been shown to occur in diseases such as stroke, amiotropic
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lateral sclerosis, Parkinson's disease, and Alzheimer's disease, making VEGF a
potential target for neuroprotective drugs?.
1.5. VEGF-A in pain transmission

Our nervous system is capable of detecting a wide range of stimuli which can evoke
pain. These can generate a short-term sensation (acute pain) which usually resolves.
However, sometimes this pain becomes persistent. Constant stimulation provokes
alterations in nociceptive transmission, enhancing pain signals and increasing
sensitivity. If this state persists for more than 3 months, it is defined as chronic pain.
It affects over one-quarter of people worldwide and is more prevalent in women
than in men. The mechanisms that sustain and drive chronic pain have been
comprehensively reviewed?+?>?76, The current analgesic treatments (opioids or
NSAIDs) do not meet patients needs or are inefficient. In addition, their side effects
limit their use. Therefore, the development of new drugs is urgently required.
Preclinical research studies have identified an array of molecular targets that are
involved in the establishment and maintenance of chronic pain and may represent
interesting targets for pharmacological intervention. Among these mediators, VEGF

has been postulated as a key factor.

1.5.1. VEGEF as a therapeutic target
Alterations in the VEGF system, characterized by changes in the expression of its

components, have been related to a plethora of diseases. Some of these diseases can
occur concomitantly with pain, such as cancer, rheumatoid arthritis or diabetic
complications!6%?77278, There are currently several anti-VEGF-related drugs used in
clinical settings for the cancer treatment in combination with chemotherapy. Anti-
VEGF drugs are also used to attenuate neovascularization in age-related macular
degeneration and diabetic macular edema'®®?”°. However, in recent years, the role of
the VEGF family in neuroprotection and nociception has received increased
attention?80:281,282283:284285286287 The involvement of VEGF in the pathophysiology of
pain is not fully understood, however, the association between this growth factor
and some of the main hallmarks of painful diseases warrants the investigation of

VEGEF as a therapeutic target for pain treatment.
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1.5.2. Involvement of VEGF in several types of pain

Inflammation is a common feature in different painful syndromes and its
components sensitize nociceptors which mediate pain sensation. VEGF is one of the
most important mediators participating in this pro-inflammatory scenario.

The significance of VEGFR-1 and VEGFR-2 in the pathophysiology of two of the
most prevalent chronic inflammatory diseases that are concurrent with pain, namely
rheumatoid arthritis (RA) and osteoarthritis (OA), has previously been reported by
Hamilton et al. in 20162%. Inhibition of VEGF signalling pathways and angiogenesis
emerged as a promising approach demonstrating reduced destruction of joints and
associated pain in OA?8, However, the role of each member of the VEGF family,
isoforms, or alternative splicing in alleviating chronic inflammatory pain is yet to be
clarified.

In osteoarthritis, anomalous VEGF expression in synovial fluids has been associated
with higher pain scores® and worse prognosis. VEGF seems to mediate cartilage
degeneration, bone and neurovascular invasion of articular cartilage, increased
migration and/or activity of macrophages, fibroblasts, and neutrophils. These cells,
in turn, increase levels of cytokines and VEGF, amplifying the inflammatory
response?¥2, VEGF is able to evoke pain by several pathways in synovium,
osteochondral junction and meniscus, through both VEGFR-1 and VEGFR-22. Both
signalling axes seem to be directly associated with nociceptor sensitization, and
accordingly, VEGF signalling inhibition led to a decreased pain?®%. In addition, other
VEGF approaches have been experimentally tested and successfully counteracted
pain responses and/or improved cartilage degeneration, synovitis and osteophyte
formation??®, Taking all of the aforementioned, it seems plausible that proper
VEGF therapies targeting ligands or receptors could counteract osteoarthritis
progression and its associated pain. In other painful chronic diseases with an
autoimmune component, such as rheumatoid arthritis (RA), one of the most potent
factors that seems to be responsible for the typical hypertrophied synovium
(pannus), oedema, swelling, and chondrolytic and osteolytic reactions, is VEGF»%2%,
VEGF is expressed in synovial fibroblasts, fibroblasts close to microvessels, vascular

smooth muscle and macrophages, but not in endothelial cells of patients with RA*.
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VEGF is augmented in patients’ serum and is tightly correlated with TNF-a and
some other pro-algesic cytokines (IL-1f, IL-17, IL-18) which in turn reduce VEGF
expression, except in patients who are refractory to TNF-a therapy!®o2!. At
experimental level, an increased expression of VEGF, VEGFR-1 and VEGFR-2 was
described in an RA animal model and the treatment with an anti-VEGFR-1
efficiently blocked pain. However, the neutralization of either the VEGF ligand or
VEGEFR-2 did not induce the same anti-nociceptive effect?. Contrastingly, other
authors suggested that VEGFR-2 acts as a positive transducer in vascular
proliferation during RA and its pharmacological blockade reduces mechanical
sensitivity in an animal model of RA%!. While Beazley-Long and colleagues stated
that when VEGFR-2 is inhibited allodynia is reduced and/or prevented®!, De Bandt
and colleagues showed VEGFR-2 suppression was insufficient for resolution of this
type of pain®®. Further studies aimed to address this discrepancy are needed. The
putative role of VEGF in the relief of pain has been most extensively studied in
neuropathic pain compared to other types of pain. VEGF-A has been strongly linked
with neuroprotection and its neutralization was found to exacerbate neuropathic
damage and pain in a retrospective clinical study*®. Contrary to this, experimental
approaches of VEGF blockade have successfully alleviated nociceptive responses in
a model of chronic constriction injury, sciatic nerve ligation or diabetic neuropathy.
These approaches included the suppression of VEGFR-2 signalling, spinal serine
arginine protein kinase 1 (SRPK1) inhibition, and the administration of VEGEF-
Axxxb. The anti-nociceptive effect derived from VEGFR-2 blockade in painful
neuropathies has been reported to be mediated via the interaction with P2X2/3
receptors®>?”, or TRPA1 and/or TRPV12%2842% [y vitro studies revealed that in
injured peripheral nerves there is an upregulation of VEGF-A in infiltrated cells that
seems to mediate angiogenesis, a key component of chronic inflammation and
peripheral sensitization?”. Blocking VEGF-A has been shown to reduce nociception
in rodents and to exert a neuroprotective effect by improving neuronal restoration
and conduction, decreasing pro-apoptotic Caspase-3 levels in sensory neurons,
preventing neural perfusion and epidermal sensory fiber loss®2832%  Another

plausible strategy evaluated is SRPK1 inhibition, as this would reduce the pro-
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nociceptive and pro-angiogenic forms of VEGEF?*. Several studies indicate that
administration of VEGF-A165b (the reported anti-nociceptive form of VEGF-A),
could constitute an interesting therapeutic strategy for pain, considering that it also
has neuroprotective effects. Contrastingly, a recent study demonstrated in an animal
model of oxaliplatin-induced pain, that VEGF-A165b expression is augmented in
spinal cord, and the intrathecal administration of bevacizumab or VEGF-A165b
antibody reversed the hypersensitivity symptoms®!. Most studies at an
experimental level seem to suggest a pro-nociceptive effect induced by VEGF-A in
several types of pain. However, in neuropathic pain due to a partial saphenous
nerve ligation injury, Hulse and colleagues focused on the anti-nociceptive effect of
VEGEF-Axxxb isoform and the relevance of targeting its alternative splicing so as to
modulate the balance between the pro- and anti-nociceptive VEGF isoforms. VEGF-
Al65a (pro-nociceptive) and VEGF-A165b (anti-nociceptive) isoforms have
opposing actions on vascular permeability, angiogenesis, and vasodilatation?*. This
had been shown extensively in several papers?$228328428281 However, in a model of
oxaliplatin-induced pain, Di Cesare Mannelli and colleagues®! clearly showed the
pro-nociceptive role of VEGF-Axxxb isoform. Further studies are urgently needed in
order to clarify the role of VEGF-Axxxb and the mechanisms underlying the
paradoxical effects reported. These disparate functions raise the possibility that
different isoforms may have pro- and anti-nociceptive varying role. Among chronic
neurologic diseases, migraine is the third most prevalent and disabling; current
treatments are usually unsuccessful. The meningeal and brain mast cells involved
can degranulate and release vasoactive substances that can activate
trigeminovascular mechanisms inducing pain. Among these mediators, VEGF is one
of the most important as it also stimulates nitric oxide synthase and therefore
increases nitric oxide levels®?. Therefore, VEGF plays a direct role in the endothelial
cells in the trigeminovascular system. Indeed, increased levels of VEGF have been
showed in migraineurs suggesting endothelial alterations*®. However, decreased
serum concentrations of VEGF were found during interictal period®*. In addition,
several VEGF haplotypes have been described to be associated with variable

susceptibility to migraine®. A better understanding of VEGF fluctuations, genetic
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profiling and the potential protective role in migraines could constitute an
interesting approach for prophylactic intervention. The importance of VEGF in
cancer pathophysiology and therapy has been extensively reported®*”. However,
the potential anti-nociceptive effect of VEGF in cancer-induced pain is poorly
understood. VEGFR-1 is augmented in humans and in an animal model of
osteosarcoma-induced pain. The modulation of VEGF/VEGFR-1 axis signalling by
an anti-VEGFR-1 antibody or the administration of the VEGFR-1 soluble form (sFlt-
1) that decoys VEGF from binding VEGFR-1, effectively counteracted pain2®.
Perturbing expression, activation, or signalling of VEGFR-1, but not of VEGFR-2, in
peripheral sensory nerves disrupts attenuated cancer-induced pain and tumor-
induced remodelling of nerves in mice in vivo*®. Additional studies using
experimental models of cancer-induced pain that address the role of VEGFR-2 are
urgently required in order to delineate the role for this integral mediator. This will

inform the design and development of new pharmacological strategies.
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2. Scope

Vascular Endothelial Growth Factor-A (VEGF-A) is the most studied member of
VEGF family. In addition to its well-known pro-angiogenic properties, it also
directly influences neuronal and glial biological processes, exerting trophic and
signaling functions in nervous tissue. Moreover, the role of VEGF-A in pain has
emerged in recent years. About this, the recent data obtained in our laboratory
showed that VEGEF-A plays an important role in pain modulation both in Peripheral
and Central Nervous System®!, highlighting the necessary of an in-depth study
about the role of VEGF family in the perception and pathophysiology of pain.

The purpose of the present study was to investigate the role of VEGF-A as a pain
and neuroprotective mediator, identifying the VEGF receptors and the nervous cells
involved in these signaling pathways.

In the first part of this thesis, we evaluated the pain threshold of naive mice
following intrathecal administration of non-selective and selective ligands for
VEGEFR-1 and VEGFR-2 and, in parallel, of receptor blockers. Immunofluorescence
analysis and the selective silencing of the two VEGFRs by siRNAs in the lumbar
spinal cord of naive mice, confirmed that neuronal VEGFR-1 mediates the pro-algic
action of VEGF-A in physiological conditions. The higher expression of VEGF-A on
astrocyte cells compared to neurons and microglia, led us to selectively silence
VEGEF-A in spinal astrocytes by injecting a viral vector into naive mice. Behavioral
tests showed a prevention of hypersensitivity development caused by oxaliplatin
treatment. In addition, the selective block of VEGFR-1 by mAb D16F7 showed a
pain-relieving action in different models of neuropathic pain.

Following these data in the last part of this study, to deepen pain modulation and
the neuroprotection mechanisms of VEGF-A in nervous tissue, we used the
organotypic spinal cord slice. We evaluated the molecular mechanism underlying
the release of painful factors induced by VEGF-A, confirming the involvement of
VEGEFR-1. Moreover, like other growth factors, also VEGF in characterized by a
dualism between pro-algic and protective effects. Analyzing the effect of VEGF

treatment on toxicity induced by oxaliplatin in the slices, we highlighted that VEGF-
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A exerts a neuroprotective effect by the interaction with its VEGFR-2.

Ultimately, following the in-vivo studies evidences on the involvement of astrocytic
VEGF-A in pain signaling, we used fluorocitrate as a glial metabolism blocker, to
deepen the involvement of astrocytic VEGF-A both in physiological and oxaliplatin-

treatment conditions.

49



3. Materials and Methods

3.1. Study approval

All animal manipulations were carried out according to the Directive 2010/63/EU of
the European parliament and of the European Union council (22 September 2010) on
the protection of animals used for scientific purposes and with IASP. The ethical
policy of the University of Florence complies with the Guide for the Care and Use of
Laboratory Animals of the US National Institutes of Health (NIH Publication No.
85-23, revised 1996; University of Florence assurance number: A5278-01). Formal
approval to conduct the experiments described was obtained from the Italian
Ministry of Health (No. 171/2018-PR) and from the Animal Subjects Review Board
of the University of Florence and from the Animal Ethics Committee of University
of Campania of Naples. Experiments involving animals have been reported
according to ARRIVE guidelines®®. All efforts were made to minimize animal

suffering and to reduce the number of animals used.

3.2.Animals
Eight-week-old male CD-1 mice (Envigo, Varese, Italy) weighing 20-25 g at the

beginning of the experimental procedure were used. Animals were housed in the
Centro Stabulazione Animali da Laboratorio (University of Florence, Italy) and in
Stabulario Centralizzato di Ateneo (University of Campania “Luigi Vanvitelli”,
Naples, Italy) and used at least 1 week after their arrival. Ten mice were housed per
cage (size 26 cm x 41 cm); animals were fed a standard laboratory diet and tap water

ad libitum and kept at 23 + 1 °C with a 12 h light/dark cycle (light at 7 am).

3.3. Treatments
VEGF165b (3 — 30 ng; 5 pl; cat. #3045-VE-025, R&D System, USA), PIGF-2 (3 — 30 ng;

5 ul; cat.465-PL/CF, R&D System, USA), VEGF-E (3 — 30 ng; 5 pl; cat. #CYT-263,
Prospec, Israel), D16F7 (10 — 100 ng, 5 pg; 5 pl)* and DC101 (100 pg, 1 — 6 ng; 5 ul;
catalog. #BE0060 BioCell, Boston, MA, USA) or vehicle (0.9% NaCl 5 ul) were
intrathecally (i.t) injected in conscious mice as previously described (Hylden &

Wilcox, 1980). Briefly, a 25-ul Hamilton syringe connected to a 30-gauge needle was
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intervertebral inserted between the L4 and L5 region, and advanced 6 mm into the
lumbar enlargement of the spinal cord. Behavioural measurements were performed
before and 30 min, 1 h, 3 h and 6 h after the administration of compounds. DC101 or
D16F7 were injected 15 min before the VEGFR-1/2 agonists when administered in
the co-treatment experiments.

The scrambled siRNA or the specific VEGFR siRNA (VEGFR-1-VEGFR-2 siRNA,
Ambion Life Technologies, Monza, Italy) were i.t. injected twice spaced 24 h apart
(8.3 ug/5 ul per mouse) at the lumbar level of the mice spinal cord. On the third day,
behavioural measurements were conducted after VEGFRs agonists administration.
Mice were sacrificed between the 4th and the 5th days for the Western blot analysis.
The target sequences of the anti-mouse VEGFRs siRNAs were: VEGFR-1, sense
strand 5-GCAUCUAUAAGGCAGCGGALtt-3 and antisense strand
UCCGCUGCCUUAUAGAUGCtc-3; VEGFR-2, sense strand 5-
CCCGUAUGCUUGUAAAGAALtt-3 and antisense strand 5-
UUCUUUACAAGCAUACGGGct-3'.

3.4.AAV virus infection

An AAV1-GFAP-eGFP-mVEGFA-shRNAmir (1.6 x 1013 GC/ml, Vector Biosystem
Inc, Malvern, PA, USA) or scrambled were used. Mice were deeply anaesthetized by
intraperitoneal (i.p.) injection of ketamine (100 mg kg-1) (Ketavet, MSD Animal
Health, Milan, Italy) and xylazine (10 mg kg-1) (Rompum, 20 mg/ml, Bayer, Milan,
Italy) and then were placed in a stereotaxic frame using the mouse spinal adaptor
(Stoelting, Wood Dale, IL, USA). The skin was incised at Th12-L5 and the mouse
muscles around the left side of the interspace between Th12 — L1 and L4 - L5
vertebrae were removed, and the dura mater and the arachnoid membrane were
carefully incised using the tip of a 30G needle to make a small window to allow
vector infusion. Four intraspinal injections were done in aech animal using a 5-ul
Hamilton syringe connected to a 34G needle. The needle was placed 0.5 mm lateral
to the spinal midline at a depth of 0.4 mm from the dorsal surface of the spinal cord
and 1 pl of vector or scrambled was bilaterally injected at 0.25 ul/min with a digital

microinjector (Stoelting). The needle was left on place for another 3 min to prevent
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backflow. The surgical site was then sutured with 3-0 silk and mice were kept on a

heating pad until recovery.

3.5.Chemotherapy-induced neuropathic pain (CINP) in vivo

models
Mice treated with oxaliplatin (Carbosynth, Pangbourne, UK; 2.4 mg kg?) were

administered i.p. for two weeks®?%3!. Oxaliplatin was dissolved in a 5% glucose
solution. Control animals received an equivalent volume of vehicle. Behavioural
tests were performed on day 15. In mice injected spinally with the viral vector or
with the scrambled, oxaliplatin was administered for two weeks (10 total injections)
starting 14 days after surgery for the viral vector administration. Control animals
received an equivalent volume of vehicle. Behavioural measurements were
performed on days 3, 5,9, 11, 13 and 15.

Mice treated with paclitaxel (Carbosynth; 2.0 mg kg?) were injected i.p. on four
alternate days (days 1, 3, 5 and 8)*2%!1, Paclitaxel was dissolved in a mixture of 10%
saline solution and Cremophor EL, a derivative of castor oil and ethylene oxide that
is clinically used as paclitaxel vehicle. Control animals received an equivalent
volume of vehicle. Behavioural measurements started on day 10.

Mice treated with vincristine (Carbosynth; 0.1 mg kg') were injected i.p. for five
consecutive days®. Vincristine was dissolved in saline solution and control animals
received an equivalent volume of vehicle. Behavioural measurements started on day

8.

3.6.Assessment of mechanical hyperalgesia (Paw pressure
test)

Mechanical hyperalgesia was determined by measuring the latency in seconds to
withdraw the paw away from a constant mechanical pressure exerted onto the
dorsal surface®¥?5. A 15 g calibrated glass cylindrical rod (10 mm diameter)
chamfered to a conical point (3 mm diameter) was used to exert the mechanical
force. The weight was suspended vertically between two rings attached to a stand
and was free to move vertically. A single measure was made per animal. A cut-off

time of 40 s was used.
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3.7.Assessment of thermal allodynia (Cold plate test)

Thermal allodynia was assessed using the Cold-plate test. With minimal animal-
handler interaction, mice were taken from home-cages, and placed onto the surface
of the cold-plate (Ugo Basile, Varese, Italy) maintained at a constant temperature of
4°C + 1°C. Ambulation was restricted by a cylindrical plexiglas chamber (diameter:
10 cm, height: 15 cm), with open top. A timer controlled by foot peddle began
timing response latency from the moment the mouse was placed onto the cold-plate.
Pain-related behaviour (licking of the hind paw) was observed, and the time
(seconds) of the first sign was recorded. The cut-off time of the latency of paw lifting

or licking was set at 30 s3'.

3.8.Assessment of mechanical allodynia (Von Frey test)

Mechanical allodynia was measured with the dynamic plantar aesthesiometer (von
Frey instrument) (Ugo Basile) as described by Di Cesare Mannelli and colleagues3!!
with minor modifications. Briefly, the mice were placed in individual Plexiglas
cubicles (8.5 x 3.4 x 3.4 cm) on a wire mesh platform. After approximately 30 min
accommodation period, during which exploratory and grooming activity ended, the
mechanical paw withdrawal threshold was measured as the hind paw withdrawal
responded to von Frey hair stimulation. The mechanical stimulus was delivered to
the plantar surface of the hind paw of the mouse from below the floor of the test
chamber by an automated testing device. A steel rod (2 mm) was pushed with
electronic ascending force (0-5 g in 35 s). When the animal withdrew its hind paw,
the mechanical stimulus was automatically withdrawn, and the force recorded to
the nearest 0.1 g. Nociceptive response for mechanical sensitivity was expressed as
mechanical withdrawal threshold in grams. The mean was calculated from six

consecutive trials and averaged for each group of mice.

3.9.Assessment of locomotor activity (Hole-Board test)

The locomotor activity was evaluated by using the hole-board test. The apparatus
consisted of a 40 cm square plane with 16 flush mounted cylindrical holes (3 cm
diameter) distributed 4x4 in an equidistant, grid-like manner. Mice were placed on

the centre of the board one by one and allowed to move about freely for a period of
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5 min each. Two photobeams, crossing the plane from mid-point to mid-point of
opposite sides, thus dividing the plane into 4 equal quadrants, automatically
signalled the movement of the animal (counts in 5 min) on the surface of the plane
(locomotor activity). Miniature photoelectric cells, in each of the 16 holes, recorded

(counts in 5 min) the exploration of the holes (exploratory activity) by the mice?.

3.10.  Electrophysiological recordings of nociceptive
specific (NS) neurons

On the day of electrophysiological recordings, mice were initially anesthetized with
tribromoethanol (Avertin, Winthrop laboratories, New York, NY, USA; 1.25%).
After tracheal cannulation, a catheter was placed into the right external jugular vein,
to allow continuous infusion of propofol (5-10 mg/kg/h, i.v.) and spinal cord
segments L4-L6 were exposed by laminectomy, near the dorsal root entry zone, up
to a depth of 1 mm?®®. An elliptic rubber ring (about 3x5 mm), sealed with silicone
gel onto the surface of the cord, was used for topical spinal drug application and to
gain access to spinal neurons. Animals were fixed in a stereotaxic apparatus (David
Kopf Instruments, Tujunga, CA, USA) through clamps attached to the vertebral
processes. Single unit extracellular activity of dorsal horn NS neurons was
performed by using a glass-insulated tungsten filament electrode (3-5 MQ) (FHC
Frederick Haer & Co., ME, USA). Spinal neurons were defined as NS neurons, when
they were responding only to high intensity (noxious) stimulation®. In particular,
to confirm NS response patterns, each neuron was characterized by applying a
mechanical stimulation to the ipsilateral hind paw using a von Frey filament with
97.8 mN bending force (noxious stimulation) for 2 s until it buckled slightly320:321,
Only neurons that specifically responded to noxious hind paw stimulation were
considered for recordings. The recorded signals were visualized into a window
discriminator, whose output was processed by an interface CED 1401 (Cambridge
Electronic Design Ltd., UK) connected to iOS 5 PC. Spike2 software (CED, version 5)
was used to create peristimulus rate histograms on-line and to store and analyze
digital records of single unit activity off-line. The spontaneous and noxious-evoked

neuronal activity was expressed as spikes/sec (Hz) and the effect of drugs was
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analyzed as % variation of firing rate, frequency and duration of excitation. After
recording a stable basal activity (15 min), topical spinal application of vehicle or
drugs was performed, and each extracellular recording was monitored until 45-60
min post-injection. In particular, groups of animals were divided as following: 1)
VEGF165b (3 ng/5 pl, pro-nociceptive dose on NS neurons), 2) VEGF165b + DC101
(10 pg/5 ul, the highest non-pro-nociceptive dose) and 3) VEGF165b + D16F7 (100
pg/5 ul). At the end of the experiment, animals were killed with a lethal dose of

urethane.

3.11.  Preparation of Rat Organotypic Spinal Cord Slice
Cultures

Spinal cord was removed from 4- to 6-day old Sprague Dawley (Envigo, Varese,
Italy) rat pups and exposed. Transverse slices (420 um) were prepared using a
Mcllwain tissue chopper and then transferred onto 30 mm diameter semiporous
membranes inserts (Millicell-CM PICM03050; Millipore, Italy), which were placed in
six well tissue culture plates containing 1.2 mL medium per well. The culture
medium consisted of 50% Eagle’s minimal essential medium, 25% heat-inactivated
horse serum, 25% Hanks’ balanced salt solution, 5 mg/mL glucose, 2 mM L-
glutamine, 3.75 mg/mL amphotericin B and 1% of penicillin (100 U/mL) and
streptomycin (100 pg/mL). Slices were maintained at 37 °C in an incubator in

atmosphere of humidified air and 5% CO: for 14 days.

Step 1: spine isolation
5 -
= ’ Step 2: spmalcor('i exp‘usme

o

3 3 q

Step 3: spinal cord extraction

Step 4: spinal cord cut

Illustration 8. Schematic illustration of the steps followed to obtain the organotypic culture of the spinal cord,

starting from rat pups 4 - 6 PND
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3.12.  Organotypic Spinal Cord Cultures Treatments

On the 14" day, organotypic spinal cord culture was exposed to: oxaliplatin 1, 10
and 100 uM for 1-3-6 and 24 hours; VEGF165b, VEGF-E and PIGF 30, 100 and 300
ng/mL; DC101 10 ng/mL; D16F7 300 ng/mL; DL-Fluorocitric acid barium salt (Sigma
Aldrich- F9634) 80 uM. For toxicity analysis, Propidium iodide (PI) 5 ug/mL (Sigma
Aldrich- 81845) was added to the medium and thirty minutes later, fluorescence
was viewed using an inverted fluorescence microscope (Olympus IX-50; Solent
Scientific, Segensworth, United Kingdom) equipped with a xenon-arc lamp, a low-
power objective (4X) and a rhodamine filter. Images were digitized using a video
image obtained by a CCD camera (Diagnostic Instruments Inc., Sterling Heights, MI,
United States) controlled by software (InCyt Im1TM; Intracellular Imaging Inc.,
Cincinnati, OH, United States). In order to quantify cell death, the optical density of
PI fluorescence was detected using the design function in the image software

(Image]; NIH, Bethesda, MD, USA).

3.13.  Biochemical analysis

At the end of the treatments, the culture medium was collected and used to
biochemical analysis. The concentrations of VEGF-A, CGRP and Substance-P were
assessed by enzyme-linked immunosorbent assay (ELISA Kit ThermoFisher-
ERVEGFA for VEGF-A; BIOMATIK-EKF58049 for CGRP; MyBioSource-MBS703659
for Substance-P), according to manufacturer's instructions. The levels were

normalized to cell protein concentrations.

3.14. RNA isolation, Reverse Transcription and Real Time
Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from rat organotypic spinal cord slices using TRI Reagent
(Merck, Milan, Italy). One microgram of RNA was retrotranscribed using
PrimeScript™ RT reagent Kit with gDNA eraser (Takara Bio cat#RR047A).
RT-PCR was performed using SsoAdvanced Universal SYBR® Green Supermix (Bio-
Rad) following the thermal profile suggested by the kit. The following primers were
used: EAAT1: forward 5- CAGTCATCGTCGGCCTCCTCATTC -3' and reverse 5'-
CTGGTGATGCGTTTGTCCACACCATTG -3' (Invitrogen); validated primers for
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rEAAT2 and rGAPDH were purchased from Biorad (qRnoCEDO0005967 and
qRnoCID0057018).

The differential expression of the transcripts is normalized on the housekeeping gene

GAPDH.

3.15.  Western blot analysis

The lumbar spinal cord of mice was explanted and immediately frozen with liquid
nitrogen. The frozen tissues were homogenized with lysis buffer containing 50 mM
Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100 and complete
protease inhibitors (Roche, Milan, Italy). The suspensions were sonicated on ice
using three high intensity 10s bursts with a cooling period of 10s each burst and
centrifuged at 13.000xg for 10 min at 4°C. Protein concentrations were quantified by
bicinchoninic acid test. Fifty ug of tissue homogenate were resolved with
prefabricated polyacrylamide gel (BOLT 4-12% Bis-Tris Plus gel; Thermo Fisher
Scientific, Monza, Italy) before electrophoretic transfer to nitrocellulose membranes
(Bio-Rad, Milan, Italy). The membranes were blocked with 1% BSA and 5% fat-free
powdered milk in PBS containing 0.1% Tween 20 (PBST) and then probed overnight
at 4°C with primary antibodies specific for VEGFR-1, VEGFR-2, VEGF-A, GAPDH
or a-Tubulin (Supplementary Table S1). The membranes were then incubated for 1
h in PBST containing the appropriate secondary anti-rabbit or anti-mouse antibody
(Supplementary Table S1). ECL (Enhanced Chemiluminescence Pierce, Rockford, IL,
USA) was used to visualize peroxidase-coated bands. Densitometric analysis was
performed using the “Image]” analysis software (Image], NIH, Bethesda, MD,
USA). Normalization for a-tubulin or GAPDH content was performed. The values

were reported as percentages of controls arbitrarily set at 100%.

3.16. Immunofluorescence staining and confocal imaging
Mice were sacrificed, the L4/L5 segments of the spinal cord were exposed from the

lumbovertebral column via laminectomy and identified by tracing the dorsal roots
from their respective DRG. Formalin-fixed (and no-fixed, used for VEGFR-1
primary antibody) cryostat sections (7 um) were washed 3x with phosphate-

buffered saline (PBS) and then were incubated, at room temperature for 1 h, in
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blocking solution (PBS, 0.3% Triton X-100, 5% albumin bovine serum; PBST). The
sections were subsequently incubated with primary antibody, anti-VEGFR-1, anti-
VEGF-A, or anti-AQP-4, overnight at 4°C (Supplementary Table S1). The following
day, slides were washed 3x with PBS and then sections were incubated in the dark
with secondary antibody, goat anti-rabbit or anti-mouse IgG labeled with Alexa
Fluor 568, in PBST at room temperature for 2 h. After 3x PBS 0.3% Triton X-100
wash for 10 min, the sections were incubated with DAPI, a nuclei-marker, at room
temperature for 5 min and then the slides were mounted using Fluoromount™ (Life
Technologies-Thermo scientific, Rockford, IL, USA) as a mounting medium.

For double immunofluorescence, on the first day, anti-Ibal was added, and the
slides incubated overnight at 4°C conditions. While the sections to be labelled for
GFAP or NeuN were incubated the second day for 2 h in the dark with mouse anti-
GFAP Alexa Fluor 488-conjugated or mouse anti-NeuN Alexa Fluor 488-conjugated
antibodies (Supplementary Table S1). For triple immunofluorescence, on the first
day, anti-RECA-1 was added, and the slides incubated overnight at 4°C conditions,
then sections were incubated with the anti-mouse IgG labeled with Alexa Fluor 568
for 2 h. Thereafter, incubation with anti-VEGF-A and anti-GFAP antibodies was
allowed overnight in the dark. Finally, anti-mouse IgG labeled with Alexa Fluor 488
and anti-rabbit IgG labeled with Alexa Fluor 647 were added for 2 h in the dark
(Supplementary Table S1).

The immunofluorescence analysis on organotypic slices was performed using the
free-floating method.

Negative control sections (no exposure to the primary antisera) were processed
concurrently with the other sections for all immunohistochemical studies. Images
were acquired using a motorized Leica DM6000 B microscope equipped with a
DFC350FX camera (Leica, Mannheim, Germany).

The colocalization area was calculated using the “colocalization” plugin of Image]
(after evaluating the threshold value for each channel) and expressed as percentage
relative to the value of the VEGFR-1 or VEGF-A area. The mean fluorescence
intensity of VEGF-A in control and oxaliplatin-treated animals was calculated by

subtracting the background (multiplied by the total area) from the VEGF-A
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integrated intensity. Analyses were performed on three different images for each
animal, collected through a 20x objective.
For confocal analysis, images were acquired with a Leica SP2 AOBS confocal
microscope using a sequential scan setting (exciting lasers 488 nm and 561nm) to
avoid channel bleed-through. Images were acquired though a 63x 1.4NA PL APO
objective at voxel size of 232nm (xy) and 121nm (z).
Confocal images were processed and analyzed using Fiji*2. Briefly, images were
deconvolved using Deconvolution Lab2 with a synthetic PSF and ICTM
algorithm?®?. Colocalization analysis was performed with JACoP (Fiji plugin)®* and
manually set thresholds. Colocalization parameters were calculated from 8 confocal
z-stacks for each analysis and are given as mean + SEM.

3.17.  Statistics
Results were expressed as means = SEM and the analysis of variance was performed
by ANOVA test. A Bonferroni’s significant difference procedure was used as post
hoc comparison. P values less than 0.05 were considered significant. Data were
analysed using “Origin® 10” software.
Electrophysiological data were analysed through one-way ANOVA followed by
Dunnet’s multiple comparison post-hoc test for statistical significance within
groups. Two-way ANOVA followed by Bonferroni post-hoc test for comparison

between groups, by using GraphPad Prism 7.0.
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4. Results

4.1. Nociceptive effect of VEGFRs selective ligands infused

in spinal cord
To study the spinal impact of VEGF-A signalling modulation on pain threshold in

mice, we firstly evaluated the effect of the most expressed isoform VEGF165b. After
i.t. administration, pain sensitivity was measured as latency response to a cold
stimulus (Cold plate test). As shown in Fig. 1A, VEGF165b (3, 10 and 30 ng, in bolus
in a total volume of 5 ul) dose-dependently reduced pain threshold with a long-
lasting effect starting 30 min after injection that completely disappeared only after 6
h, resembling its effect observed in rats**'. To note, VEGF165a (1, 3 and 30 ng, i.t.)
evoked similar dose-dependent nociceptive effects (Supplementary Fig. S1). Since
VEGF165 isoforms may interact with both VEGFR-1 and VEGFR-2, in order to
explore the implications of the receptor types in pain modulation, we also tested the
effect of placental growth factor 2 (PIGF-2) and VEGF-E, which are specific VEGFR-
1 and VEGFR-2 agonists, respectively’®. As shown in Fig. 1B and 1C, both PIGF-2
and VEGF-E (3, 10 and 30 ng, i.t.) significantly reduced the licking latency of
animals challenged on a cold surface (Cold Plate test), even if PIGF-2 showed a
profile similar to VEGF165b while VEGF-E exhibited a lower efficacy. Interestingly,
the selective VEGFR-1 blockade by the anti-VEGFR-1 mAb D16F7 (1 ug, i.t.), in the
absence of VEGF165b, did not significantly alter pain threshold at microgram dose
(Fig. 1D). On the contrary, nanogram dose of the anti-murine VEGFR-2 mAb DC101
(1 and 6 ng, i.t.) induced hypersensitivity (Fig. 1E) and this effect was blocked by
D16F7 mAD (10 and 100 ng; Fig. 1F). In this test, non-specific mouse IgG (1 pg), used
as control, was inactive. These findings suggested that the nociceptive effects
evoked by VEGF165b were the result of VEGFR-1 stimulation. Furthermore, algesic
effects induced by the DC101 mAb were likely due to the antibody-dependent
displacement of the endogenous VEGF-A from VEGFR-2, thus making it available
for binding to VEGFR-1; this hypothesis was further demonstrated by the loss of the
effect when the anti-VEGFR-1 mAb D16F7, was administered together with DC101.
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Figurel. Nociceptive effect of VEGFRs selective ligands infused in spinal cord. The pain threshold was
measured by the Cold plate test over time after the i.t. injection of compounds. Effect of (A) VEGF165b (n=7), (B)
the selective VEGFR-1 agonist PIGF-2 (n=5), (C) the selective VEGFR-2 agonist VEGF-E (n=5), (D) the selective
anti-VEGFR-1 antibody D16F7 (n=7) or a murine control IgG (n=5) and (E) the selective anti-VEGFR-2
antibody DC101 (n=5). (F) Effect of DC101 in mice pre-treated (15 min before) with D16F7. Each value
represents the mean + SEM. "P<0.05 and "P<0.01 vs vehicle-treated animals; °°P<0.01 vs DC101 6 ng treated
animals. The analysis of variance was performed by One-way ANOVA. A Bonferroni’s significant difference

procedure was used as post hoc comparison.

4.2. Hypersensitivity-induced by VEGF-A signalling

modulators is due to VEGFR-1 activation
The hypothesis that VEGFR-1 activation is required for VEGF165b-mediated

nociception was demonstrated by crossing the combinations of receptor agonists
and antagonists. Both selective agonists, PIGF-2 and VEGF-E32632732852 share the
same binding sites of VEGF-A on the corresponding receptors. At variance with
DC101 mAb which is a competitive antagonist of VEGF-A and VEGF-E for VEGFR-
2 binding®?, D16F7 mAb is a non-competitive antagonist since it interacts with
VEGFR-1 at a site different from that used by the receptor ligands3*%*!. Consistently
with our hypothesis, the algesic effects of VEGF165b are blocked by D16F7 mAb
(Fig. 2A). A similar profile was obtained also for the VEGFR-1 ligand PIGF-2 (Fig.
2B) as well as for the VEGFR-2 ligand VEGF-E (Fig. 2C). DC101 mAb used at the
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highest non-algesic dose (but able to selectively block VEGFR-2)3 did not block the
effect of both VEGF165b and PIGF-2, but further exacerbated VEGE-E
hypersensitivity (Supplementary Fig. S2). These findings confirmed the pivotal role
of VEGFR-1 in pain signalling which is directly activated by the selective agonist
PIGF-2 or by the exogenously added (Fig. 2A) or endogenously present VEGF-A
(Fig. 2C) displaced from VEGFR-2. Moreover, the selective knockdown of VEGFR-1
or VEGFR-2 by siRNA further validated the specificity of the VEGFR-1-mediated
mechanism (Fig. 2D-F). The silencing of VEGFR-1 completely blocked the effects of
VEGF165b, PIGF-2 and VEGEF-E (Fig. 2E) whereas the silencing of VEGFR-2 did not

alter the algesic properties of the ligands (Fig. 2F).

= 22+ »
o0
00

20 20{ Y A g 20
_ 1 ¥, \0 o
Z 184 CIEE I z 18
z 3 \ 3
5164 164 | 7 Z
= = \ / 2
20144 214 \ T 52 W4
€ 2 \ £
5124 el ) . 5 124 4 512

—=— vehicle + vehicle - —m— vehicle + vehicle —m— yehicle + vehicle
104 —¥— VEGF (3b 30 ng + vehicle 104 . —¥—PIGF-2 30 10 —v— VEGF-E 30 ng + vehicle
—— VEGF b 30 ng + DI16F7 100 ng —é— PIGF-2 30 ng + DI6F7 100 ng —5— VEGF-E 30 ng + DI6F7 100 ng
8 8 T T T T T T T 8 T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h) Time (h)
D E —— vehicle + vehicle F —8— vehicle + vehicle
120 5 S
—O— scr siRNA + VEGF b 30 ng —O—scr siRNA + VEGF ;b 30 ng

224 —8— VEGFR-1 siRNA + VEGF (b 30 ng 224 —e— VEGFR-2 siRNA + b 30 ng
—¥— VEGFR-1 siRNA + VEGF-E 30 ng —¥— VEGFR-2 siRNA + VEGF-E 30 ng

— -GN 204 w— VEGFR-1 siRNA + PIGF-2 30 ng —¥— VEGFR-2 siRNA + PIGF-2 30 ng

)

=

>

=
=

Licking latency (s)
Licking latency (s)

=3
)

sersiRNA 2 Timewy 2 Tim;:(h) ¢
Figure2. Hypersensitivity-induced by VEGF-A signalling modulators is due to its interaction with
VEGFR-1. The response to a thermal stimulus (Cold plate test) was recorded after i.t. infusion of different
VEGFR ligands (30 ng) preceded (15 min before) or not by the anti-VEGFR-1 mAb D16F7 (100 ng) or vehicle:
(A) VEGF165b = D16F7 (n=5), (B) PIGF-2 =+ D16F7 (n=5), (C) VEGF-E + D16F7 (n=5). (E — F) Effects of
VEGEFRs ligands (i.t.) in mice undergone a selective knockdown of VEGFR-1 (D, n=5) or VEGFR-2 (E, n=5) at
the lumbar level of the spinal cord by siRNA. (D) Representative Western blot images and densitometric analysis
showing the expression of VEGFR-1 or VEGFR-2 in the lumbar section of the spinal cord after the siRNAs
administration (n=5). Each value represents the mean + SEM. "P<0.01 vs vehicle + vehicle-treated animals;
°°P<0.01 vs vehicle + VEGFRs ligands-treated animals. The analysis of variance was performed by One-way

ANOVA. A Bonferroni’s significant difference procedure was used as post hoc comparison.
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4.3. VEGF165Db increases the activity of spinal nociceptive

neurons by VEGFR-1 activation
To investigate the effect of the spinal application of VEGF165b on the

hyperexcitability of spinal nociceptive specific (NS) neurons, in vivo
electrophysiological experiments were performed. The results relate to NS neurons
(one cell recorded from each animal per treatment) localized at a depth of 0.7-1.0
mm from the surface of the spinal cord. This cell population was characterized by a
mean rate of basal firing of 0.015 + 0.002 spikes/sec and only cells showing this
pattern were chosen for the experiment. Spontaneous and noxious-evoked
(mechanical stimulation) activity of NS neurons was measured after spinal
application of VEGF165b preceded or not by treatment with the anti-VEGFR-1 mAb
D16F7 to investigate the involvement of VEGF-A receptor subtype. Representative
ratematers of the results obtained with VEGF165b in the absence or presence of
D16F7 mAb are shown in Fig. 3A and 3B, respectively. In mice pre-treated with
vehicle (DMSO in 0.9% NaCl), VEGF165b (3 ng/5 ul) spinal application induced an
increase in spinal electrical activity as compared to baseline levels (100%). In
particular, NS neurons showed a variation of spontaneous activity compared to
baseline of 217.05 + 29.2% as well as a noxious-evoked activity with frequency of 234
+30.9% and duration of 316.2 + 27.2%, starting from 25 min post VEGF165b (Fig. 3A,
C-E). The spinal VEGF165b-induced hypersensitivity was mainly mediated by
VEGEFR-1 rather than VEGFR-2 activation. Indeed, electrophysiological recordings
revealed that spinal pre-application of D16F7 mAb (100 pg/5 ul) significantly
prevented the increase of spontaneous and noxious-induced activity of NS neurons
resulting in a pattern similar to basal (Fig. 3B, C-E). D16F7 (100 pg/5 pl) alone was
not able to affect either spontaneous or evoked activity of NS neurons (Fig. 3B). On
the contrary, DC101 at 30 and 100 pg, showed a pro-nociceptive effect on NS spinal
activity per se (Supplementary Fig. S3, representative ratematers). In fact, post-
injection level of either spontaneous (187.3 + 17.7% at 100 pg and 151.1 + 6.9% at 30
pg) or noxious pressure-evoked firing rates (frequency: 212.6 + 27% at 100 pg and
152.9 + 6.9% at 30 pg; duration: 235.7 + 25.3% at 100 pg and 119.7 + 8.6% at 30 pg)

were significantly higher respect to the baseline, in a dose-dependent manner.
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Overall, these results further confirmed the involvement of VEGFR-1 in VEGEF-A-

induced electrophysiological changes of NS.
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Figure3. VEGF165b increases spontaneous and noxious-evoked activity of NS neurons by VEGFR-1.

Representative ratematers showing spontaneous and noxious-evoked activity of NS neurons after spinal
application of VEGF165b alone or in combination with D16F7 mAbs (A and B, respectively); black arrows
indicate the noxious stimulation on the mouse hind-paw. Mean + S.E.M. population data of spinal cord
application of VEGF165b (3 ng/5 ol) in the presense of vehicle (DMSO in 0.9% NaCl), or D16F7 (100 pg/5 ol)
on firing rate of spontaneous activity (C), frequency (D) and duration of evoked activity (E) of NS neurons in
CD1 mice. Black arrows indicate vehicle, D16F7 or VEGF165b spinal application. Each point represents the
mean of 5 different mice per group (one neuron recorded per each mouse). #P<0.05, ##P<0.01 and ###P<0.001
indicate statistically difference vs baseline; "P<0.05, "P<0.01 and ""P<0.001 indicate statistically difference vs
vehicle + VEGF165b. One-way ANOVA followed by Dunnet’s multiple comparison post-hoc test was performed
for statistical significance within groups. Two-way ANOVA followed by Bonferroni post-hoc test was used for

comparison between groups.
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4.4. VEGF-A and VEGFR-1 localization in the spinal cord of
naive mice
Immunofluorescence analysis was performed in the dorsal horn of the spinal cord to
study VEGF-A and VEGFR-1 expression profile in the nervous cells. VEGEF-A
immunoreactivity in astrocytes (as colocalization with GFAP; Fig. 4A and 4D) was
significantly higher in comparison to microglia (Ibal positive cells) and neurons
(NeuN positive cells) (Fig. 4B, 4C and 4D). As expected, VEGF-A staining is strictly

related to vessel structure (Fig. 4) since its expression was observed both on

endothelial cells and astrocyte end-feet®2.
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Figured4. Cellular localization of VEGF-A and VEGFR-1 in the spinal cord of naive mice.

VEGF-A immunoreactivity was analysed in the spinal cord dorsal horn of naive mice. Colocalization with
GFAP-positive astrocytes (A, n=9), Ibal positive microglia (B, n=8) and NeuN-positive neurons (C, n=7) was
evaluated and quantified (D). Immunofluorescence co-staining of VEGFR-1 in the dorsal horn with GFAP (F,
n=7) or NeuN (G, n=8) positive cells, and quantitative analysis (E). Scale bar: 100 um. Each value represents the
mean + SEM. §§P<0.01 vs VEGF-A + Ibal and VEGF-A + NeuN. "P<0.01 vs VEGFR1 + GFAP.

To better investigate this aspect, we compared the co-localization of VEGF-A with
GFAP and RECA-1, a marker of endothelial cells. As shown in Fig. 54, it is possible
to identify separate areas of VEGF-A/GFAP and VEGF-A/RECA-1 colocalization.
Furthermore, VEGF-A expression in astrocytes was also confirmed by confocal
microscopy. Results shown in Fig. 5B and 5C confirm the colocalization of VEGF-A
with GFAP and Aquaporin 4 (AQP4, a marker of astrocytic end-feet). Indeed, the
Van Steensel’s cross-correlation function (CCF) clearly shows that VEGF-A co-
localizes with GFAP and AQP4 in cellular structures with an estimated diameter of
1.00 = 0.11 ym and 1.28 + 0.12 ym (CCF at FWHM, mean + SD, Supplementary
Figure S4C and S4F), respectively, which are compatible with the size of astrocytic
processes. Collectively, these analyses demonstrate the presence of a VEGF-A pool

in astrocytes.
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As regards the expression of VEGFR-1, it was more prominent in neurons than in

astrocytes (Fig. 4E, 4F and 4G).

Staining PCC M1 M2 Li'sIcQ
GFAP/VEGF-A 0.38 +0.04 0.42 +0.06 0.33+0.04 0.20+0.01
AQP4/VEGF-A 0.78 +0.01 0.62 +0.08 0.87 £ 0.03 0.35+0.01

Figure5. Colocalization analysis of VEGF-A and RECA-1, GFAP or AQP4 in the spinal cord of naive
mice.

A) VEGF-A immunoreactivity was analysed in the spinal cord dorsal horn of naive mice in comparison to
RECA-1-positive endothelial cells and GFAP-positive astrocytes; arrows indicate the presence of VEGF-A in
astrocytes; scale bar: 100 um. B and C). Deconvolved confocal z-stacks shown as maximum intensity projection.
Arrows indicate points of interest. B) Representative GFAP and VEGF-A z-stack. C) Representative GFAP and
Aquaporin-4 z-stack. Table). Colocalization parameters are given as mean + SEM (n=8), PCC= Pearson’s
Correlation Coefficient; M1=Mander’s M1; M2= Mander’s M2; Li’s ICQ= Li’s Intensity Correlation Quotient.

Colocalization graph are shown in Supplementary Figure S4.
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4.5. VEGF-A is increased in spinal astrocytes of mice with
oxaliplatin-induced neuropathy

A painful neuropathy was reproduced in mice by a repeated treatment with
oxaliplatin®31!, After 2 weeks of treatment, when hypersensitivity was developed,
VEGF-A immunoreactivity significantly increased in dorsal horns of the spinal cord
in comparison to control animals (Fig. 6A and Supplementary Fig. S5). The
increment was specifically confirmed in astrocytes when colocalization of VEGF-A
expression in GFAP-positive cells was measured (Fig. 6B, 6C and 6D). As regards
VEGEFRs, VEGFR-2 expression increased in the spinal cord of oxaliplatin-treated
mice as revealed by Western blot, on the contrary VEGFR-1 was unaffected by
chemotherapy (Supplementary Fig. S6).
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Figure6. VEGF-A is increased in spinal astrocytes of mice with oxaliplatin-induced neuropathy.

(A) Representative images and quantitative analysis of mean VEGF-A fluorescence intensity in the dorsal horn of
oxaliplatin-treated mice in comparison to control (n=13). (B-D) Colocalization analysis of VEGF-A and GFAP in
the different groups, a quantitative analysis was reported (D) (vehicle + vehicle, n=13; oxaliplatin + vehicle,
n=12). Scale bar: 100 um; insert: 50 um. Each value represents the mean + SEM. "P<0.05 vs vehicle + vehicle
group. The analysis of variance was performed by One-way ANOVA. A Bonferroni’s significant difference

procedure was used as post hoc comparison.
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4.6. VEGF-A silencing in astrocytes prevents neuropathic
pain
To study the influence of astrocytic VEGF-A modulation on pain signaling, we
selectively silenced VEGF-A in spinal astrocytes by injecting an AAV1-GFAP-eGFP-
VEGFA-shRNAmir. The vector was bilaterally injected at the lumbar and thoracic
levels of the spinal cord 2 weeks before the first oxaliplatin treatment. As shown in
Fig. 7A, 4 weeks after injection, the vector fluorescence colocalized with GFAP-
positive cells inducing a significant decrease of VEGF-A expression (Fig. 7B). The
pain threshold measurements by employing thermal (Cold plate test) and
mechanical (Von Frey test) non-noxious stimuli over time showed a significant
prevention of hypersensitivity development during the 2 weeks of oxaliplatin
treatment in the group that received the VEGF-A specific sSARNAmir in comparison
to scrambled- and vehicle-treated mice (Fig. 7C and 7D). To verify the lack of
neurological and motor alterations which could interfere with pain behavior
recordings, VEGF-A shRNAmir and scrambled-treated mice motor functionality
and exploratory activity were evaluated by the Hole board test. No alterations were
highlighted with the exception of a higher exploratory activity on day 3 of

oxaliplatin protocol (Supplementary Table S2).
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Figure7. VEGF-A silencing in astrocytes prevents neuropathic pain.

AAV1-GFAP-eGFP-VEGFA-shRNAmir was injected in the spinal cord to decrease VEGF-A expression in
astrocytes. (A) Representative image of eGFP and GFAP fluorescence in a whole section at lumbar level, scale
bar: 100 um. Higher magnifications were reported to visualize the colocalization, scale bar: 50 um (n=4). (B)
Representative Western blot images and densitometric analysis showing the expression of VEGF-A in the lumbar
section of the spinal cord after the vector administration (n=4, blot of samples obtained from 2 animals of each
group are shown). Pain threshold was evaluated by (C) Cold plate and (D) Paw pressure test (n=5). Each value
represents the mean + SEM. "'P<0.05 and “P<0.01 vs vehicle + vehicle; “P<0.05 and ""P<0.01 vs scrambled +
oxaliplatin group. The analysis of variance was performed by One-way ANOVA. A Bonferroni’s significant

difference procedure was used as post hoc comparison.

4.7. The anti VEGFR-1 mAb D16F7 relieves pain in different

models of CINP
To evaluate the anti-hypersensitivity potential of D16F7, we tested its activity

against neuropathic pain induced by anticancer drugs. In the already described
oxaliplatin model, D16F7 was infused i.t. (100 ng, 1 ug and 5 ug) showing a

significant, dose-dependent, increase of the pain threshold both after thermal and
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mechanical non-noxious and noxious stimulation, respectively. Hypersensitivity
was fully counteracted (up to control values) from 30 min to 3 h after treatment (Fig.
8A and 8B). On the contrary, the anti VEGFR-2 antibody DC101 (100 pg i.t.) was
ineffective (data not shown). Interestingly, D16F7 mAb maintained its efficacy also
when systemically injected by the i.p. route (1, 5, 15 and 25 mg kg). It was active
starting from the dose 5 mg kg, the onset of the analgesic effect was observed at 60
min and efficacy maintained up to 120 min (Supplementary Fig. S7A and S7B). The
pain-relieving properties of D16F7 mAb seems to be not limited to the oxaliplatin
neurotoxicity since it was also effective in mice become hypersensitive after
treatment with the neurotoxic anticancer drugs vincristine and paclitaxel. In both
models, D16F7 mAb (1 and 5 pg, i.t.) was active between 30 min and 3 h (Fig. 8C-F)
in the Cold plate and Paw pressure tests with a particular efficacy when the pain
response was evoked by thermal stimuli (Fig. 8C and 8E). In paclitaxel-treated mice

15 ug D16F7 mAb dosed i.t. was effective up to 5 h (Fig. 8E).
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Figure8. D16F7 mAb reduces pain in different models of chemotherapy-induced neuropathy.

Effect of D16F7 mAb evaluated by (A) Cold plate and (B) Paw pressure tests in a mouse model of oxaliplatin-
induced neuropathy after i.t. injection (A, B, n=6). (C, D) Effect of D16F7 mAb after i.t. administration in
vincristine-treated mice stimulated with thermal (C) or mechanical (D) stimuli (n=6). (E, F) Effect of D16F7
after i.t. administration in paclitaxel-treated mice stimulated with thermal (E) or mechanical (F) stimuli (n=6).
Each value represents the mean + SEM. “P<0.01 vs vehicle + vehicle-treated animals; ~P<0.05 and ~"P<0.01 vs
chemotherapeutic drugs + vehicle-treated animals. The analysis of variance was performed by One-way ANOVA.

A Bonferroni’s significant difference procedure was used as post hoc comparison.
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4.8. Organotypic Spinal Cord Slices maintain their structural
organization and show a reduction of vascular network

To deepen the non-vascular role of VEGF-A in nervous tissue and to further
investigate its functions, we isolated its "nerve component" from the vascular one.
For this reason, we used organotypic tissue culture as a study system, which
represent an important crossroad between in vivo and in vitro studies. After
obtaining the organotypic spinal cord culture, as previously described in the
"Materials and Methods" section, we evaluated the structural organization of the
tissue. During the two weeks of cultivation, the slices reduce their initial thickness
(as shown in the images reported in Fig. 9A, taken at several days), but always
maintaining their original structure. After 14 days, we analyzed the slices by
immunofluorescence, using GFAP (for astrocyte cells) and NeuN (for neuronal cells)
markers. Fig. 9B shows that the cell morphology and the structural organization of
the spinal cord are maintained in the slices. Furthermore, using the endothelial
marker RECA-1, we highlighted a significant reduction of the normal vascular
network (Fig. 9C), a fundamental aspect that allowed us to be able to use this

system for our study.
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Figure9. The slices maintain their structural organization with a reduction of vascular network.
During the two weeks of culture, pictures of the slices were taken at several days to evaluate their structural
integrity (A), and after 14 days an immunohistochemical analysis was performed with GFAP, NeuN (B) and
RECA-1 (C) as markers.

4.9. Oxaliplatin induces time and dose-dependent toxicity in
organotypic sections of the spinal cord

Having evaluated in the results shown above the involvement of VEGF-A in
chemotherapy-induced neuropathy in vivo models, here we investigated the effect
of oxaliplatin treatment on organotypic slices. After 14 days of cultivation, we
treated them at different times (1- 3- 6- 24h) and with increasing doses of oxaliplatin
(1- 10- 100 uM), evaluating its toxicity by analyzing the fluorescence of Propidium
Iodide (5 pg/mL, fluorescent agent, commonly used to evaluate cell viability).

Quantitative analysis of PI fluorescence in Fig. 10B showed that oxaliplatin 10 uM
after 24h of treatment, induces neurotoxicity increasing PI fluorescence intensity in a
statistically significantly manner compared to the control. Moreover oxaliplatin 10
uM did not induce the complete tissue death, which happens with 100 uM (as is
shown in Fig. 10A). For this reason, oxaliplatin 10 uM will be the dose used for all

subsequent experiments.
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Figure10. Oxaliplatin 10 uM induces neurotoxicity in spinal cord slices.
After 14 days of cultivation, qualitative (A) and quantitative (B) analysis of Propidium lodide (5 ug/mL)
fluorescence intensity were evaluated to investigate the toxicity of treatment at different times (1- 3- 6 and 24

hours) and with increasing doses (1- 10 and 100 uM) of oxaliplatin.

3

Each value represents the mean + SEM. ™" P<0.001 vs control. The analysis of variance was performed by One-

way ANOVA. A Bonferroni’s significant difference procedure was used as post hoc comparison.

From the immunofluorescence experiments reported in Fig. 11A and from the
quantitative analyses in Fig. 11B and 11C, it is shown that oxaliplatin 10 uM induces
a time-dependent and statistically significant increase of the fluorescence intensity
and of the number of GFAP* cells compared to the control. Moreover, from a
morphological point of view, the astrocytes treated with oxaliplatin appear less
defined cells and with a less evident cell body than the control.

In addition, oxaliplatin 10 uM also causes an alteration of neuronal morphology,

with a reduction in the number and fluorescence intensity of NeuN* cells (Fig. 11D

and E).
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Figurell. Morphological alteration induced by oxaliplatin.

(A) Representative images of GFAP and NeuN staining on organotypic spinal cord slices, after 14 days of
cultivation, treated with oxaliplatin 10 uM for 3- 6 and 24 hours. The mean of GFAP fluoresce intensity (B),
number of GFAP positive cells (C), NeuN fluorescence intensity (D) and positive cells (E) were reported. Each
value represents the mean + SEM. "P<0.01 and ™" P<0.001 vs control. The analysis of variance was performed by

One-way ANOVA. A Bonferroni’s significant difference procedure was used as post hoc comparison.

76



4.10. mAb D16F7 modulates the painful factor release
caused by VEGF165b and oxaliplatin

To elucidate the mechanisms of VEGF-A mediated hypersensitivity, we focused on
three "key" factors that play an important role in the development and maintenance
of pain. Calcitonin gene-related peptide (CGRP), widely distributed in the
peripheral and central nervous system and its receptors are expressed in pain
pathways; Substance P (SP), found involved in the onset and modulation of
different types of pain; Glutamate, the most abundant excitatory neurotransmitter in
the brain. Over the past few decades, the accumulation of evidence has shown a
pivotal role for glutamate in pain sensation and transmission. In our study, we
decided to pay attention to glutamate transporters, which contribute to the
maintenance of synaptic homeostasis. In particular, EAAT1 and EAAT2 are mainly
expressed in glial cells. EAAT?2 is responsible for over 90% of glutamate transport in
the brain, with the exception of some regions, including the cerebellum,
circumventricular organs, and the retina, where EAAT1 is the main transporter.
EAAT1 is also expressed in neurons and oligodendrocytes.

Therefore, we decided to evaluate the quantity of CGRP and SP released in the
culture medium of organotypic slices, after treatment with oxaliplatin (10 pM) or
VEGF165b (100 ng/mL) for 3 and 6 hours; we also evaluated whether treatment with
selective blockers for VEGFR-1 (D16F7 300ng/mL) and VEGFR-2 (DC101 10ng/mL)
prevented the release of these factors. In Fig. 12A is shown that treatment with both
oxaliplatin and VEGF16b caused a statistically significant increase in CGRP release
compared to control, at both times considered. Only co-treatment with D16F7, and
not with DC101, reversed the increase in CGRP release mediated by both oxaliplatin
and VEGF165b.

The same trend is shown in figure 12B for Substance P, but only at 6 hours of

treatments.
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Figurel2. D16F7 prevents the release of CGRP and SP, mediated by both oxaliplatin and VEGF165b.
The quantity of CGRP (A) and Substance P (B) released into the medium of the organotypic slices was measured
by enzyme-linked immunosorbent assay, after treatment for 3 and 6 hours with oxaliplatin (10 uM) or
VEGF165b (10 ng/mL) alone and in co-treatment with D16F7 (100 ng/mL) and DC101 (10 ng/mL). The levels
were normalized to cell protein concentrations.

Each value represents the mean + SEM. "P<0.05, “P<0.01 and ""P<0.001 vs control; “P<0.05 and ~"P<0.01 vs
oxaliplatin treatment. The analysis of variance was performed by One-way ANOVA. A Bonferroni’s significant

difference procedure was used as post hoc comparison.

Unlike CGRP and SP, it was not possible to measure the quantity of glutamate
released in the culture medium of the organotypic slices for experimental reasons.
For this reason, we measured the mRNA expression of EAAT1 and EAAT2 genes
after the same treatments seen above. In Fig. 13A and 13B it is shown that
treatments with both oxaliplatin and VEGF165b reduced the gene expression of
EAAT1 and EAAT2 by about half compared to the control group, only after 6 hours.
Co-treatment with oxaliplatin and D16F7 returned the gene expression of EAAT1
and EAAT? to control levels, while co-treatment with D16F7 and VEGF165b showed
a statistically significant increase in the expression of two genes not only compared
to the control but also compared to VEGF165b alone.

We therefore interpreted these data as an increase in glutamate in the extracellular
space caused by treatment with oxaliplatin as well as with VEGF165b, while only
the selective blockade of VEGFR-1 restores the glutamate levels to the control

values.
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Figurel3. D16F7 upregulates the gene expression of "glial” Glutamate Transporters, reduced by both
oxaliplatin and VEGF165b.

The mRNA expression of EAAT1 (A) and EAAT2 (B) genes of the slices was measured by RT-PCR, after
treatment for 3 and 6 hours with oxaliplatin (10 uM) or VEGF165b (10 ng/mL) alone and in co-treatment with
D16F7 (100 ng/mL) and DC101 (10 ng/mL).

Each value represents the mean + SEM. "P<0.05 and “P<0.01 vs control; “"P<0.01 vs oxaliplatin treatment;
$95P<0.001 vs 165D treatment. The analysis of variance was performed by One-way ANOVA. A Bonferroni’s

significant difference procedure was used as post hoc comparison.

4.11.  VEGF165b performs neuroprotective effect on

oxaliplatin-induced neurotoxicity
To evaluate the effect of VEGF-A on toxicity induced by oxaliplatin, we co-

treated the slices with oxaliplatin 10 pM and VEGF165b (300-100-30 ng/mL)
for 24 hours: qualitative images in Fig. 14A and quantitative analysis of the
fluorescence of the Propidium iodide in Fig. 14B showed that co-treatment
with VEGF165b reduced oxaliplatin-induced toxicity in a dose-dependent
manner.

Furthermore, treatment with VEGF165b alone produced no effect.
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Figurel4. VEGF165b prevented the neurotoxicity induced by oxaliplatin.
After 14 days of cultivation, qualitative (A) and quantitative (B) analysis of Propidium lodide (5 ug/mL)
fluorescence intensity were evaluated to study the effect of VEGF165b treatment (30- 100 and 300 ng/mL) on

oxaliplatin-induced toxicity.

Each value represents the mean + SEM. ""P<0.001 vs control; * P<0.01 vs oxaliplatin treatment. The analysis
of variance was performed by One-way ANOVA. A Bonferroni’s significant difference procedure was used as

post hoc comparison.

Moreover, from the immunofluorescence experiments reported in Fig. 15A
and from the quantitative analyses in Fig. 15B and 15C, we observe a
statistically significant reduction in the fluorescence intensity and in the
number of GFAP* cells in the slices co-treated with oxaliplatin and
VEGF165b 100 ng/mL, compared to those treated with oxaliplatin alone; co-
treatment with VEGF165b 100 ng/mL was also able to reduce the neuronal

alterations caused by oxaliplatin (Fig. 15D and E).
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Figurel5. VEGF165b reduces the morphological alterations caused by oxaliplatin.

(A) Representative images of GFAP and NeuN staining on organotypic spinal cord slices, after 14 days of
cultivation, co-treated with oxaliplatin (10 uM) and VEGF165b (100 ng/mL) for 24 hours. The mean of GFAP
fluoresce intensity (B), number of GEAP positive cells (C), NeuN fluorescence intensity (D) and positive cells (E)
were reported.

Each value represents the mean + SEM. "P<0.05 and "P<0.01 vs control; "P<0.05 vs oxaliplatin treatment. The
analysis of variance was performed by One-way ANOVA. A Bonferroni’s significant difference procedure was

used as post hoc comparison.
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4.12.  Molecular mechanism underlying VEGF-mediated

neuroprotection
To investigate the molecular mechanism underlying VEGF-A-mediated

neuroprotection, we decided to treat the slices with two selective ligands for
VEGFR-1 (PIGF 300-100-30 ng/mL) and VEGFR-2 (VEGF-E 300-100-30
ng/mL), respectively.

From the representative images in Fig. 16A and from the quantitative
analysis of PI fluorescence in Fig. 16B, it is observed that the selective
binding of VEGF-E with VEGFR-2 reduced the oxaliplatin-induced toxicity in
a dose-dependent manner.

Therefore, from these results we hypothesized that the neuroprotection of

VEGF-A could be mediated by its binding with VEGFR-2.
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Figure1l6. VEGF-E reduces the oxaliplatin-induced toxicity.

After 14 days of cultivation, qualitative (A) and quantitative (B) analysis of Propidium Iodide (5 pg/mL)
fluorescence intensity were evaluated to study the effect of VEGF-E (300- 100 and 30 ng/mL) and PIGF (300-
100 and 30 ng/mL) treatment on oxaliplatin-induced toxicity.

Each value represents the mean + SEM. ""P<0.001 vs control; * P<0.01 vs oxaliplatin treatment. The analysis
of variance was performed by One-way ANOVA. A Bonferroni’s significant difference procedure was used as

post hoc comparison.
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To confirm this hypothesis, we evaluated whether this neuroprotective effect
mediated by VEGF165b was preserved or not using two receptor antagonists:
D16F7 (300 ng/mL), a selective antagonist for the VEGFR-1, and DC101 (10
ng/mL) selective for VEGFR-2.

Based on the quantitative analysis in Fig. 17B, co-treatment with DC101 and
VEGF165b, in toxicity condition, blocked the neuroprotective effect mediated
by VEGF165b; on the contrary, the blockade of VEGFR-1 by D16F7 continues
to preserve the neuroprotective effect of VEGF165b.

Treatment with DC101 and D16F7, alone or in combination, does not worsen
the toxicity of oxaliplatin (Fig. 17B). While treatment of control slices with
DC101 causes toxicity; this result suggests that VEGF-A plays a
neuroprotective role in toxic conditions but also has important physiological

roles, mediated by the VEGFR-2 receptor.
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Figurel7. VEGFR-2 mediates the extra-vasal VEGF-A neuroprotective and physiological effects.

After 14 days of cultivation, qualitative (A) and quantitative (B) analysis of Propidium lodide (5 ug/mL)
fluorescence intensity were evaluated to study the effect of D16F7 (300 ng/mL) and DC101 (10 ng/mL)
treatment on oxaliplatin-induced toxicity.

Each value represents the mean = SEM.”"P<0.01 and "' P<0.001 vs control; " P<0.01 vs oxaliplatin treatment.
The analysis of variance was performed by One-way ANOVA. A Bonferroni’s significant difference procedure

was used as post hoc comparison.
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4.13.  Fluorocitrate blocks oxaliplatin-mediated release of
VEGF-A, causing toxicity

From the results previously shown, we demonstrated that in CNS an extra-
endothelial component of VEGF-A exists in astrocyte cells, with a relevant
role in pain signaling. So, as the last point of this thesis, we evaluated the
quantity of VEGF-A released in the culture medium of the organotypic spinal
cord slices, after treatment with Fluorocitrate both in control and oxaliplatin
treatment conditions.

Fluorocitrate, a derivative of fluoroacetate, is a compound that blocks the
Krebs Cycle at the level of aconitase, causing ultrastructural alterations only
in glial cells and inhibiting the tricarboxylic cycle®*34, For this reason, it is
usually used as an inhibitor of glial metabolism; in particular for our
purpose, it was chosen to investigate the “source” of VEGF-A in our non-
vascularized system of organotypic spinal cord slices.

Fig. 18 shows that treatment with oxaliplatin 10 uM resulted in a statistically
significant and time-dependent increase of VEGF-A released in the culture
medium, compared to the control; while co-treatment with fluorocitrate
reduced the released VEGF-A; moreover, treatment with only fluorocitrate,
reduced the release of VEGF-A, compared to the basal quantity (Fig. 18).

This in-vitro result confirms our hypothesis that VEGF-A is also released

from astrocyte cells.
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Figurel8. Fluorocitrate blocks the VEGF-A release.

The quantity of VEGF-A released into the medium of the organotypic slices was measured by enzyme-linked
immunosorbent assay, after treatment for 3, 6 and 24 hours with fluorocitrate (80 uM) alone or in co-treatment
with oxaliplatin (10 uM). The levels were normalized to cell protein concentrations.

Each value represents the mean + SEM. "P<0.05 and ""P<0.001 vs control; “P<0.05 and ~"P<0.01 vs oxaliplatin
treatment. The analysis of variance was performed by One-way ANOVA. A Bonferroni’s significant difference

procedure was used as post hoc comparison.

Considering the neuroprotective effects of VEGF-A on oxaliplatin-induced
toxicity seen above, we investigated the consequences of fluorocitrate
treatment. Fig. 19B shows that treatment with fluorocitrate alone causes
toxicity compared to the control group at any time considered, while co-
treatment with fluorocitrate and oxaliplatin worsens the toxicity induced by
oxaliplatin in a statistically significant manner after 3 hours of treatment. The
addition of exogenous VEGF165b reduces the toxicity caused by oxaliplatin

and fluorocitrate, after 24 hours of treatment.
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Figure19. Inhibition of astrocytic VEGF-A by fluorocitrate causes toxicity.

After 14 days of cultivation, qualitative (A) and quantitative (B) analysis of Propidium lodide (5 ug/mL)
fluorescence intensity were evaluated to study the effect of fluorocitrate (80 uM) treatment on oxaliplatin-
induced toxicity.

Each value represents the mean + SEM. "P<0.01 and ""P<0.001 vs control. The analysis of variance was
performed by One-way ANOVA. A Bonferroni’s significant difference procedure was used as post hoc

comparison.
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5. Discussion

Vascular Endothelial Growth Factor-A (VEGF-A) is a member of a larger
family of signalling ligands, with a variety of effects on different cell types.
VEGEF-A is mainly known as a pro-angiogenic factor mediating blood vessel
formation, vascular  permeability, endothelial cell proliferation,
differentiation, leakage, migration, survival and motility®*. Furthermore, its
role in various forms of pain has been recognized in recent years, although
conflicting data are present in literature suggesting both proalgic and
analgesic effects of this growth factor. The aim of this thesis was to deepen
the role of VEGF-A in pain perception, as well as its possible function in
neuroprotection, and to investigate the involvement of its main VEGFR-1
and VEGFR-2 receptors in these pathways.

The first part of our data indicate that VEGF-A evokes pain through VEGFR-
1 activation at the CNS site in physiological and pathological conditions. In
particular, CINP is sustained by a spinal VEGF-A release from astrocytes that
can be counteracted by the anti-VEGFR-1 mAb D16F7.

In naive mice the intrathecal administration of VEGF165b (the most
expressed endogenous isoform of VEGF-A, acting as a non-selective ligand
for VEGFR-1 and VEGFR-2 receptors) induces a significant reduction in the
pain threshold in a dose-dependent manner. Even the administration of the
same doses of PIGF-2, a selective ligand for VEGFR-1%, and VEGEF-E, a
selective ligand for VEGFR-2'%, evokes a similar proalgic effect.

In literature there are numerous preclinical studies supporting the
hyperalgesic effect induced by VEGF-A?3. Following intraplantar injection of
VEGEF-A, Selvaraj and colleagues observed significant hypersensitivity to
mechanical (by Von Frey test) and thermal stimuli (by Plantar test) in mice,

within 30 minutes of VEGF-A administration?°. Also in this case, VEGF-A
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induced a proalgic effect in a dose-dependent manner. The same evaluations
were carried out following intraplantar administration of PIGF-2 showing
that treatment with this ligand also induced thermal and mechanical
hypersensitivity in a dose-dependent manner?. Another study reported that
VEGF165 injection in rats with spinal cord injury (SCI) significantly increased
not only the incidence of pain, but also mechanical hypersensitivity*’. These
results indicated that exogenous VEGF165 likely amplified the processes
underlying the development of SCI neuropathic pain®’. Still in support of
VEGF-A-induced hyperalgesia, there are preclinical studies in which is
reported that VEGF can act directly on sensory neurons to produce pain
sensitization. VEGF-A has been shown to primarily potentiate P2X2/3
receptor-mediated pain responses on dorsal root ganglion (DRG) neurons?”.
In fact, the administration of anti-VEGF antibodies in rats with chronic sciatic
nerve constriction injiury (CCI) led to the blocking of primary afferent
nociceptive transmission mediated by VEGFR-2 and P2X2/3 receptors,
determining the reduction of hyperalgesia in the states of chronic pain®”.

On the contrary, there are studies supporting the analgesic effect of VEGF-A.
VEGF receptor inhibitors, SU5416 and DC101, were administered
intraperitoneally in mice at doses that successfully inhibit tumor
angiogenesis®?¥. The development of tactile allodynia and thermal
hyperalgesia was observed. The same treatment was carried out in mice with
painful paclitaxel neuropathy, which developed a more marked tactile
hypersensitivity than in animals treated with only paclitaxel3¥.

Our studies also focused on understanding which of VEGFR-1 and VEGFR-2
receptors was most involved in VEGF-A proalgic signalling. We intrathecally
administered D16F7 (VEGFR-1 blocker) and DC101 (VEGFR-2 blocker) in
naive mice. D16F7 is an anti-VEGFR-1 monoclonal antibody that does not

prevent the interaction of VEGFR-1 with VEGF-A and PIGF-2, but inhibits
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the cellular response following ligand binding to the receptor®. In fact,
D16F7 does not increase the amount of VEGF-A available to interact and
activate VEGFR-2. Furthermore, it does not hinder the ability of sVEGFR-1 to
act as a decoy receptor for VEGF-A and PIGF-234. This is particularly
important considering the role of VEGFR-1 in pathological angiogenesis, its
up-regulation in a variety of tumours and consequently its contribution to
tumor progression®2. In our experiments, D16F7 did not cause a significant
reduction in the pain threshold compared to the control group, while the
administration of DC101 induced hyperalgesia. We hypothesized that the
proalgic effect observed for DC101, as well as that induced by VEGEF-E
administration, is not given by VEGFR-2 activation, but is due to the
displacement of the endogenous VEGF-A from VEGFR-2 receptor by these
ligands, which make it available for binding to VEGFR-1. In fact, pre-
treatment with D16F7 blocks the hyperalgesia induced by both DC101 and
the VEGF165b, PIGF-2 and VEGF-E agonists. These data have revealed
VEGFR-1 as the receptor mainly involved in mediating the pro-algic effect
induced by VEGE-A. To further confirm this data, the knockdown of VEGFR-
1 prevented VEGF165b, PIGF-2 and VEGF-E effects, strongly indicating the
pivotal role of this receptor in the spinal pain pathway. These data agree
with those described by Selvaraj and colleagues®® in the peripheral nervous
system where VEGF-A induced nociceptive sensitization via VEGFR-1.

Consistently with behavioral data, electrophysiological experiments revealed
that VEGF165b spinal application, caused a strongly increase of both
spontaneous and evoked activity of NS neurons in naive animals. In
particular, the increased responsiveness to mechanical noxious stimuli of NS
neurons induced by VEGF165b spinal microinjection suggests that low doses
of this compound were able to induce a central sensitization, similarly to the

neuropathic pain condition induced by nerve injury. In this context, the pre-
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application of D16F7 prevented the VEGF-A-induced neuronal
hyperexcitability, ruling out the contribution of this receptor in VEGF-A-
mediated painful effects.

To investigate which cells are involved in VEGF-A signaling in pain, an
immunohistochemical analysis was performed in the dorsal horn of the
spinal cord of naive mice to identify in which nerve cells VEGF-A and
VEGFR-1 are more expressed. Although VEGF is known mainly for the
fundamental role it plays in physiological and pathological vasculogenesis
and angiogenesis, it is also important to highlight the functions it performs in
the CNS. Indeed, it is believed that VEGF may be involved in the
development of the nervous system, both in vessels differentiation and
formation in the developing brain, as well as in neurogenesis and neuron
growth control?¥?® Furthermore, in pathological conditions, VEGF-A
safeguards stressed neurons, induces axons extension and branching,
promotes synaptic plasticity, triggers astrocytes proliferation, survival and
migration and stimulates the expression of trophic factors by astrocytes and
microglia?*>%2. We searched VEGF-A and its VEGFR-1 receptor in glial cells
as these play a crucial role in maladaptive plasticity of the nervous system in
pain, particularly chronic and neuropathic®®. In fact, the glia is activated by
neuronal damage or periphery signals and participates in the development
and chronicization of pain®#34%®1 by increasing the release of soluble factors,
such as cytokines and growth factors, which possess a direct nociceptive
effect®.

The present results show, as expected®?, a relevant spinal VEGF-A
concentration in the vessel structure; nevertheless, the existence of an extra-
endothelial component was verified and confirmed. In comparison to
microglia and neurons, astrocytes of healthy mice showed the highest

amount of VEGF-A, which was clearly distinguishable from the vascular
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component. In addition, its VEGFR-1 appears clearly expressed on neuronal
cells.

The repeated treatment with oxaliplatin up to the development of painful
neuropathy significantly increased the presence of the growth factor in
astroglia. The selective VEGF-A knockdown in dorsal horn astrocytes at the
lumbar and thoracic levels of the spinal cord strongly reduced oxaliplatin-
dependent neuropathic pain, suggesting astrocytic VEGF-A as a relevant
component of the pain signalling orchestrated by glia. In support of this, the
inhibition of astrocytic metabolism by fluorocitrate, in our rat organotypic
slices in-vitro model, showed a notable reduction in VEGEFE-A levels in both
physiologic and oxaliplatin treatment conditions, also causing an increase of
toxicity. It is well known in literature that astrocytic activation in CIPN is
involved in the development and maintenance of pain®73%, releasing pro-
inflammatory cytokines (e.g., IL-1f), chemokines (e.g., monocyte
chemoattractant protein-1, or CCL2), and also growth factors (e.g., EGF, TGF-
a«, PDGF, VEGF) to enhance and prolong persistent pain states’®. In
particular, the hypoxia inducible factor-1 driven by IL-1 promotes VEGF-A
release from astrocytes that induces down-regulation or loss of endothelial
tight proteins claudin-5 and occludin, determining a loss of BBB function3>%%!
by mechanisms involving VEGFR-1%2. On the other hand, the increase in
VEGF-A levels in neurotoxic conditions is generally related to hypoxia,
clearly demonstrated in diabetic- as well as in chemotherapy-induced
neuropathies®¥35430! suggesting the need of improving vascular functions®2
In addition, in our in-vitro model, VEGF-A treatment positively influenced
the expression of mediators with a pivotal role in the development and
maintenance of pain, such as Calcitonin gene-related peptide (CGRP),
Substance P (SP) and Glutamate (the latter evaluated as a reduction in the

expression of its two glial transporters EAAT1 and EAAT2). In the spinal
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cord, high densities of CGRP receptor binding sites are found at all
segmental levels in lamina I as well as the medial portion of laminae III-V
while lower levels were found in lamina II**. Ma and colleagues reported the
presence of immunoreactivities for the CGRP receptor components, CLR,
RAMP1 and RCP, in neurons of lamina I to III of the dorsal horn in the rat
spinal cord®®3%, suggesting the existence of functional CGRP receptors in the
dorsal horn and their possible role in nociception. Data in literature suggest
that CGRP not only directly activates nociceptive dorsal horn neurons to
induce nociception, but also interacts with other pain-inducing excitatory
neurotransmitters in this region®¢*. CGRP has been shown to enhance the
release of excitatory neurotransmitters such as glutamate, aspartate and SP in
the spinal cord®”3%, The alterations in CGRP and SP levels, and
downregulation of EAATI and EAAT2 genes, caused by VEGF-A and
oxaliplatin, were restored by D16F7 receptor blocker demonstrating once
again the involvement of VEGFR-1 in pain modulation.

The experiments carried out by Oosthuyse and colleagues were the first to
suggest that VEGF acted as a neurotrophic factor at the CNS, as the reduction
of VEGF function induced a specific degeneration of motoneurons in the
adult mice®’. Our data obtained on organotypic spinal cord slices are
perfectly in line with these results. Treatment with VEGF165b reduces in a
dose-dependent manner not only the toxicity caused by oxaliplatin, but also
the alterations in astrocytes and neurons. The rescue role of VEGF-A is based
on its extra-vascular neuroprotective and neurodegenerative properties
mainly due to the activation of the VEGFR-2%. Treatments with the selective
ligands PIGF and VEGF-E, and with mAb D16F7 and DC101 blocking
VEGFR-1 and VEGFR-2 respectively, has highlighted the main role of the
VEGFR-2 receptor in VEGF-A-mediated neuroprotection.
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VEGEF-A stimulates the migration and survival of Schwann cells?*, it protects
neurons against chemotherapy-induced cytotoxicity via activation of
VEGFR-2 and MEK1/2 and inhibition of caspase-3*°. VEGEF-A-signalling
through VEGFR-2 leads to the protection of dorsal root ganglion sensory
neurons in models of drug (paclitaxel) or hyperglycaemia-induced
neuropathies, through induction of Heat Shock Protein 90 deacetylation and
increase of Bcl-2%403%, The loss of endothelial VEGFR-2 signalling leads to
tissue alteration in the dorsal horn and the development of hyperalgesia
whereas neuronal overexpression of VEGFR-2 in mice reduced the
sensitivity to paclitaxel-induced peripheral neuropathy®?. This outcome
seems to be related to neuroprotective effects and, accordingly, we also
showed in-vivo an increase of VEGFR-2 spinal expression in oxaliplatin-
treated mice that could be considered an adaptive response to the damage.
On the contrary, the acute stimulation of VEGFR-2 does not directly interfere

with pain.
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6. Conclusions

Our data show that VEGF-A induces pain by selectively activating the
VEGFR-1, which is expressed on spinal sensory neurons. In this view, the
selective anti-VEGFR-1 mAb D16F7 induced a potent pain-relieving effect
against nociception triggered by VEGF-A or PIGF-2 as well as against
neuropathic pain evoked by the neurotoxic adverse reactions of different
anticancer drugs like oxaliplatin, paclitaxel and vincristine. In addition, the
pain-relieving effect of D16F7 was demonstrated after local (i.t.) and systemic

(i.p.) administration.

Using a complex in-vitro system such as rat organotypic spinal cord slices, we
highlighted a dichotomy between the pro-algesic VEGFR-1-signaling and the
protective VEGFR-2-signaling, offering the possibility to relieve pain through
a target that conserves the neuroprotective effects of the endogenous VEGE-

A.
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Supplementary Figure S1. Nociceptive effect of VEGF165a. The pain threshold was measured by the Cold
plate test over time after the intrathecal injection of VEGF165a (n=5). Each value represents the mean + SEM.
**P<0.01 vs vehicle-treated animals. The analysis of variance was performed by One-way ANOVA. A

Bonferroni’s significant difference procedure was used as post hoc comparison.
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Supplementary Figure S2. Hypersensitivity-induced by VEGF-A signalling modulators is not due to its
interaction with VEGFR-2. The response to a thermal stimulus (Cold plate test) was recorded after intrathecal
infusion of (A) VEGF165b 30 ng pretreated (15 min before) with DC101 (n=5), (B) PIGF-2 pretreated with
DC101 (n=5), (C) VEGF-E pretreated with DC101 (n=5). Each value represents the mean + SEM. **P<0.01 vs
vehicle + vehicle-treated animals. The analysis of variance was performed by One-way ANOVA. A Bonferroni’s

significant difference procedure was used as post hoc comparison.
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Supplementary Figure S3. DC101 increases spontaneous and noxious-evoked activity of NS neurons.
Representative ratematers showing spontaneous and noxious-evoked activity of NS neurons after spinal
application of DC101 antibodies at 100 pg (A) and 30pg (B), black arrows indicate the noxious stimulation on
the mouse hind-paw. Mean + SEM population data of spinal cord application of DC101 (30 pg and 100 pg) on %
variation of firing rate (C), % variation of frequency of excitation (D) and % variation of duration of evoked
activity (E) of NS neurons in CD1 mice. Black arrows indicate vehicle, DC101 spinal application. Each point
represents the mean of 5 different mice per group (one neuron recorded per each mouse). *P<0.05, **P<0.01 and
**P<0.001 indicate statistically difference vs pre-drug. One- way ANOVA followed by Dunnet’s multiple

comparison post-hoc test was performed for statistical significance within groups.
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Supplementary Figure S4. Analyses of GFAP and VEGF co-localization in confocal z-stacks. A)
Cytofluorogram relative to images in Fig. 5 B) Li’s Intensity Correlation Analysis relative to images in Fig. 5. C)
Van Steensel’s Cross-Correlation Function (CCF), relative to all datasets (n=8, mean + SEM). Pearson’s
correlation coefficient (PCC) is given by the CCF value corresponding to x =0. CCF at FWHM =1.00 + 0.04 um
(mean + SEM, n=8). D, E) Analyses of AQP4 and VEGF co-localization in confocal z-stacks. D)
Cytofluorogram relative to images in Fig. 5 E) Li’s Intensity Correlation Analysis relative to images in Fig. 5. CF
Van Steensel’s Cross-Correlation Function (CCF), relative to all datasets (n=8, mean + SEM). Pearson’s
correlation coefficient (PCC) is given by the CCF value corresponding to x =0. CCF at FWHM =1.28+0.04 um

(mean + SEM, n=8)
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Supplementary Figure S5. VEGF-A is increased in the spinal cord of mice with oxaliplatin-induced
neuropathy. Representative Western blot images and densitometric analysis of VEGF-A expression in the
lumbar section of the spinal cord of oxaliplatin-treated mice in comparison to control (n=4). Each value represents
the mean + SEM. *P<0.05 vs vehicle + vehicle group. The analysis of variance was performed by One-way

ANOVA. A Bonferroni’s significant difference procedure was used as post hoc comparison.
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Supplementary Figure S6. VEGFR-2 is increased in the spinal cord of mice with oxaliplatin-induced
neuropathy. Representative Western blot images and densitometric analysis of VEGF-R1 and VEGFR-2
expression in the lumbar section of the spinal cord of oxaliplatin-treated mice in comparison to control (n=4).
Each wvalue represents the mean + SEM. *P<0.05 vs vehicle + vehicle group. The analysis of variance was

performed by One-way ANOVA. A Bonferroni’s significant difference procedure was used as post hoc

comparison.
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Supplementary Figure S7. D16F7 mAb reduced oxaliplatin-induced pain after systemic administration.
Effect of D16F7 mAb evaluated by (A) Cold plate and (B) Paw pressure tests in a mouse model of oxaliplatin-
induced neuropathy after i.p. injection (A, B, n=6). Each value represents the mean + SEM. **P<0.01 vs vehicle +
vehicle-treated animals; ~"P<0.01 vs oxaliplatin + vehicle-treated animals. The analysis of variance was
performed by One-way ANOVA. A Bonferroni’s significant difference procedure was used as post hoc

comparison.
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Supplementary Table S1. List of antibodies used for immunohistochemistry and Western blot assays

Analy
Antigen Supplier Catalog# Antibody Host Usage Conc. .
sis
Monoclonal
GFAP Merck Millipore MAB3402X Ms Primary 1:500 IF
conj. 488
GFAP Dako 70334 Polyclonal Rb Primary 1:500 1F
Monoclonal
NeuN Merck Millipore MAB377X Ms Primary 1:500 IF
conj. 488
Iba-1 Wako 016-20001 Polyclonal Rb Primary 1:200 IF
VEGEFR1 Bioss bs-0170R Polyclonal Rb Primary 1:100 1F
Santa Cruz
VEGF-A sc-7269 Monoclonal Ms Primary 1:100 IF
Biotechnology
VEGF BD Pharmigen Monoclonal Ms Primary 1:1000 WB
555036
VEGFR-1 Abcam 32152 Monoclonal Rb Primary 1:1000 WB
VEGFR2/D
Bio X Cell BE0060 Monoclonal Ms Primary 1:5000 WB
C101
Santa Cruz
AQP-4 5c-32739 Monoclonal Ms Primary 1:100 IF
Biotechnology
Santa Cruz
RECA-1 Sc-52665 Monoclonal Ms Primary 1:100 IF
Biotechnology
Santa Cruz
GAPDH sc-32233 Monoclonal Ms Primary 1:2500 WB
Biotechnology
Life Secondary Alexa
Rabbit FC A-11011 Polyclonal Rb 1:500 IF
technologies Fluor 568
Life Secondary Alexa
Mouse FC A-11004 Polyclonal Ms 1:500 IF
technologies Fluor 568
Life Secondary Alexa
Mouse FC A-11001 Polyclonal Ms 1:500 IF
technologies Fluor 488
Life Secondary Alexa
Rabbit FC A-21443 Polyclonal Rb 1:200 IF
technologies Fluor 647
Thermo
DAPI 62248 N.A. N.A. N.A. 1:2000 IF
scientific
Secondary
r-IgG-h Bethyl A120-201P Polyclonal Rb 1:5000 WB
conj. HRP
m-IgGk BP- Santa Cruz Secondary
Sc-516102 N.A. Ms 1:5000 WB
HRP Biotechnology conj. HRP
a-4a Sigma-Aldrich T6074 Monoclonal Ms Secondary 1:5000 WB
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Supplementary Table S2. Hole Board test

Day 3 Day 5 Day 9
Treatments hole board hole board hole board
vehicle + vehicle 46.8 +10.1 71.2+11.1 27.4+52 56.5+6.0 21.0+1.0 37.0+1.5
vehicle +
57.5+4.1 66.4+6.6 33.8+75 44658 180+14 39.2+4.0
oxaliplatin
scrambled +
49.2+6.0 64.3+8.5 259+6.3 473 +3.8 244 +3.6 36.8+2.6
oxaliplatin
VEGFA-
shRNAmir + 65.8 +4.8 174.4 +18.3** 38.5+6.6 69.6 6.7 22.8+27 404 +3.6
oxaliplatin

The Hole board test was performed 3, 5 and 9 days after the beginning of oxaliplatin treatment (n=5). Each value
represents the mean + SEM. **P<0.01 vs vehicle + vehicle treated animals. The analysis of variance was

performed by One-way ANOVA. A Bonferroni’s significant procedure was used as post hoc comparison.
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