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1. ABSTRACT



ABSTRACT

Neuropathic pain is a chronic and debilitating disease that occurs secondarily to injury
of the peripheral and/or central nervous system. This pathology affects million people
in the world and can be classified as an incurable disease for the lack of valid
treatments.

Neuronal injuries often arise from a nerve trauma or metabolic disease, such as
diabetes, and neuropathic patients, whatever the cause, typically exhibit a mixture of
sensory loss with ongoing spontaneous pain and enhanced sensitivity either to
innocuous or painful stimuli. Although the underlying mechanisms are far to being
elucidated, it is well established that neuronal injury not only results in profound
modifications in the activity of sensory neurons and their central projection pathways,
but is also coupled to a sustained immune response at different anatomical locations
associated to chronic pain processing with an important contribution of cytokines and
chemokines (Calvo et al., 2012; Sacerdote et al., 2013).

Since intensive researches over the past years have identified the prokineticins (PKs) as
possible candidates for mediating these pathological neuro-immune interactions in
pain, in these years of PhD school my research was focused on the characterization of
the PKs system in the development of experimental neuropathic pain.

PKs family comprehends small chemokines-like proteins highly conserved across the
species including the mammalian prokineticin 1 (PK1) and prokineticin 2 (PK2). These
proteins modulate a large spectrum of biological activities in the organism. In
particular it is well documented the pro-nociceptive/proinflammatory activity of the
ligand PK2 (Negri et al., 2007). Two G protein-coupled receptors (PKR1 and PKR2)
mediate PK2 actions.

PK2, binding to PKR1 and PKR2 widely distributed in the central nervous system, DRG,
sensory neurons and in cells participating to immune and inflammatory responses,
exerts in fact a critical role in pain perception inducing nociceptor sensitization and
increasing the release of neuromediators implicated in pain processing such as CGRP
and SP (Negri et al., 2007; DeFelice et al., 2012; Vellani et al., 2006). Moreover the
ligand influences macrophages and T lymphocytes activity inducing a pro-inflammatory
phenotype in the macrophage and skewing the Th1/Th2 balance towards a Thl
response (Martucci et al., 2006; Franchi et al., 2008).

In order to understand if PK2, PKR1 and PKR2 activities were necessary for the onset,
maintenance and resolution of neuropathic pain, in this study, in vivo and ex-vivo
experiments were performed using a non-peptidic PKR antagonist, named PC1, proved
capable of antagonizing all pro-nociceptive effects induced by PK2 (Balboni et al.,
2008; Giannini et al., 2009; Negri and Lattanzi, 2012).

The efficacy of PC1 treatment was evaluated in two different mouse models of painful
neuropathy: a mononeuropathy induced by the chronic constriction injury (CCl) of
sciatic nerve and a diabetic polyneuropathy induced by the injection of a pancreatic B
cell toxin, streptozotocin (STZ).
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CCl procedure was performed through three loose ligatures around the right common
sciatic nerve while the diabetic painful neuropathy was induced in animals by the
administration of either a single high dose (200 mg/kg) or repeated multi-lower doses
(80 mg/kg) of STZ. Changes in pain behavior were evaluated measuring the paw
withdrawal thresholds after noxious (hyperalgesia) and/or innocuous (allodynia)
stimulation with the Plantar Test Apparatus and the Dynamic Plantar Aesthesiometer,
respectively.

To check the efficacy of PC1 to counteract painful manifestations, 3 days after CCl
surgery and 21 days after STZ administrations, time points corresponding to full
neuropathic pain development, CCl-operated and STZ-injected mice were subjected to
a therapeutic treatment with the antagonist PC1 (150 pg/kg).

The first major finding of this study was that, independently from neuropathic pain
etiology, PC1 treatment was effective in alleviating established painful symptoms in
mice without producing tolerance. Repeated systemic injections of PC1 from day 3 to 9
after surgery or from day 21 to 34 after diabetes induction in fact abolished thermal
hyperalgesia and mechanical allodynia in nerve injured mice, and mechanical allodynia
in diabetic animals.

The fact that painful symptoms were completely reversed by the chronic
administration of the PKR antagonist unequivocally indicated the involvement of the
PKs system in neuropathic pain. Moreover, interestingly, in STZ-injected mice the anti-
allodynic effect induced by the antagonist was still evident two weeks after the
treatment discontinuation leading us to suppose that blocking PK2 signaling could
induce permanent changes in neuronal circuits involved in the maintenance of
neuropathic pain.

At the end of treatments, i.e. on day 10 after CCl surgery and at different time points
from diabetes induction (7, 14, 35 and 56 days after STZ injection) when the anti-
hyperalgesic and anti-allodynic effects of PC1 were evident, biochemical evaluations
were performed in neuropathic animals (CCl-operated and STZ-injected mice) treated
with either PC1 or saline and in the respective controls to determine the expression of
PK2 and its receptors, PKR1 and PKR2, at the peripheral and central sites of pain
transmission.

Real Time PCR analysis performed on sciatic nerve and spinal cord from neuropathic
animals revealed a general up-regulation of PK2 and PKRs in these tissues furthermore
demonstrating the close correlation between the PKs system and the development of
neuropathic pain. In particular, in STZ model, an over expression of PK2 in spinal cord
was present since the appearance of painful symptoms and was observed for all the
persistence of allodynia.

In addition, we also exactly discriminated in the spinal cord and in periphery, the cells
mainly involved in the CCl-induced PKs system activation. In the spinal cord of injured
nerve mice the expression of PK2 and PKRs was observed in the superficial layers of
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the spinal cord, at the levels of the presynaptic terminals. PK2 as well as PKR2 were
also mostly expressed in proliferating and activated astrocytes. In periphery, at the
level of the injured nerve, the expression of PK2 was evident in Schwann cells,
neutrophils and macrophages, while PKR1 and PKR2 were highly expressed on
activated inflammatory cells and on Schwann cells, respectively.

In CCl animals the therapeutic treatment with the antagonist PC1 succeeded in
decreasing the neuropathy-induced PK2 up-regulation both in the spinal cord and in
the injured nerve, without significantly affecting PKR1 and PKR2 mRNA levels. In
particular, a significant reduction of PK2 immunoreactivity was observed at the
presynaptic terminals of the dorsal horns, in the reactive spinal astrocytes and in
infiltrating neutrophils, mirroring the lower PK2 mRNA levels.

In STZ mice, the therapeutic treatment with the antagonist was also able to counteract
the PK2 augmentation in the spinal cord and to significantly reduce the neuropathy-
induced PKR1 up-regulation in the sciatic nerve. Since PKR1 is the receptor mostly
implicated in the immune response and it was previously demonstrated to mediate
macrophage migration (Martucci et al., 2006), it can be assumed that blocking PKRs
with PC1 could affect macrophage chemotaxis, reducing or preventing the recruitment
of inflammatory cells expressing PKR1 in the nerve with a consequence reduction of
neuroinflammation.

Considering the pro-inflammatory activity of PK2 and the presence of the PKRs in
Schwann and immune cells in the nerve and the PKR2 in the spinal astrocytes, it was
examined the efficacy of PC1 to counteract also the neuroinflammation associated to
neuropathic pain development, evaluating by Real Time PCR and ELISA, the levels of
the pro-inflammatory cytokine IL-13 and anti-inflammatory cytokine IL-10 in the sciatic
nerve and the spinal cord from neuropathic mice. The release of inflammatory
mediators, such as cytokines and chemokines, from glia and immune cells plays in fact
an important role in the genesis of neuropathic pain and it was demonstrated that an
altered balance of some pro- and anti-inflammatory cytokines in nervous tissues linked
to pain transmission, such as the nerve, the DRG and the spinal cord is well correlated
with the presence of neuropathic pain either in CCl or STZ mice (Sacerdote et al., 2013;
Valsecchi et al., 2011).

In agreement with what already published, in presence of high levels of PK2 and
consistently with its immunomodulatory activity, an augmentation of the pro-
nociceptive cytokine IL-1B was observed both in the central and peripheral nervous
system of CCl and STZ neuropathic mice, while the levels of the anti-inflammatory
cytokine IL-10 appeared lower respect to the basal levels of controls.

Repeated PC1 administration induced a clear reduction of the neuropathy-induced IL-
1B increase observed in the sciatic nerve and in the spinal cord from neuropathic mice.
In addition, PC1 enhanced the levels of IL-10, which is likely to participate in the
therapeutic effects observed.
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These data clearly demonstrated the implication of the PKs system in neuropathic pain
suggesting its possible implication not only in the maintenance but also in the onset of
the pathology. In order to confirm this hypothesis, we performed a precocious
blocking of the PKRs in STZ mice not yet neuropathic. Early PC1 administrations from
day 0O, time point corresponding to first STZ injection, to 13 days after diabetes
induction, prevented in fact the development of mechanical allodynia in STZ mice and
the spinal cord up-regulation of PK2.

Glutamate is one of the main mediator in pain processing and it is known to participate
in the alteration of the synaptic transmission during neuropathic pain (lwata et al.,
2007; Daulhac et., 2011). In order to further support the anti-allodynic effect of PC1,
we analyzed the expression of glutamate NMDA and AMPA receptor subunits in spinal
cord of STZ mice treated with preventive PC1 administrations.

Western blot analysis revealed that in presence of a fully developed allodynia, a
decrease of the spinal NMDA subunit N2A was present, while the expression of the
subunit N2B significantly increased. Early PC1 administration was effective in
preventing N2B up-regulation in spinal cord of diabetic mice, without affecting the
levels of the subunit N2A.

Finally, considering the precocious involvement of the PKs system in the onset of the
diabetic neuropathy it was interesting to investigate whether a preventive blocking of
the PKRs positively influenced also the course of the diabetic pathology itself,
modulating the hyperglycaemic state of the animals or reducing the peripheral
inflammatory component which is known to be associated to diabetic status (Agrawal
and Kant, 2014).

Early PC1 administrations from day 0 to 13 after diabetes induction were not effective
either in reducing high glucose levels in STZ mice or in re-establishing the plasmatic
insulin levels. However, blocking the PKs system was effective in ameliorating the
general pro-inflammatory status that was present in diabetic mice. The antagonist was
in fact able to prevent the dysregulation of the IL-1B and IL-10 levels in the pancreas,
which appeared drastically diminished in the STZ mice.

Moreover, in the diabetic animals we observed a significant alteration of both innate
and acquired immunity, characterized by elevated levels of IL-1B produced by
macrophages, and a Thl pro-inflammatory profile. The PC1 treatment reduced the
peripheral inflammatory status, decreasing macrophagic IL-1B and switching Th1/Th2
balance towards Th2.

In conclusion, considering the efficacy of PC1 to contrast painful symptoms and the
neuroinflammation associated to the development of neuropathic pain, blocking PKRs
signalling could represent a new possible therapeutic strategy to treat neuropathic
pain. In addition, beyond reducing the neuropathy-induced pain hypersensitivity, the
anti-inflammatory properties of the antagonist PC1 could be useful to ameliorate other
pathologies, characterized by a sustained inflammatory component.
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2.1 ANATOMY AND PHYSIOLOGY OF PAIN

In the 1979, the International Association for the Study of Pain (IASP) defined pain as
“an unpleasant sensory and emotional experience associated with actual or potential
tissue damage, or described in terms of such damage” (Merskey, 1979). This definition
takes into consideration two important concepts concerning the phenomenon of pain:
its subjectivity and its manifestation also in absence of real tissue damage.

Pain experience is in fact complex and highly variable between individuals. It involves
an intricate neurobiological apparatus consisting of dynamic excitatory and inhibitory
nervous circuits, deputed to the transmission and elaboration of painful perception.
Moreover the presence of modulatory pathways controlling the emotional state (fear,
anxiety, attention and distraction) and the cognitive functions (past experiences,
memories of pain) can in turn either enhance or diminish the individual pain
experience (Ossipov et al., 2010).

Pain can last for a short (acute pain) or long (chronic pain) period, can be caused by
several conditions and its processing can imply different neuronal mechanisms. Given
the complexity and the heterogeneity of pain manifestation, the distinction of the
pathways and molecules implicated in the several types of pain processing is
fundamental in order to target the treatments at the mechanisms responsible.
According to Woolf classification, pain can be broadly divided into three main types:
nociceptive, inflammatory and pathological pain (Woolf, 2010).

Nociceptive pain is protective and needful for maintaining body integrity as it
represents a primitive defence mechanism evolved for warning us about the presence
of potential dangerous stimuli and for minimizing tissue injury. It follows that the
absence of nociceptive pain sensitivity has a negative impact on health; congenital
insensitivity to pain due to mutations of genes encoding for channels or molecules
involved in pain processing or lacking the ability of pain perception due to a sensory
damage for instance, typically results in bone fractures, self-mutilation, maintaining of
unrealized infections and a reduction of the life span (Axelrod and Hilz, 2003; Raoulf et
al., 2010).

Also the inflammatory pain is physiological and protective. This kind of pain takes place
in presence of tissue injuries or infections and is associated to an inflammatory state
caused by the activation of the immune system. However the increased pain
hypersensitivity is functional because protects the injured tissue site until healing
occurs, by minimizing contact with stimuli potentially able to provoke other pain.
Usually, either nociceptive or inflammatory pain trigger adaptive responses and last
until the resolution of the initial injury. The switch from a physiological to a
pathological condition occurs in presence of damage (neuropathic pain) or an
abnormality functioning (dysfunctional pain) of the nervous system. In these cases pain
is maladaptive, not protective and is maintained for a long period ranging from weeks

11



INTRODUCTION

to years. In other words, pathological pain is not a symptom of some disorders but
rather a disease of the nervous system (Woolf, 2010).

2.1.1 PAIN PATHWAY

Nociception is the neuronal process that allows the people to experience pain. Four
distinct steps occur along the pain pathways:

I.  Transduction of noxious stimuli (mechanical, thermal or chemical stimuli) in
neural electrical activity by the activation of ion channels, including transient
receptor potential channel subtypes (TRPA, TRPM and TRPV), sodium channel
isoforms (Nav), potassium channels subtypes (KCNK) and acid-sensing ion
channels (ASICs), clustered on nociceptors (Grace et al., 2014);

II.  Transmission of nerve impulses from the site of transduction to spinal cord,
brainstem, thalamus, and central structures in the brain;

lll.  Modulation of nociceptive signals through endogenous mechanisms of pain
control (spinal inhibitory interneurons and descending pain modulatory
circuits);

IV.  Perception of pain as the end result of nociceptive stimulus travelling through
the entire nervous system, including the supra-spinal structures involved in
memory, cognition and emotion, which contribute to the neuronal network of
conscious experience of pain (Fields and Basbaum, 1999).

Nociceptive ascending pathway begins in periphery with the activation of the
nociceptors, sensory neurons able to detect dangerous or potentially damaging stimuli
for the organism.

Nociceptors are pseudounipolar neurons with a single axon that forks into peripheral
and central processes. The afferent branch projects to skin, mucosa, blood vessels and
connective tissue of visceral organs, while the other runs to central nervous system
(CNS). Specialized structures at the terminal end of nociceptors, once coming in
contact with noxious stimuli, convert painful messages in electrical signals that
propagate along this axonal pathway from periphery to the spinal cord or hindbrain.
From here the signals reach the supraspinal structures and, finally the cortical and
subcortical regions, where painful information is interpreted and perceived.

Unlike to other classes of sensory fibres, nociceptors have high activation thresholds;
in fact in normal conditions, they can be excited only by stimuli enough intense to
cause a real tissue damage, but not by innocuous stimulations such as light touch,

12
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vibrations or warning. High threshold stimuli for nociceptors activation include
extreme temperatures, intense pressure and irritant chemicals (Dubin and
Patapoutian, 2010).

The main primary afferent fibres that convey noxious stimuli to CNS arise from
nociceptive neurons having a small or medium-diameter cellular body located in the
dorsal root ganglia (DRG). They comprehend the thinly myelinated, mostly
mechanosensitive Ad fibres and the unmyelinated, polymodal, i.e. able to detect
mechanical, thermal and chemical stimuli, C fibres (Julius and Basbaum, 2001).

All AS fibres response to intense mechanical stimulations but depending on their
responsiveness to noxious heat can be divided in type | and type Il fibres. The first type
includes capsaicin-insensitive fibres responding to high temperatures (52-56 °C), while
the type Il population comprehends capsaicin-sensitive fibres responsive to noxious
heat of 40-45 °C (Giordano, 2005).

Unmyelinated C fibres represent the majority of the primary afferents fibres and,
according to ability of synthesizing neuropeptides, mostly the substance P (SP) and the
calcitonin gene related peptide (CGRP), are broadly divided in two main populations,
the peptidergic and the non-peptidergic.

Ad and C nociceptive fibres differ also in terms of conduction velocity. When activated,
Ad fibres transmit nociceptive potentials with a velocity ranging to 12-30 m/s leading
to a rapid pain sensation, while C fibres propagate noxious information more slowly
(0.5-2 m/s) inducing a second, delayed response to pain. The different pattern of signal
propagation results in two successive and qualitatively distinct pain sensations: brief,
pricking, and well localized “first pain” and a longer-lasting, burning, and less well
localized “second pain” (Ploner et al., 2002).

Another group of nociceptors is represented by C nociceptive fibres known as “silent”
or “sleeping” nociceptors which respond to noxious stimuli only when sensitized by
tissue injury or inflammation.

Peripheral primary afferents also include myelinated, fasting conducting (30-100 m/s)
AB fibres arising from DRG large-diameter neurons, responsive to mechanical
innocuous stimuli. Normally they don’t contribute to pain sensation but in some cases
they begin to signal pain in response to non-noxious stimuli. Information transmit by
AP fibres can be in fact greatly altered during disease conditions or after tissue damage
has resolved, leading to abnormal pain signalling (Milligan and Watkins, 2009).

The information collected in periphery by nociceptive fibres reach the spinal cord via
the dorsal roots. Here (spinal cord) their central processes form synapses with
different populations of second-order neurons mostly distributed in the superficial
layers of the dorsal horns (Rexed laminae | and Il). Nociceptors also synapse in some
deeper laminae such as Rexed laminae V and X. Dorsal horns neurons include
Nociceptive Specific (NS) neurons, exclusively responsive to nociceptive input
conveyed by Ad and C fibres, Wide Dynamic Range (WDR) neurons that respond to

13
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both nociceptive and non-nociceptive stimuli coming from A§, C and AP central axons
and NonNociceptive (N-NOC) neurons responding to innocuous stimulations mostly
propagated by AP fibres (Almeida et al., 2004).

Pain signals to brain
stemn and brain

(through secondary
pain-projection
neurons)

I
Pain-projection !
neurons 1

H
o < g '

Ventral projection fibres 1
|

Pain signals to spinal cord
(through primary afferents)

acute pain

Figure 1 | Nociception. Figure taken from Milligan and Watkins, 2009.

Nociceptive fibres transmit the nociceptive message through the release of glutamate,
as the primary neurotransmitter, and other neuropeptides, which have the potential of
exciting second-order nociceptive projection neurons (Grace et al., 2014).

The excitatory amino acid binding to postsynaptic glutamate AMPA and kainate
receptors is responsible for a fast synaptic transmission and a rapid, short-term
depolarization of second-order neurons. On the contrary a slow and long-term
synaptic transmission is mediated by substance P and CGRP release.

Spinal projection neurons relay the nociceptive signals received to higher centres of
the CNS following the ascending spinal tracts. Secondary afferents decussate and pass
up the spinal cord to midbrain via the spinothalamic, spinoreticular and
spinomesencephalic tracts to the thalamus and to sensory cortex, but also have other
links, such as to reticular formations, limbic and hippocampal areas (Farquhar-Smith,
2008).

Cortical and supra-spinal areas form the “pain matrix”, i.e. a collection of brain regions
involved in neurological functions, including cognition, emotion, motivation and
sensation, as well as pain, which acting together in pain modulation context lead to the
conscious experience of pain (Tracey and Johns, 2010; Ossipov et al., 2010).

14
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As mentioned above the three main ascending pathways linking the dorsal horns to

brain are:

©)

o

Spinothalamic tract (STT)

This tract originates from spinal WDR, NS and N-NOC neuron types propagating
noxious and innocuous signals that are related to pain, temperature and touch.
Before ascending, secondary axons decussate transversely through the anterior
commissure of the spinal cord. During its passage through the brain stem, STT
originates collateral branches destined to reticular formation of the medulla,
pons and midbrain, periagueductal grey matter (PAG), hypothalamus and
medial and intralaminar thalamic nuclei (Almeida et al., 2004).

Spinoreticular tract (SRT)

This tract mostly originates from spinal WDR and NS neurons. It presents two
components in the brain stem; one is directed at the precerebellar nucleus in
the lateral reticular formation involved in motor control, while the other is
directed to the medial pontobulbar reticular formation involved in mechanism
of nociception (Millan, 1999). SRT is an important pathway for the modulation
of the nociceptive segmental pathway by activating brain stem structures
responsible for descending suppression (Almeida et al., 2004).

Spinomesencephalic tract (SMT)

As SRT, this tract is highly involved in the mechanisms of pain modulation. This
tract originates from spinal WDR and NS neurons and projects to different
regions of PAG. The projections to the midbrain PAG matter from spinal
neurons are functionally distinct; those the reach the PAG in the portion more
dorsal to the limiting sulcus have excitatory characteristic in afferent
nociceptive transmission, while those that project more ventral to the limiting
sulcus activate mechanisms responsible for the inhibition of the afference of
this same pathway (Almeida et al., 2004).

2.1.2 PAIN MODULATION

The sensory experience of pain extends beyond the activation of nociceptors as it

involves an intricate neuronal network consisting of dynamic excitatory and inhibitory

nervous circuits which modulate pain experience enhancing or inhibiting pain

sensation.

In the dorsal horn of spinal cord local GABAergic and glycinergic interneurons have a

functional role of inhibition of pain information processing. As described by Melzack
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and Wall’s in the Gate Control Theory of Pain, these inhibitory interneurons function as
a gate in spinal cord regulating the transmission of pain message from primary
afferents to the spinal second-order projection neurons. AB non-nociceptive fiber
activity inhibits (or “closes”) the gate inducing the activation of local inhibitory
interneurons, while the activity of small nociceptive C and Ad fibres facilitates (or
“opens”) the gate (Moayedi and Davis, 2013). The balance between the inputs from
nociceptive and non-nociceptive primary afferents which is controlled by the complex
spinal inhibitory interneuron circuits determines the status of this gate, i.e. whether
and how strong the nociceptive signal will be transmitted, via secondary projection
neurons, to the higher brain centers (Guo and Hu, 2014). Descending fibers originating
from supra-spinal regions which project to the spinal dorsal horns are also implicated
in the modulation of this gate. (Moayedi and Davis, 2013).

Pain modulation exists in fact also in the form of descending inhibitory and facilitatory
pain pathways which involve different regions within CNS, including cortex, thalamus
and brainstem.

The midbrain periaqueductal grey region (PAG) and the rostral ventromedial medulla
(RVM) are particularly important in the endogenous modulation of pain. These regions
are known to be involved in endogenous pain control through PAG-RVM-spinal cord
descending inhibitory pain pathway (Fields, 2006).

These supra-spinal sites exert influences on the perception of pain either directly,
sending projection neurons to the spinal cord, or indirectly, sending projection
neurons to other regions in the brainstem that send projections to the spinal cord.
These modulatory effects are predominantly mediated by descending pathways that
utilize serotonin, norepinephrine and endogenous opioids.

Monoamines and endogenous opioids modulate the release of neurotransmitters from
nociceptive afferents and the excitability of dorsal horn neurons by binding to different
receptor subtypes.

Stimulation of PAG and RVM was found to cause release of serotonin in spinal cord
(Cui et al., 1999); at this level serotonin has either inhibitory or facilitatory role of pain
transmission which is dependent on the receptor subtype activated (Suzuki et al.,
2004; Dogrul et al., 2009).

Norepinephrine also strongly contributes in anti-nociceptive mechanisms associated to
descending inhibition. PAG and RVM communicate with an important noradrenergic
site to pain modulation, the locus coeruleus (LC), which is one of the major source of
direct noradrenergic projections to spinal cord involved in the inhibition of presynaptic
and post-synaptic spinal pain transmission neurons (Fields et al., 2005; Proudfit, 1992).
Descending pain inhibition from PAG was also observed after direct microinjection of
opiods (Fang et al., 1989; Ossipov et al., 2010).

“On-cells” and “off-cells” are two classes of pain modulatory neurons identified in the
RVM and PAG (Field et al., 1991; Mason, 1999). “Off-cells” are excited by opioids and
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inhibit ascending noxious stimuli from the periphery by triggering descending
inhibition. On the contrary, “on-cells” are thought to trigger descending facilitation.
(Fields and Basbaum, 1999; Mason, 1999; Fields, 2000).

2.1.3 MECHANISMS INVOLVED IN THE TRANSITION FROM
PHYSIOLOGICAL TO PATHOLOGICAL PAIN PROCESSING

- PERIPHERAL SENSITIZATION

Tissue injury and nerve damage produce pain hypersensitivity inducing molecular and
cellular changes in the primary afferent neurons. This neuronal plasticity manifests
through an increased responsiveness and reduced activation threshold for thermal and
mechanical stimuli of nociceptors and is referred as peripheral sensitization.

These electrophysiological phenomena correlate to behavioral phenomena which
include spontaneous pain, hyperalgesia (increased responses to noxious stimuli) and
allodynia (nociceptive response to innocuous stimuli) (Cheng and Ji, 2008).

The capacity to produce increases in sensitivity after injury is functional and protective
in physiological pain; however peripheral sensitization can be a leading cause for the
development of persistent pathological pain.

Increases in pain sensitivity are mediated by the local release of inflammatory
mediators (collectively referred as “inflammatory soup”) from primary afferents
terminals and different non-neuronal cells, including fibroblasts, mast cells,
neutrophils, monocytes and platelets. After nerve damage, these mediators can also
be released by Schwann cells and damaged neurons (Campana, 2007).

“Inflammatory soup” includes prostaglandins E2 (PGE2), bradikinin, ATP, protons,
nerve growth factor (NGF) and pro-inflammatory cytokines (TNF-a and IL-1B) (Julius
and Basbaum, 2001).

These mediators stimulate/activate nociceptors directly (e.g. protons, ATP and 5-
hydroxytryptamine (5-HT)) or by increasing sensitivity to subsequent stimuli (e.g.
bradikinin, prostaglandins, leukotrienes and NGF) via receptor-mediated second
messenger action.

Cyclic AMP, protein kinase A (PKA) and protein kinase C (PKC) are important second
messenger and effectors involved in nociceptor sensitization, which may be at least in
part caused by changes to ion channels.

lon channels, including voltage-gated sodium ion channels, acid-sensing ion channels
and the heat and capsaicin receptor, the transient receptor potential channel V1
(TRPV1), have a significant contribution to activation, sensitization and consequently
hyperalgesia and allodynia development, and their sensitivity is strongly regulated by
inflammatory mediators (Farquhar-Smith, 2008).
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Beyond to activate PKC and PKA pathways, the inflammatory mediators released after
injury also activate MAPK signalling in nociceptive primary sensory neurons. Activation
of this pathway results in the regulation of transcriptional and translational factors
which ultimately lead to increased synthesis of gene encoding for ion channels (such as
TRPV1, TRPA1, tetrodotoxin-resistant (TTX-R) sodium and calcium channels),
neuromodulators (BDNF, SP and CGRP) and pro-inflammatory cytokines TNF-a and IL-
1B. Persistent increase in the synthesis of these pro-nociceptive mediators in primary
sensory neurons maintains hypersensitivity of these neurons and persistent pain
(Cheng and Ji, 2008).

In addition, nociceptors activation not only results in the transmission of pain message
to spinal cord (and from here to brain), but is also responsible for the initiation of
neurogenic inflammation.

The antidromic release of peptides and neurotransmitters, notably substance P and
CGRP, from activated nociceptors induces in fact vasodilation, plasma extravasation
and activation of immune cells, which in turn contribute additional elements to the
inflammatory soup (Julius and Basbaum, 2001).

- CENTRAL SENSITIZATION

Several chemical signals in the spinal cord trigger pain transmission in response to
incoming noxious stimuli, including substance P, glutamate, CGRP and many others
neuromodulators. Under normal, non-pathological condition, low-frequency activation
of A and C fibre nociceptors leads to glutamate release from the central presynaptic
afferent nerve terminals in the spinal cord dorsal horn, where the excitatory amino
acid induces a short-term activation of glutamate AMPA/kainate receptor subtypes.
Although glutamate also binds the NMDA ionotropic glutamate receptor (NMDAR)
present on the pre- and postsynaptic neurons, the receptor remains silent, i.e. it does
not lead to changes in membrane potential and subsequent pain-projection neuron
excitation, because it is plugged by Mg?* (Milligan and Watkins, 2009).

Intense, repeated and sustained activity of primary sensory neurons elicits changes in
neuronal and biochemical processing at central synapses and descending projections,
transitioning these sites into a pain facilitatory state (Basbaum et al., 2009; Ossipov et
al., 2010). In the spinal dorsal horn, these changes are collectively known as central
sensitization and windup.

These processes involve the phosphorylation of a range of receptors, including AMPA
and/or kainate receptors, which increases synaptic efficacy by altering channel
opening time, increasing burst firing, removing the Mg2+—mediated channel blockade at
the NMDA receptor, and promoting trafficking of receptors to the synaptic membrane
(Latremoliere and Woolf, 2009).
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As a consequence of central sensitization, spinal dorsal horn neurons increase ongoing
activity, expand their receptive field and increase their responsiveness by lowering of
excitation thresholds (Farquhar-Smith, 2008).

During this time, altered low-threshold non-nociceptive AB sensory fibers activate
spinal pain-projection neurons, contributing to development of allodynia.

Substance P and CGRP released from primary afferent neurons also contribute to
central sensitization by the activation of the NMDA receptor in persistent pain states.
Neurokinin A and B acting on neurokinin receptors may influence the NMDA receptors
directly by inducing a slow depolarization (by decreased potassium ion conductance).
Nerve growth factor (NGF) induces stimulation of neuropeptide formation and release,
which contribute to the development of central sensitization and hyperalgesia. Brain-
derived neurotrophic factor (BDNF) is produced by NGF-dependent nociceptors, and
its synthesis is increased with inflammation. BDNF augments spinal neuron excitability
by phosphorylation-mediated stimulation of the NMDA receptor (Farquhar-Smith,
2008).

Sustained nociceptor activation caused by peripheral nerve injury and inflammation
leads to central sensitization, where enhanced responsiveness of neurons in the spinal
dorsal horn is thought to underlie chronic hyperalgesia and allodynia (Chapman et al.,
1998; Kidd and Urban, 2001).

2.2 NEUROPATHIC PAIN

Neuropathic pain is a pathological pain that occurs secondarily to injury of the central
and/or peripheral nervous system. The International Association for the Study of Pain
(IASP) has recently modified its definition as “pain caused by a lesion or disease of the
somatosensory system” to emphasized that the injury in the nervous system has to be
within the somatosensory system (Treede et al., 2008).

Neuropathic pain is an emerging pathology affecting million people in the world and
can be classified as an incurable disease for the lack of valid treatments. In fact it is
partially unresponsive to classical analgesics and its treatment with adjuvant drugs, i.e.
antidepressant or anticonvulsive, provides only a temporary relief of pain in a small
percentage of patients.

This chronic pain is highly invalidating because it directly impacts on lifestyle of
sufferers who very often are forced to leave their work influencing the social life and
psychological and emotional condition characteristic of the individual. This obviously
poses enormous costs to society in terms of healthcare and social care .

For these reasons, nowadays, the development of new and efficacious therapies to
contrast painful neuropathy represents a priority.
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Neuropathic pain arises from lesions to both the central and peripheral nervous
system and in the human many etiologies have been recognized, including (Sacerdote
et al.,, 2013):

- mechanical nerve injuries/compression;

- spinal cord injuries;

- metabolic diseases (e.g. diabetes);

- viral diseases (e.g. herpes zoster, HIV);

- inflammatory/immunological mechanism (e.g. Multiple sclerosis);

- alcoholism (vitamin B12 deficiency);

- iatrogenic: chemotherapy of cancer, AIDS or tuberculosis (e.g. cis-platinum);
- vascular lesions of the hypothalamus;

- congenital (e.g. Charcot-Marie-Tooth);

- aging.

Whatever the cause, neuropathic patients typically exhibit a mixture of sensory loss
with ongoing spontaneous pain and enhanced sensitivity to innocuous stimuli, i.e.
mechanical allodynia. Mechanical and thermal hyperalgesia (increased pain response
to painful stimuli) are also frequent and classical symptoms (Treede et al., 2008;
Zimmermann, 2001; Colleoni and Sacerdote, 2010).

Much of the initial research on the pathophysiological basis of neuropathic pain
focused on the plasticity properties of neurons following a nerve injury, leading to the
proposal of both peripheral and central sensitisation as important disease
mechanisms (Sacerdote et al., 2013).

Peripheral and central amplification is mediated by changes in the expression and
distribution of ion channels (sodium and calcium channel); expression of receptors and
neurotransmitters; increased neuronal excitability and ectopic generation of action
potentials; axonal atrophy, degeneration or regeneration (Wallerian degeneration);
damage to small fibres; neuronal cell death and reorganization of central nociceptive
circuits (Costigan et al. 2009; Latremoliere and Woolf, 2009). Loss of spinal inhibitory
control and changes in the balance of facilitation/inhibition within descending pain
modulatory pathways are other mechanisms which contribute to neuropathic pain
development (Tesfaye et al., 2013).

Recently it has emerged that neuropathic pain pathogenesis and maintenance also
involve a pathological interaction between neurons, inflammatory immune cells and
glia cells, as well as a wide cascade of pro and anti-inflammatory cytokines (Austin and
Moalem Taylor, 2010; Calvo et al. 2012). Neuronal injury therefore, not only results in
profound modifications of the activity of sensory neurons and their central projection
pathways, but is also coupled to a sustained immune-inflammatory response at
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different anatomical locations associated to chronic pain processing, i.e. nerve, DRG,
spinal cord and brain (Calvo et al., 2012).

2.2.1 NEUROPATHIC PAIN TRIAD (NEURONS, IMMUNE CELLS AND GLIA)

Peripheral nerve injury provokes the recruitment of immune cells as well as the
activation of resident cells at the site of injured nerve, in the DRG, and in the spinal
cord. Communication among immune cells and immune-like glial cells along the way of
pain transmission is driven by a plethora of immune cell-derived inflammatory
cytokines and chemokines, which are crucial mediators for the development and
maintenance of persistent pain state.

- Neuroimmune interactions in injured nerve

Macrophages act as pivotal mediators in the peripheral inflammatory reactions to
nerve lesion. Immediately after nerve injury, resident macrophages rush to the lesion
site like a rapid-response team (Mueller et al., 2001).

Neutrophils also participate in the very early immune response to nerve injury,
particularly during the first 24 hours after injury, reinforcing macrophage recruitment
through the release of chemoattractans and cytokines (Perkins and Tracey, 2000).
Activated macrophages and Schwann cells produce matrix metalloproteases that
interrupt blood-nerve barrier (Shubayev et al., 2006). In addition, vasoactive mediators
including CGRP, substance P, bradykinin and nitric oxide released from injured axons
promote further invasion of monocytes and lymphocytes at site of injury by increasing
vascular permeability. As results of these vascular changes, two days after injury, a
dense cellular infiltrate predominantly composed by macrophages, T lymphocytes and
mast cells, forms at the lesion site (Scholz and Woolf, 2007).

Resident and infiltrating immune cells as well as Schwann cells release pro-
inflammatory cytokines, such as TNF-a, IL-1B, IL-6 that contribute to axonal damage,
and several other factors including chemokines, PGs and NGF, responsible for the
initiation and maintenance of sensory abnormalities after injury.

Macrophages and Schwann cells are also implicated in the Wallerian degeneration of
axotomized nerve fibres distal to nerve lesion. Macrophages remove by phagocytosis
dead or dying remnants of injured Schwann cells, axotomized axons and myelin debris
(Bruck, 1997), thus facilitating the reorganization of Schwann cells in order to axonal
repair.

Schwann cells, in turn, release chemical signals, such as NGF and GDNF, that promote
axonal growth and remyelination (Esper and Loeb, 2004). However, these growth
factors induce pain initiation directly activating and sensitizing nociceptors (Malin et
al., 2006).
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The inflammatory responses to nerve injury driven by resident and infiltrating cells,
particularly by macrophages, directly contribute to pain hypersensitivity. Hyperalgesia
is delayed in genetically manipulated WLDs mice, in which Wallerian degeneration and
the recruitment of macrophages in response to nerve injury are delayed (Myers et al.,
1996; Araki et al., 2004). Moreover, systemic depletion of macrophages reduces
mechanical hypersensitivity after peripheral nerve injury in animal models, revealing
their crucial role in the generation of neuropathic pain (Liu et al., 2000).

Uninjured fibers also contribute to the development of pain. Crossing the degenerating
environment they change their biologic properties with increased spontaneous activity
and up-regulate nociceptive molecules like TRPV1, cytokines and chemokines. They
also develop an enhanced responsiveness to pro-inflammatory cytokines.
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Figure 2‘ Inflammatory changes associated to Wallerian degeneration.
Figure taken from Scholz and Woolf, 2007.

- Neuroimmune interactions in DRG

Normally, macrophages and few T lymphocytes reside in DRG. Their numbers increase
after nerve damage. In parallel satellite glia cells begin to proliferate.

These resident immune and glia cells strongly react to nerve injury and their response
is reinforced by invading macrophages and T cells. Injury-induced macrophage invasion
appears to be triggered by the release of chemokines from DRG neurons (Zhang and
DeKoninck, 2006). The accumulation of pro-inflammatory cytokines (TNF-a, IL-1pB, IL-6)
and chemokines in the DRG after injury contributes to the sensitization of sensory
neurons (Levin et al., 2008; Uceyler et al., 2007).

TNF-a acts to increase the density of tetrodotoxin-resistant (TTX-R) sodium channel
currents within DRG neurons (Jin and Gereau, 2006), while other cytokines such as IL-6
regulate the synthesis of neuropeptide transmitters. The resultant changes in the
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phenotype of sensory neurons is likely to alter the efficacy of their synaptic input to
the spinal cord (Scholz and Woolf, 2007).

Moreover, it was found that deletion of IL-1B receptor or IL-1RA overexpression inhibit
the development of spontaneous sensory neuron firing, while blocking IL-1B or IL-6
mediated signalling attenuates neuropathic pain-like behavior (Arruda et al., 2000;
Wolf et al., 2006).

- Neuroimmune interactions in spinal cord

Spinal cord glia activation is a common underlying mechanism that leads to
development and maintenance of chronic pain.

Microglia and astrocytes have in fact a well-documented role in pain facilitation,
modulating neuronal synaptic function and excitability by various mechanisms (Halassa
et al., 2007; Pocock and Kettenmann, 2007).

In spinal cord and supra-spinal sites within CNS microglia predominate in the early glial
response, subsequently followed by activation and proliferation of astrocytes.

CGRP, substance P, glutamate and ATP released from the presynaptic terminals of the
primary afferents after nerve injury determine the activation of spinal microglia and
astrocytes.

Once become activated, these cells release immune mediators which diffuse and bind
to receptors on presynaptic and postsynaptic terminals in the spinal dorsal horn to
modulate excitatory and inhibitory synaptic transmission, resulting in nociceptive
hypersensitivity.

The release of inflammatory mediators, such as TNF-a, IL-1pB, IL-6, nitric oxide, ATP and
prostaglandins initiates in fact a self-propagating mechanism of enhanced cytokine
expression by microglial cells. The production and subsequent release of pro-
inflammatory cytokines from activated microglia cells leads to further activation of
neighboring astrocytes (Watkins and Maier, 2003). The activation of astrocytes results
in the prolongation of a pain state (Dinarello, 1999).

TNF-a, IL-1B and IFN-y, chemokines and reactive oxygen species (ROS) directly
modulate excitatory synaptic transmission at central terminals by enhancing glutamate
release. Their effect is partly due to the activation of transient receptor potential
channel subtypes (TRPV1 and TRPA1), and the functional coupling between IL-1B
receptor and presynaptic glutamate receptors (NMDAR) (Grace et al., 2014).

TNF-a and IL-1B from astrocytes increase neuronal excitability and synaptic strength by
increasing the conductivity of glutamate AMPA and NMDA receptors, as well as by
increasing the trafficking and surface expression of glutammate AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid) receptors, which render
neurons vulnerable to excitotoxicity (Beattie et al., 2002; Stellwagen and Malenka,
2006).

23



INTRODUCTION

IL-1B also induces the phosphorylation of specific NMDA receptor subunits (i.e. NR1
and NR2A or NR2B subunits) leading to its activation (Stellwagen et a., 2005; Zhang et
al., 2008; Viviani et al., 2003).

NMDA receptor channel opening leads to the influx of calcium and to increased
production of NO and PGE2, which are involved in amplifying the excitability of pain-
projection neurons (Milligan and Watkins, 2009).

Excitatory synaptic transmission is further indirectly enhanced following astrogliosis by
IL-1B and TNF-a, as the spinal astrocyte glutamate transporters ,excitatory amino acid
transporter 1 (EAAT1) and EAAT2 are persistently downregulated after peripheral
nerve injury, leading to excitotoxicity and nociceptive hypersensitivity (Xin et al., 2009;
Ramos et al., 2010).

Cytokines, chemokines and ROS also decrease GABA and glycine release from
interneurons and inhibitory descending projections, leading to spinal cord pain circuits
disinhibition, phenomenon known to be implicated in the genesis of central
sensitization and chronic pain (Latremoliere and Woolf, 2009). Brain-derived
neurotrophic factor (BDNF) released as a consequence of microgliosis, also contributes
to pain inhibition/ disinhibition by causing a depolarization shift that inverts the
polarity of currents activated by the inhibitory neurotransmitter GABA in spinal
second-order nociceptive projection neurons (Milligan and Watkins, 2009).

It is also important to highline that either in peripheral nerve and DGR or in CNS a
complex network of regulatory circuits controls immune signalling after neuronal
insult. These mechanisms include the production of anti-inflammatory mediators and
the polarization of specialized immune and glia cells with an anti-inflammatory
phenotype to prevent uncontrolled inflammation (Grace et al., 2014)

Alternatively activated microglia (also known as M2 macrophages), sub-populations of
T lymphocytes (i.e. Th2 and Treg cells) as well as macrophages contribute to the
resolution of nociceptive hypersensitivity after nerve injury, by releasing naturally anti-
inflammatory mediators which include IL-10, IL-4 and IL-1RA.

IL-10 and IL-4 cytokines indirectly inhibit the synthesis of pro-inflammatory/pro-
nociceptive cytokines and chemotactic factors by microglia, T-cells and macrophages
regulating and promoting the differentiation of immune-like cells towards an anti-
inflammatory profile.

Intrathecal IL-1RA administration and the elevation of IL-10 and IL-4 levels in spinal
cord result in attenuated nociceptive hypersensitivity associated to gliosis (Watkins et
al., 1997; Leger et al., 2011).
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2.2.2 PHARMACOLOGICAL CONSIDERATIONS: PRESENT AND FUTURE

Pain processing involves multi-pathways and dynamic systems in the periphery, spinal
cord and brain which expose potential pharmacological targets for analgesia. Some of
these are already used in clinic by existing analgesics (Farquhar-Smith, 2008).

Opioids are among the most powerful of all analgesics. Their efficacy can be explained
by the large distribution of opioids receptors in the spinal cord and in areas of brain
associated to descending pain modulatory pathways as locus coeruleus and PAG. Thus,
opioids induce analgesia acting both on transmission and pain perception.

The fact that most of pain inhibitory pathways are noradrenaline/serotonin-based
pathways indicate why the antidepressants (inhibitor of noradrenaline/serotonine re-
uptake) may be effective in controlling pain.

Anticonvulsants induce analgesia acting on neuron excitability through the blocking of
sodium and calcium channels; similarly capsaicin exerts its analgesic effect binding to
TRPV1 channel. Non-steroidal anti-inflammatory drugs (NSAID), that prevent the
formation of prostaglandins by inhibiting cyclooxygenase (COX), are generally not
efficacious in neuropathic pain treatment .

The fundamental role of NMDA receptor in central sensitization makes it a potentially
therapeutic analgesic target although, to date, only few NMDAR antagonists are
available for clinical use.

Moreover, considering the key role of the neuroimmune interface in chronic pain there
is great interest in targeting immune and glia functions for pain management. Several
promising strategies to target the neuroimmune interface include the direct inhibition
of pro-inflammatory signalling, the stimulation of local protective anti-inflammatory
mechanisms, inhibition of specific immune mediators and the antagonism of specific
cytokine and chemokine receptors (Grace et al., 2014).

In this direction, a better knowledge of the mechanisms underlying neuropathic pain
could lead to the identification of novel promising targets for the development of
more efficacious analgesic therapy.

2.3 DIABETES AND DEVELOPMENT OF NEUROPATHIC
PAIN

Diabetes mellitus (DM) is a group of metabolic disorders characterized by chronic
hyperglycaemia with impaired metabolism of carbohydrate, fat and proteins as a result
of endogenous insulin deficiency and/or resistance (Davey et al., 2014).

Polydipsia, polyphagia, polyuria, blindness, weight loss or gain, burning and tingling
sensation are some of distinct symptoms associated to diabetic status and are
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common for the two main forms of diabetes: type 1 (DMT1) and type 2 (DMT2)
diabetes.

Both types of diabetes are characterized by a progressive failure of pancreatic -cells
but the mechanisms leading to pancreatic cell death are quite different in the various
forms of the disease (Cnop et al., 2005). In type 1 diabetes B-cell destruction arises
from an autoimmune assault against pancreatic cells by autoreactive T lymphocytes
resulting in chronic pancreatic inflammation (processes known as insulitis) which
culminates with an absolute insulin deficiency. During insulitis, invading immune cells,
including Th1 (CD4 and CD8) lymphocytes, macrophages and dendritic cells, participate
to destruction of pancreatic B-cells by directly triggering cytotoxic processes or
releasing pro-inflammatory cytokines.

IL-1B, IFN-y and TNF-a are important pro-inflammatory mediators. These cytokines
induce B-cell apoptosis via the activation of pancreatic cell gene networks under the
control of different transcription factors, including Nf-kB. The activation of Nf-kB leads
to nitric oxide and chemokines production and depletion of endoplasmatic reticulum
calcium, which ultimately contribute to pancreatic cell destruction. Parallel, anti-
inflammatory cytokines, such as IL-4 and IL-10, produced by activated Th2
lymphocytes, prevent B-cell destructive insulitis, indicating that an imbalance between
pro- and anti-inflammatory cytokines could be essential for the development of type 1
diabetes (Amirshahroki and Ghazi-Khansari, 2012).

The pathogenesis of type 2 diabetes is more variable than that of type 1 diabetes as it
is linked to a combination of genetic and lifestyle factors that results in different
degrees of insulin resistance and deficiency. Chronic exposure to elevated glucose and
free fatty acids causes B-cell dysfunction and may induce B-cell apoptosis in type 2
diabetes (Cnop et al., 2005). Islet cell inflammation as result of altered immune
activation has since long time been recognized in type 1 diabetes, and now it is
increasingly implicated in the pathogenesis of type 2 diabetes leading to defects in B-
cell secretion (Das and Mukhopadhyay, 2011).

Inflammation and alteration in immune system thus result common underpinning
mechanisms in the pathophysiology of type 1 and type 2 diabetes as well as of their
complications (Agrawal and Kant., 2014).

Macrophage, in particular, is the major source of pro-inflammatory cytokines and
emerges as a key player in the initiation and maintenance of chronic inflammatory
responses in diabetes by programming through the release of IL-12 cytokine T
lymphocytes to develope into Thl cells (Wen et al., 2006). Elevation of systemic
inflammatory mediators was found in patients with type 1 and type 2 diabetes
(Agrawal and Kant, 2014; Davey et al., 2014).

The establishment of a persistent hyperglycaemic state in diabetes causes a series of
physiological dysfunctions in the organism which, over time, turn into very serious
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complications responsible of the high rate of morbidity and mortality in diabetes
sufferers.

These complications are associated to a progressive, dramatic failure and dysfunction
of the vascular system. They are grouped in “macro-vascular complications” and
“micro-vascular complications” depending on the vascular district which is affected.
Macro-vascular complications result from damage to arteries that supply the heart,
brain, and lower extremities and include accelerated cardiovascular disease, peripheral
arterial disease, myocardial infarction, stroke and limb amputation (Hofmann and
Brownlee, 2004; Forbes and Cooper, 2013).

The complications resulting from damage to small blood vessels are grouped as
microvascular complications. Persistent chronic hyperglycemia resulting in the
development of diabetes-specific microvascular complications in the retina, renal
glomerulus, and peripheral nerves are characteristic of all forms of diabetes.
Microvascular complications are classified into retinopathy, nephropathy, and
neuropathy (Davey et al., 2014).

2.3.1 PAINFUL DIABETIC NEUROPATHY

Diabetic neuropathy (DN) is one of the most frequent long-term complications of
diabetes. It affects about 60% of diabetic population and is a source of morbidity and
mortality in diabetic patients (Aslam et al.,, 2014). This type of peripheral nervous
disorder is characterized by a progressive neuronal death, dymyelination and
suppression of the nerve regeneration mechanisms, resulting in an impaired nerve
functioning.

Nerve damage can involve both the autonomic and the sensorimotor divisions of the
nervous system, so every nerve fibre in the body is potentially vulnerable.

Diabetic neuropathic patients typically experience lack of sensibility in areas of the
body and lose the capacity to judge the temperature or sense even painful, with a
consequent impairment of the quality of life. Further, the progressive loss of
innervations can lead to atrophy of essential pedal muscles, resulting in deformities
that predispose the patient to ulceration and in the more severe cases to lower
extremities amputation (Duby et al., 2004). Severity of symptoms increases gradually
over time and correlate with the degree of hyperglycaemia (Han et al., 2013).

There are many types of DN. Depending on the organ systems and the types of nerves
affected and the entity of the nerve damage, which can be diffused or well localized,
diabetic neuropathies are classified in diffuse somatic neuropathy, autonomic
neuropathy and focal neuropathy. Among these, the sensorimotor neuropathy or
distal symmetrical polyneuropathy (DSPN) is the most common form.

DSPN affects both large and small sensory fibres resulting in a mixture of symptoms
and sensory loss. The onset of the neuropathy is usually gradual and insidious and is
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heralded by sensory symptoms that start from the most distal extremities of the limbs
(toes and fingers) and progress proximally in a symmetrical “glove and stocking”
distribution (Tesfaye et al., 2013). The syndrome involves initially the lower limbs.
Approximately 50% of patients with DSPN exhibits neuropathic pain symptoms, which
include uncomfortable tingling in the lower limbs (dysesthesia), spontaneous and
evoked pain and numbness. Unusual sensations such as feeling of swelling of the feet
or severe coldness of the legs when clearly the lower limbs look and feel fine, odd
sensations on walking likened to “walking on pebbles” or “walking on hot sand” are
other characteristic clinical manifestations of the disease (Tesfaye et al., 2013). The
pain is often worse at night and interferes with normal sleep causing tiredness during
the day. The constant unremitting pain negatively impacts on the quality of life of
diabetic patients resulting in form of depressions; in extreme cases patients experience
loss of appetite and body weight known as “diabetic neuropathic cachexia” (Aslam et
al., 2014).

The exact pathophysiology of diabetic neuropathic pain is not fully understood.
However, the abnormalities of pain processing in the peripheral and central nervous
system which are supposed to contribute to the development and maintenance of
neuropathic pain (see chapter 2.2) could be related to hyperglycaemia, as this is the
key metabolic abnormality of diabetes (Aslam et al., 2014).

2.3.2 PATHOGENESIS OF DIABETIC NEUROPATHY

Despite decades of intensive researches, the pathogenesis of the diabetic neuropathy
has not been yet fully elucidated. Hyperglycaemia is considered to be one of the major
pathophysiological determinants of the disease. However, the cause of this syndrome
is more complex than dysregulated glucose levels alone (Han et al., 2013). Several
factors have been postulated to participate in the DN pathogenesis, including
microcirculatory dysfunction, impaired insulin signalling, growth factor deficiency and
inflammation.

All these abnormalities are intertwined through numerous competing or parallel
pathways and are supposed to contribute to a pathological self-perpetuating cycle of
oxidative stress, inflammation and cellular dysfunction ultimately resulting in the
progression of neurovascular disease associated to loss of nerve fibres.

Polyol pathway, advanced glycation end-product (AGE) production, poly-ADP ribose
polymerase (PARP) over activation, protein kinase C (PKC) and altered Na*/K* ATPase
activity are some of the molecular mechanisms underlying DN. (Sandireddy et al.,
2014).
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- HYPERGLYCAEMIA

Prolonged hyperglycaemic state contributes to cell damage and, thus to neuropathy,
through the generation of oxidative stress, as the final result of increased glycolysis,
polyol pathway activity and generation of AGE products. Excess of glycolysis overloads
the mitochondrial electron transport chain promoting the production of reactive
oxygen species (ROS), while the abnormal high rate glucose “flux” through the polyol
pathway leads to NAPDH depletion causing oxidative stress.

Accumulation of reactive oxygen species (ROS) increases lipid, DNA and protein
peroxidation, induces cellular apoptosis, reduces nerve blood flow (NBF) and induces
impairment of vasodilation of epineural blood vessels, which results in ischemia to the
neural tissue. Oxidative stress also leads to deterioration of Schwann cells, which play
a key role as a provider of insulation for neurons, immunologic perineurial blood nerve
barrier, and effector of nerve regeneration (Han et al., 2013).

The production of AGEs can impair cellular function by altering the structure and so
the biological function of essential proteins. Moreover, binding to receptors (RAGE),
they can trigger an inflammatory cascade that involves the activation of MAPK and PKC
pathways and that ultimately generate oxidative stress (Duby et al., 2004).

- IMPAIRED INSULIN SIGNALLING

Insulin is essential for general neuronal function as it promotes neuronal growth and
survival. Insulin receptors are present in DRG sensory neurons and in peripheral axons
sustaining epidermis and a their increase was found after physical injury of peripheral
nerves and in diabetes (Guo et al., 2011).

In diabetic mice, local or intranasal insulin administrations improve sensory nerve fibre
density in the plantar foot pad and mechanical sensation (Francis et al., 2009).

In DMT1 patients, the reduction of C-peptide, marker for pancreatic B-cells
functionality, contributes to nerve dysfunction by reducing the activity of Na*/K"
ATPase and eNOS and the endoneurial blood flow.

Treatment with C-peptide can slow down the progression of neuropathy (Ekberg and
Johansson, 2008). Tight glucose control with insulin supply can also reduce neuropathy
in DMT1 patients. However, the reduction of glucose levels is not enough to block the
vicious cycle of oxidative stress, inflammation and cellular damage triggered by
hyperglycaemia (Han et al., 2013).

- VASCULAR AND GROWTH FACTOR DEFICIENCY

Various studies report a major pathophysiological role of vascular and neurotrophic
supply in diabetic neuropathy.
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Maintaining adequate blood supply to nerves is crucial for maintaining nerve structure
and function (Han et al., 2013). Deficiency in the nerve blood perfusion resulting in
ischemic hypoxia largely contributes to pathogenic mechanisms of diabetic neuropathy
as it determines malnourishment of nerve and thus neuronal dysfunction.

Pathologies of nervous and vascular system are highly intertwined in diabetes. As the
disease progresses, neuronal dysfunctions correlate closely with the development of
vascular abnormalities, such as capillary basement membrane thickening and
endothelial hyperplasia, which contribute to diminished oxygen tension and hypoxia
(Duby et al., 2004). Impaired vasodilation in diabetic epineurial arterioles (caused by
ROS) decreases nerve conduction velocity.

Neurotrophic support has also an important role in diabetic neuropathy. Reduced
neurotrophic supply in experimental diabetes was found to contribute to nerve
malnourishment and neuronal dysfunction (Ekberg and Johansson, 2008).

Many growth factors exert both neurotrophic and angiogenic effects. In ischemic
tissues, VEGF induces angiogenesis by stimulating the proliferation and migration of
endothelial, thus improving tissue ischemia. It also promotes axonal outgrowth and
survival of neurons and Schwann cells in DRG. Like VEGF, IGF induces vessel
remodelling and has neurotrophic effect. It also stimulates Schwann cell mitogenesis
and myelinisation. NGF, a well-known neurotrophic factor, promotes survival and
differentiation of sensory and sympathetic neurons (Han et al., 2013). Moreover it
provides neuroprotective and repair functions. In addition to these neurotrophic
effects, NGF directly induces angiogenesis (Graiani et al., 2004).

- NEUROINFLAMMATION

Oxidative stress in combination with the activation of the classic metabolic pathways
mentioned above, especially the MAPK signalling and the increased production of
AGEs, can directly or indirectly initiate and progress the production of inflammatory
mediators leading to neuroinflammation and thus nerve damage.

Activation of RAGE on microglia and macrophages initiates an inflammatory cascade
through the activation of the transcriptional factor Nf-kB, a potent inducer of the
inflammatory processes (Yan et al., 1994). The activation of this transcriptional factor
results in the up-regulation of genes encoding for pro-inflammatory cytokines (IL-1B,
TNF-a and IL-6) and chemokines, induction of neuronal apoptosis, and suppression of
antioxidant genes with a consequent weakening of the innate antioxidant defence
(Ganesh et al., 2013).

A persistent hyperglycaemic state also induces neuroinflammation by affecting the
structural features of neurons; the glycosylation of myelin proteins alters their
antigenicity and causes the infiltration of monocytes, macrophages, neutrophils from
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the blood circulation as well as the activation of glia cells of the nervous system (King,
2001; Shi et al., 2013).

Moreover, NADP depletion mediate by PPAR overactivation leads to bioenergic failure
driving the cells towards necrosis. This mechanism contributes to neuroinflammation
as the release of cellular debris by necrotic cells determines the recruitment of further
inflammatory cells to injury site which enhance the local inflammatory response
(Szabo, 2003).

Inflammatory cytokines released by either resident or infiltrating cells mediate
damages to myelin sheets and increase nerve excitability leading to edema and
neuroinflammation. Moreover, inflammatory cells have a vicious positive feedback
loop for increasing further production of inflammatory mediators thus potentiating
nerve derangement (Sandireddy et al., 2014).

Hypoxia and ischemia created in diabetes aggravate the neuroinflammation by
inducing iNOS activity, which is responsible for the release of nitric oxide (NO), another
important mediator of inflammation.

2.4 MURINE MODELS OF NEUROPATHIC PAIN

Although intensive researches over the last decades have contributed to make light of
some of molecules, receptors, channels and pathways mainly associated to
pathological pain, a clear comprehension of the mechanisms underlying the
development and maintenance of neuropathic pain is unfortunately still far. Important
advances in the study of neuropathic pain have been achieved using animal models,
excellent systems to simulate the clinical pain conditions observed in human and to
test novel therapeutic agents for contrasting this intractable pain. Even if most of
animal models of neuropathic pain were initially generated in rats as preferred species,
now the majority of pain models have been transposed in mice for the availability of
genetically characterized or manipulated inbred strains in which specific proteins or
signal transduction components have been altered throughout genetic knockout
technology (Colleoni and Sacerdote, 2010).

According to the huge ethiology of human painful neuropathy different types of well-
characterized animal models have been developed over time in order to resemble as
closely as possible the heterogeneity of the pain manifestations.

2.4.1 PERIPHERAL NERVE INJURY MODELS

Many animal models have been created to emulate human painful neuropathy, most
of which are based on surgical procedures at or near the sciatic nerve for ease to
access and its relative large size. Peripheral nerve transection, resection, crushing,
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loose or tight ligation and cryoneurolysis are some of the most widely lesions induced
in animals (Colleoni and Sacerdote, 2010).

Depending on the entity of nerve injury animals develop characteristic neuropathic
behaviours. In neuroma model, a complete sectioning of the sciatic nerve is used to
replicate the human syndromes seen after an amputation (phantom limb) or after
transection in an intact limb (anesthesia dolorosa) (Janicki and Parris, 1997). Following
the injury, a neuroma develops at the proximal nerve stump, consisting of regenerative
nerve sprouting in all direction (Wang and Wang, 2003). The resulting immediate
interruption of nerve conduction causes in animals episodes of self-attack and
mutilation (autotomy) of their denervated limb, that are widely assumed as signs of
chronic spontaneous pain. In this model allodynia and hyperalgesia are not detectable.
Other models are based on the partial nerve lesions and include the chronic
constriction injury (CCl) of sciatic nerve, the sciatic nerve partial ligation (PNS) and the
spinal nerve ligations (SNL). These procedures preserve some innervation functions,
mimicking clinical manifestations that occur after nerve trauma in human, and produce
similar pain behaviours with some variations in the magnitude (Colleoni and
Sacerdote, 2010). Injured animals experience both allodynia and hyperalgesia that are
two specific symptoms of human peripheral neuropathy; on the contrary the presence
of autotomy is restricted to some mouse strains.

The chronic constriction injury procedure is performed through three or four loose
ligatures around the mid-thigh of sciatic nerve and results in intraneural oedema,
which strangulates the nerve, effectively axotomizing many but not all the nerve
axons, Wallerian degeneration and epineural inflammation (Colleoni and Sacerdote,
2010). After surgery, animals exhibit thermal hyperalgesia and allodynia to mechanical
stimuli as signs of spontaneous pain that include guarding, excessive grooming and
limping of ipsilateral hind paw and avoidance of placing weight on the injury side
(Wang and Wang, 2003). Evidence of pain sensation is detected 2 to 7 days after
injury, reaching peak severity in 10-14 days and disappearing in about two months
(Janicki and Parris, 1997).

CCl-induced lesion produces a series of morphological, electrophysiological and
pathological changes around the ligated nerve. In this model the processes of change
are divisible into three phases: a first inflammatory phase characterized by a consistent
inflammatory cell infiltration associated to the disruption of perineurium,
demyelination with phagocytosis and axonal degeneration; a second phase consisting
of axonal sprouting and remyelination processes and a third last phase in which
maturating myelination and interstitial fibrosis lead to a complete recovery of the
damaged area (Bai et al., 1999).

PNS and SNL are two other peripheral nerve injury models largely used to resemble
human causalgia. PNS model is produced in animal trough the ligation of a part, in
general 1/3-1/2, of sciatic nerve thickness, while the SNL consists of unilaterally and
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thigh ligation around L5-L6 spinal nerves. These procedures induce long-lasting
neuropathic behaviours. In comparison to CCl model, painful symptoms following SNL
and PSN surgery persist for at least 4 months, in the case of SNL, and over 7 months for
PSN.

A recent model of neuropathic pain is the spared nerve injury (SNI). This involves a
lesion of two of the three terminal branches of the sciatic nerve, the tibial and the
common peroneal nerves, leaving the remaining sural nerve intact (Decosterd and
Woolf, 2000). Contrarily to CCI, PNS and SNL models, this procedure allows the
comparison of difference in mechanical and thermal sensitivities of non-injured skin
territories adjoining to the denervated areas (Jaggi et al., 2011). Variants of SNI model
are produced through different combinations of nerve transection.

Another technique to produce nerve injury is the sciatic nerve freezing. The sciatic
cryoneurolysis (SCN) model induces a reversible damage of the nerve offering the
opportunity to study the transient nerve injury and the healing process.

Ligation, transection or cryoneurolysis models show little difference in pain behaviours
in the first 7 days after injury (Wang and Wang, 2003).
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Figure 3 \ Time course of the activation of the pro-inflammatory cytokines TNF, IL-13
and IL-6 along somatosensory pathways (sciatic nerve, DRG and spinal cord) after
nerve injury (CCl) in mouse. + indicates a significant increase of mRNA measured in the
nervous tissue at different time points after CCl in comparison to sham operated
animals — indicates no significant difference is present in comparison to sham operated
animals. Figure taken from Sacerdote et al., 2013.
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2.4.2 MODELS OF DIABETES-INDUCED PERIPHERAL NEUROPATHIC PAIN

Peripheral painful neuropathy often occurs as a consequence of metabolic (diabetes),
viral (Herpes Zoster and HIV infection) and autoimmune (multiple sclerosis) diseases.
Among these conditions, diabetes is the most frequent cause of neuropathic pain
development.

Experimental models of diabetes exhibit behavioural responses similar to those
present in diabetic neuropathic patients, including spontaneous pain, decrease in
mechanical nociceptive thresholds and/or hypoalgesia characterized by decreased
responses to mechanical and thermal stimuli (Colleoni and Sacerdote, 2010).

Murine models of diabetes are either chemically-induced or genetically determined.
The induction of experimental diabetes using chemicals which selectively destroy
pancreatic P-cells is the most commonly model used for the study of peripheral
diabetic neuropathy (PDN).

Alloxan and streptozotocin (STZ), cytotoxic glucose analogues, are the most prominent
diabetogenic chemicals in diabetes research (Lenzen, 2008). Both toxins selectively
accumulate into B-cells via glucose transporter GLUT2. Although their cytotoxicity is
achieved via different pathways, by the generation of reactive oxygen species in the
case of alloxan and through DNA alkylation for streptozotocin, these chemicals
produce severe DNA changes leading to a rapid destruction of B-cells with a
consequent deficit in insulin production and rapid development of hyperglycaemia
(Szkudelski, 2001).

In STZ-induced diabetic neuropathy model, single or repeated administrations of STZ
produce in mice long-lasting thermal and mechanical hyperalgesia and cold, thermal
and mechanical allodynia (Morita et al., 2008; Vareniuk et al., 2008). The main reason
of STZ-induced B-cell death is the alkylation of the DNA (Elsner et al., 2002). Following
its uptake into the B-cells, streptozotocin is split into its glucose and methylnitrosourea
moiety and methyl groups are transferred from streptozotocin to the DNA molecule
causing a damage, which ultimately results in the fragmentation of the DNA (Lenzen,
2008).

The metabolism of STZ occurring inside B-cells liberates also a toxic amount of nitric
oxide (NO), which inhibiting aconitase enzyme activity induces a restriction of
mitochondrial ATP production. (Welsh and Sandler, 1994).

Moreover, STZ-induced DNA damage activates the poly (ADP-ribose) polymerase
(PARP). Its overstimulation leads to consumption of cellular NAD+ and further
reduction of the ATP content (Heller et al., 1994; Lenzen, 2008). The depletion of the
cellular energy stores ultimately results in B-cell necrosis with a subsequent inhibition
of insulin synthesis and secretion (Nukatsuka et al., 1990). Protein glycosylation may
be an additional damaging factor (Konrad and Kudlow, 2002). Depending on the choice
of the experimental protocol STZ-induced diabetes involves different pathological
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pathways. Direct B-cell toxicity is exerted by intraperitoneal (i.p.) injection of STZ (180-
200 mg/kg bw), whereas i.p. injections of multiple low doses (40 mg/kg on five
consecutive days) induce subtoxic effects on P-cell, leading to slow progressive
hyperglycaemia, accompanied by lymphocytic infiltration of pancreatic islets, which
resembles type 1 diabetes in human patients (Homs et al., 2011).

Due to the selectively for the glucose transporter GLUT2, STZ induces toxic effects also
on other organs expressing this transporter, particularly kidney and liver. As result
animals exhibit over time a progressive deterioration of their general condition.

Most studies on the etiopathogenesis of type 1 diabetes (T1D) have focused on the
non-obese diabetic (NOD) mouse model, which shares many genetic and
immunological disease characteristics with human T1D (In’t Veld, 2014). In this model
spontaneous development of the autoimmune diabetes involves a long-term
inflammatory process. Similarly to diabetic patients, in NOD mice neuropathic
symptoms, including hyperalgesia, appear during the early inflammatory stage of the
disease and precede the onset of an evident hyperglycaemic state (Colleoni and
Sacerdote, 2010). Other animal models that exhibit long-term complications of
diabetes include transgenic insulin resistant ob/ob and db/db mice. These animals
develop obesity and type 2 diabetes as a result of spontaneous genetic mutations that
cause a decrease in functional leptin (ob/ob) or its receptor (db/db) (Colleoni and
Sacerdote, 2010).

2.5 THE PROKINETICIN SYSTEM

Prokineticins (PKs) are a family of secreted peptides highly preserved throughout
evolution, from invertebrates (crayfish, shrimp) to various species of mammals,
including human.

The first members of this family to be identified were VRPA or MIT1, a non-toxic
constituent of the venom of the black Mamba snake (Joubert and Strydom, 1980) and
Bv8 a small basic protein of 8 kDa isolated from the skin secretion of the frog Bombina
variegata (8 kDa) (Mollay et al.,, 1999). Bv8-like proteins were subsequently
recognized in skin secretion of other amphibians, in reptiles, fishes and mammals. In
mammals two Bv8 homologs were identified: the prokineticin 1 (PK1 or endocrine
gland-derived vascular endothelial growth factor, EG-VEGF) and the prokineticin 2 (PK2
or mammalian-Bv8) (Negri et al., 2007).

Prokineticins are involved in a large spectrum of functions in the organism. They were
originally determined as potent agents mediating gut motility in the digestive system,
but were later shown to promote angiogenesis in steroidogenic glands, hearth and
reproductive organs (Ngan and Tam, 2008). Moreover over the last decades it was
demonstrated that numerous other biological activities are associated to prokineticins,
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such as neurogenesis, circadian rhythms, nociception, hematopoiesis as well as
inflammatory and immunomodulatory processes (Negri et al., 2007). In addition, these
proteins are implicated in pathologies affecting the reproductive and nervous system,
cardiomyopathy and tumorigenesis (Ngan and Tam, 2008).

2.5.1 PROKINETICINS AND PROKINETICIN RECEPTORS: gene sequence,
protein structure and anatomical localization

Mammalian prokineticins PK1 and PK2 are encoded by distinct genes at different
localization. PROK1 gene maps to regions of human chromosome 1p21.1 and mouse
chromosome 3 and is organized in three exons encoding a mature form of 86
aminoacids (LeCouter et al., 2003a; Lin et al., 2002b), whereas PROK2 gene is located
on human chromosome 3p21.1 and mouse chromosome 6 (Jilek et al., 2000) and
consists of four exons which give rise to two mature proteins: PK2 of 81 aminoacids
and a splice variant with 21 additional basic aminoacids called PK2L of 102 aminoacids,
which is known to be processed by protease cleavage into a smaller active peptide
called PK2LB (Chen et al., 2005). However, the biological function of the long isoform
PK2L and PK2LP has not yet been elucidated.

The genomic organization of PK1 and PK2 is similar. The first exon encodes for 19
residues and the first five aminoacids of the mature proteins corresponding to signal
peptide and the conserved AVITGA sequence domain, respectively. The second
encodes 42 aminoacids, including 6 of the ten cysteins characterizing the mature form
of the proteins, while the third exon, which is absent in the genomic structure of PK1,
encodes the 21 aminoacids insert that is instead present in an alternative mRNA of
PK2. The remaining 34 aminoacids are encoded by last exon and include 4 of the ten
cysteines of the secreted proteins (Negri et al., 2007; Martin et al., 2011).

Prokineticins and Bv8-related peptides share an elevated structural identity,
particularly in the N-terminal and central regions. All these proteins in fact exhibit an
identical amino terminal sequence, AVITGA (Ala, Val, lle, Thr, Gly, Ala), which is critical
for receptor recognition and the biological activity (Bullock et al., 2004; Negri et al.,
2005).

The presence of this distinctive preserved domain led Kaser et al. to define them the
“AVIT proteins” in order to group in a unique family (AVIT family) the prokineticins and
their non-mammalian orthologs.

The N-terminal hexapeptide sequence is essential for the function of PK2. Deletions,
insertions and substitution mutations (Bullock et al., 2004), as well as proteolytic
fragmentation of the conserved domain (Negri et al., 2005), result in partial or
complete loss of the biological activity.
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Another common features of these proteins are the presence of ten cysteine residues
with identical spacing (Kaser et al., 2003) and a tryptophan residue in position 24
(Trp24).

The ten cysteines form five disulphide bridges conferring to the molecules a stable and
compact three-dimensional structure highly resistant to protease degradation (Kaser
et al., 2003). The N- and C- ends as well as some hydrophobic residues, including
Trp24, are exposed on the surface, whereas the more charged residues are buried
inside the molecules (Boisbouvier et al., 1998). One side of the roughly ellipsoid
proteins has a positive net charge, whereas the opposite side is hydrophobic (Kaser et
al., 2003).

PK1 and PK2 were identified in an impressive array of organs including brain, ovary,
testis, placenta, adrenal cortex, intestinal tract, hearth and bone marrow (Ngan and
Tam, 2008; Negri et al., 2009). Lymphoid organs, peripheral blood cells, synoviocytes
and dendritic cells also constitutively express moderate levels of prokineticins
(LeCouter et al., 2004; Martucci et al., 2006; Franchi et al., 2008).

PK1 is predominantly expressed in steroidogenic organs (LeCouter et al, 2001) whereas
PK2 is mainly (but not exclusively) expressed in the central nervous system and non-
steroidgenic cells of testis (Ferrara et al, 2004; Cheng et al., 2005).

Contrary to low expression of PK1 detected in brain, PK2 is abundantly expressed in
this organ, particularly in suprachiasmatic nucleus and the olfactory bulb (Cheng at al.,
2002; Ng et al., 2005). Almost simultaneously with the discovery of the prokineticins,
three independent research groups identified in mammals two closely related G
protein receptors for Bv8/PKs, prokineticin receptor 1 (PKR1) and prokineticin receptor
2 (PKR2) (Lin et al., 2002a; Masuda et al., 2002; Soga et al., 2002). Prokineticin
receptors belong to the neuropeptide Y (NPY) receptor class, have an overall identity in
their aminoacid sequences of 85% with most differences at the N-terminal and are
about 80% identical to the previously described mouse orphan receptor gpr73 (Parker
et al., 2000). The gene encoding for PKR1 maps to human chromosome region 2q14
and mouse chromosome 6, while that for PKR2 is located on human chromosome
region 20p13 and mouse chromosome 2 (Kaser et al., 2003).

Data obtained from binding experiments on cell membranes exogenously transfected
with PKR1 and PKR2 revealed a general non-selectivity of all prokineticins for either
receptors, except MIT-1 and PK2Lp that display a clear selectively for PKR2 and PKR1,
respectively (Negri et al., 2007). The affinity of PK1 and PK2 for their receptors are in
similar range, although PK2 displays a moderately higher affinity for both receptors:
the Ky (nM) values for PK1 and PK2 binding to PKR1 are 12.3 + 4.2 and 1.4 £ 0.5,
respectively, the Ky (nM) values for PK1 and PK2 binding to PKR2 are 1.8 + 0.1 and 2.0 +
0.7, respectively (Lin et al., 2002a; Soga et al., 2002; Cheng et al., 2005; Maldonato-
Perez et al., 2007).
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All prokineticins activate PKR1 and PKR2 in the nanomolar concentrations. PKRs
activation produce a variety of downstream signalling events which ultimately result in
proliferation, anti-apoptosis, differentiation and migration/mobilization of the target
cells in various systems (Kaser et., 2003; Maldonado-Perez et al., 2007; Ngan and Tam,
2008). Multiple intracellular pathways are triggered by PKRs. One of the major
signalling mechanisms is the intracellular calcium mobilization via protein G4 activation.
PKRs/G, interaction by activating phospholipase CB (PLCB) promotes the formation of
inositol triphosphate and the consequent calcium release from intracellular stores
leading to altered cell activity (Lin et al., 2002b).

Intracellular calcium stimulation also activates the calcineurin pathway, which induces
dephosphorylation of the transcription factor, NFAT (nuclear factor of activated T
cells), followed by nuclear translocation of NFAT and regulation of gene transcription
(Maldonado-Perez et al., 2009; Cook et al.,, 2010). In the dorsal root ganglion PKRs
increase intracellular calcium current carried by the transient receptor potential
vanilloid 1 channel (TRPV1) via a pathway involving the activation of protein kinase C
(PKC) (Vellani et al., 2006). Crosstalk between the glial cell line-derived neurotrophic
factor (GDNF)/Ret, TRPV1 and prokineticin signalling has also been reported (Hu et al.,
2006; Ngam and Tam, 2008).

Moreover, coupling to G; (especially PKR2) and G proteins, PKRs mediate the
phosphorylation of p44/p42 mitogen-activated protein kinase (MAPK),
serine/threonine kinase Akt and cAMP accumulation, respectively (Chen et al., 2005).
PKRs are widely distributed in the organism and frequently, tissues with high levels of
PKR1 exhibit low to detectable levels of PKR2 and vice versa (Martin et al., 2011).

PKR1 is mainly, but not exclusively, diffused in the peripheral tissues including those of
the endocrine system, gastrointestinal tract, lungs, hearth, blood cells and
reproductive organs, while PKR2 is abundantly expressed in discrete nuclei of the
central nervous system, particularly in the hypothalamus, the olfactory ventricular
regions, the limbic system and thalamic areas (Negri et al., 2007; Cheng et., 2002;
Cheng et al., 2006). PKRs expression has been also reported in endocrine and
peripheral organs such as pituitary and thyroid glands, testis and ovary (Soga et al.,
2002; Martin et al., 2011). In CNS, PKR2 is prevalently expressed in neurons, whereas
PKR1 is mostly expressed in glia cells, as indicate by analysis on primary cultured
neurons, astrocytes and microglia prepared from mouse cerebrum (Koyama et al.,
2006).

The distinct expression patterns of the receptors and ligands gives reasons for the
large spectrum of biological activities exerted by prokineticins. Differential G-protein
expression pattern and multiple G-protein coupling of the receptors furthermore
increase the functional complexity of the system (Ngam and Tam, 2008).
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Figure 4 | Prokineticin signalling. Figure taken from Ngan and Tam, 2008.

2.5.2 BIOLOGICAL FUNCTIONS OF PROKINETICINS

o Gastro-intestinal motility

Prokineticins are firstly identified in the gastrointestinal tract as endogenous
regulatory agents mediating gastrointestinal motility by their ability to contract
isolated guinea pig ileum and promote relaxation of colon (Li et al., 2001).

The role of PKs in gastric and colon contractility was later demonstrated also in
rodents. In murine proximal colon PK1 was found to suppress spontaneous giant
contractions of the circular muscle via the release of nitric oxide (Hoogerwerf,
2006). In another study, PK2 was claimed as potential therapeutic to increase post-
operative gastric and intestinal motility (Lewis, 2004).

o Neurogenesis

PK2 and PKR2 are widely expressed in CNS. In situ hybridization studies have
demonstrated the presence of PK2 in layer Il of the cerebral cortex, in dorsal and
ventral hippocampus and in cerebellar cortex of brain rodents. PK2 expression was
also observed in the olfactory bulb (OB), a region where neurogenesis persists also
in adulthood (Melchiorri et al., 2001).

Expression analysis for prokineticin receptors in rodents at various ages has
furthermore shown differential anatomical and temporal localization of PKRs
within the CNS. One day after birth PKR2 is strongly expressed in the olfactory
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bulb, neuroepithelium, striatum, hippocampus, thalamic and hypothalamic areas,
amygdala and cortex of rat, whereas PKR1 expression is restricted in the cortex; in
the brain of adult rat only PKR2 is still expressed. Both receptors are instead highly
expressed in adult DRGs (Negri et al., 2006).

PK2 was found to stimulate neuronal survival in primary cultures of cerebellar
granule cells and protect cultured cortical neurons against excitotoxic death via
ERK and Akt pathways activation (Melchiorri et al., 2001). Moreover, in the
olfactory bulb PK2 functions as a chemoattractant inducing the migration of
subventricular zone-derived neuronal progenitors and regulating OB
morphogenesis (Ng et al., 2005).

Genetic studies demonstrated that PK2/PKR2 signalling pair has a critical role in the
development of olfactory bulb. PK2 and PKR2 deficient mice display hypoplasia and
defects in the architecture of OB (Matsumoto et al., 2006; Negri et al., 2007). PKR2
null mice also show severe atrophy of the reproductive system, pathological
change which resembles the clinical manifestations of Kallmann syndrome, human
developmental disease characterized by hypogonadotropic hypogonadism,
ascribed to the lack of gonadotropin-releasing hormone neurons, and anosmia,
related to defective olfactory bulb (Matsumoto et al., 2006).

o Circadian rhythm regulation

The suprachiasmatic nucleus (SCN) of the hypothalamus is the primary mammalian
circadian clock that drives daily rhythms of diverse physiological functions and
behaviours, including the sleep/wake cycle, blood pressure and energy metabolism
(Reppert and Weaver, 2002).

Mapping the distribution of prokineticins and cognate receptors in mouse brain
has revealed that PK2 and PKR2 are abundantly expressed in SNC indicating a
potential regulator function for PK2/PKR2 signalling in the circadian clock.
Prokineticins levels in SCN display dramatic circadian rhythmicity under light/dark;
hypothalamic PK2 mRNA is high during the day, while very low levels are detected
in the dark phase (Cheng et al., 2002). Moreover, high levels of PKR2 are detected
in the dorsal medial nucleus (DMN), and the paraventricular thalamic nuclei (PVT),
brain structures known to regulate circadian activity. Contrarily to PK2 expression,
the levels of PKR2 show no significant diurnal alteration (Matsumoto et al., 2006).
The involvement of the PKs system in circadian rhythms regulation is supported by
studies performed in transgenic animal models. It was in fact demonstrated that
PK2-deficient mice exhibit reduced rhythmicity for a variety of physiological and
behaviour parameters, including sleep/wake cycle, activity, body temperature,
circulating glucocorticoid, glucose levels and the expression of peripheral clock
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genes (Li et al., 2006). PKR2 disruption also results in similarly damped circadian
rhythms in locomotor activity and body temperature (Prosser et al., 2007).

Mood disorders are known to be linked to disrupted circadian rhythm. In rodents,
intracerebroventricular injection of PK2 results in increased anxiety-like behaviour,
whereas PK2-deficient mice display reduced anxiety and depression-like
behaviours (Martin et al., 2011).

o Angiogenesis, reproductive system and tumorigenesis

The angiogenic activity of prokineticins is well documented. PK1, also known as
endocrine gland-derived vascular endothelial growth factor (EG-VEGF) for its
selective angiogenic effect on endocrine glands, was found to promote
angiogenesis in the ovary (LeCouter et al., 2001) and testis (LeCouter et al., 2003b)
and induce proliferation, migration and fenestration of endothelial cells derived
from adrenal glands (LeCouter et al., 2001). Moreover, the presence of PK1 on
mouse epithelial tubule cells and liver hepatocytes and the restricted expression of
PKR2 on endothelial cells, suggested the hypothesis that PK1 also functions as a
paracrine growth and survival factor for kidney and liver endothelial cells (LeCouter
et al, 2003b; Ferrara et al., 2004).

Both PK1 and PK2 mediate vascular effects through the activation of PKRs widely
expressed in endothelial cells from different tissue vasculatures. The activation of
PKR1 enhances cell survival and proliferation while PKR2 is mostly implicated in
regulating endothelial cell permeability (LeCouter et al., 2003a; Lin et al., 2002b;
Kisliouk et al., 2003).

PK2/PKR1 pair signalling not only promotes the growth of capillary endothelia, but
also modulates the cardiomyocyte survival, inducing vessel-like formation and
protecting cardiac cells against oxidative stress (Urayama et al., 2007).

PKs and PKRs are predominantly expressed in reproductive system. Testis and
placenta are the sites with the highest levels of prokineticins. PK1 expression is
restricted to the testosterone producing Leyding cells and believed to promote the
interstitial angiogenesis to support testicular endocrine activity of testis
(Maldonato-Perez et al., 2007), while PK2 is highly expressed only in the primary
spermatocytes (Wechselberger et al., 1999; LeCouter et al., 2003b).

In human female reproductive organs PK2 is practically absent (Ferrara et al.,
2004). On the contrary a strong expression of PK1 was found in the endocrine
component of placenta, the syncytiotrophoblast layer, where PK1 could act as a
novel placental growth factor for trophoblast differentiation (Maldonato-Perez et
al., 2007). PK1 is also present in the ovary showing a dynamic pattern of expression
during the ovulatory cycle and pregnancy (Ferrara et al., 2004). In addition, in
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uterus PK1 was found to facilitate implantation by increasing microvascular
permeability of the endometrium (Ngam et al., 2006).

On the other hand, aberrant PKs signalling results in hyperplasia and
hypervascularity in various tissues and is associated to the development of
polycystic ovarian syndrome, neuroblastoma, colorectal, prostate and testicular
cancers (Maldonato-Perez et al., 2007; Ngam and Tam, 2008). Clear evidences also
indicate a potent role of PK2 released by infiltrating myeloid cells in promoting
tumor angiogenesis (Shojaei et al., 2007).

2.5.2.1 ROLE OF PROKINETICINS IN PAIN

PK2 is the key regulator of different biological events in the nervous system including
neurogenesis and circadian rhythms, as previously mentioned, and pain processing.
PK2 enhances pain sensitivity through the activation of PKR1 and PKR2, widely
expressed in anatomical stations associated to pain transmission, such as dorsal root
ganglion (DRG), outer layers of the dorsal horns of spinal cord and in the peripheral
terminals of nociceptor axons, as well as in cells participating to immune and
inflammatory responses (Negri et al., 2006; Negri and Lattanzi, 2012).

The involvement of the PKs system in nociception was suggested by the observations
that intraplantar injections of very low doses of PK2 in rodents caused strong and
localized hyperalgesia by decreasing nociceptive thresholds to thermal and mechanical
stimuli (Mollay et al., 1999; Negri et al., 2002).

It was also demonstrated that PK2 produced a biphasic hyperalgesia to tactile and
thermal stimuli when administered in rats by systemic routes. The first hyperalgesic
peak was attributed to a local action of PK2 on nociceptors, because PK2 injected
intraplantary induced hyperalgesia with a similar time course to that of the initial
phase of hyperalgesia seen with systemic injection, while the second phase of
hyperalgesia probably results from a central action of PK2 as it is not seen with the
local intraplantar injections. (Negri et al., 2002; Vellani et al., 2006).

PK2 was found to promote central sensitization enhancing the release of mediators
implicated in pain processing as Calcitonin-Gene Related Peptide (CGRP) and substance
P (SP). PK2-responding neurones contain and release CGRP and SP upon exposure to
PK2. Moreover, i.t. injection of PK2 in rats results in an up-regulation of CGRP and SP
immunoreactivity in lumbar dorsal horn and in DRG (DeFelice et al, 2012).

PKR1 and PKR2 are highly expressed in DRG neurons. In vitro culture of rats DRG
neurons showed that PK2 significantly lowers the nociceptive thresholds to a broad
spectrum of physical and chemical stimuli and subsequent studies showed the ability
of PK2 to induce nociceptor sensitization through the modulation of TRPV1, channel
notoriously involved in pain transmission (Negri et al., 2006; Vellani et al., 2006).
Functional assay revealed in fact that PK2 dose-dependently mobilize intracellular
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calcium promoting the translocation of PKCe from cytoplasm to neuronal membrane,
which activation is responsible for the phosphorylation and the consequent
sensitization of TRPV1 (Numazaki et al., 2002).

These functional studies are consistent with results of colocalization experiments
indicating that the majority of PKR1-positive DRG neurons express TRPV1 (Hu et al.,
2006). The critical role of TRPV1 in the downstream signalling of PKR1 in pain
perception is further supported by the reduced response of TRPV1 deficient mice to
PK2 (Negri et al., 2006; Zhou et al., 2006).

A possible involvement of PKs system in central modulation of pain is documented by
DeNovellis and co-workers. This study reports that intra-periaqueductal grey (PAG)
administration of PK2 exerts a pro-nociceptive action increasing the intrinsic
GABAergic tone which, in turn, is responsible for the inhibition of PAG anti-nociceptive
output neurons impinging on RVM neurons (DeNovellis et al., 2007).

Recently it was also highlighted a crucial role for PK2 in mediating inflammatory
hyperalgesia (Giannini et al, 2009). In animal model of inflammatory pain induced by
complete Freund’s adjuvant (CFA), a strongly increase of PK2 in granulocytes and
macrophages correlates with the development and duration of pain.

Evidence for a direct involvement of PKs/PKRs pair signalling in modulating pain
processing also comes from studies in PK2-, PKR1- or PKR2- deficient mice (Negri et al.,
2006; Hu et al.,, 2006). Animals lacking the PKRs or PK2 exhibit impaired pain
perception to various stimuli, including noxious heat, mechanical stimuli and capsaicin.
PKR1-deficient mice also display an impaired development of hyperalgesia after tissue
injury.

2.5.2.2 FUNCTION OF PROKINETICINS IN IMMUNE SYSTEM

In human and mouse, hematopoietic stem cells, lymphoid organs, and peripheral
blood cells (peripheral leucocytes, neutrophils, dendritic cells and monocytes) as well
as resident organs immune cells constitutively express moderate levels of prokineticins
and their receptors (LeCouter et al., 2004; Dorsch et al., 2005).

Coupling to cognate receptors, prokineticin 2 was found to modulate growth, survival
and cell function of both innate and adaptive immune system. The involvement of the
PKs system in haematopoiesis and in regulatory processes associated to inflammatory
and immune responses is reported in numerous studies (LeCouter et al., 2004).

It was demonstrated that PK1 supports the differentiation of mouse and human bone
marrow cells into monocyte/macrophage lineage (Dorsch et al., 2005), and a similar
effect of PK2 was observed on monocyte lineage (LeCouter et al., 2004).

Moreover, prokineticins were shown to regulate the functioning of immune cells. PK1
and PK2 are in fact highly expressed on mature blood cells types. PK2 expression is
particularly associated to monocytes, neutrophils and dendritic cells, and this protein is
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released in large quantity by neutrophils at site on inflammation where it stimulates
migration of monocytes (LeCouter et al., 2004).

PK1 promotes monocyte activation inducing changes in cell morphology and
expression levels of cytokines or cytokines receptors (Dorsch et al., 2005), while PK2
was found to modulate murine macrophage and spleen lymphocyte activity affecting
both innate and acquired immunity functioning (Martucci et al., 2006; Franchi et al.,
2008). In particular, our group reported the ability of PK2 to induce macrophage
migration at very low concentrations and to acquire a pro-inflammatory phenotype
significantly increasing the LPS-induced production of the pro-inflammatory cytokines
IL-1B and IL-12, while decreasing that of anti-inflammatory cytokine IL-10 (Martucci et
al. 2006). PK2 also influences T lymphocyte population skewing the Th1/Th2 balance
towards a Thl response (Franchi et al., 2008).

All these effects are exquisitely mediate by the activation of PKR1 because they lack in
macrophages and spleen lymphocytes from PKR1 deficient mouse, revealing a pivotal
role of this receptor in the regulation of immune response (Martucci et al., 2006;
Franchi et al., 2008).

Very little is known about the regulation of prokineticin and prokineticin receptors
within immune cells (Monnier and Samson, 2008). However, PK2 transcription was
recently shown to be positively regulated in CD11b+Grl+ bone marrow-derived cells
(i.e. neutrophils and cells of the macrophage lineage), specifically by granulocyte
colony-stimulating factor (G-CSF) (Shojaei et al., 2007).

It has also been shown that human monocytes exposed to PK2 induced extracellular
signal-regulated kinase phosphorylation that was abolished by pertussis toxin,
suggesting involvement of the G; protein signaling pathway (LeCouter et al., 2004).
Interestingly, in mouse macrophages, it seems that pertussis toxin was unable to block
the actions of PK2, but rather inhibition of the G4 protein pathway blocked the
secretion of cytokines mediated by PK2 (Martucci et al., 2006).

Prokineticins were also found to be involved in inflammatory diseases and tumours.
Expression analysis revealed high levels of PK1 in rheumatoid arthritis synoviocytes
(Dorsch et al., 2005) and PK1 transcripts were also detected in tumor-infiltrating T
lymphocytes in ovarian carcinoma (Kisliouk et al., 2007).

PK2 is particularly overexpressed in inflamed appendix and tonsil associated with
infiltrating cells. It was also clearly demonstrated a role of PK2 in mediating
inflammatory hyperalgesia induced by CFA injection (Giannini et al., 2009). From this
study also results a clear involvement of both PKRs in inflammatory pain as in mice
lacking PKR1 or PKR2 a significant less inflammation-induced hyperalgesia was
observed in comparison with WT mice. However, the inflammation-induced up-
regulation of PK2 was significantly less in PKR1 deficient mice than in WT and PKR2
null mice, once again demonstrating a specific involvement of PKR1 in setting the
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enhanced PK2 levels during inflammation (Giannini et al., 2009; Negri and Lattanzi,
2011).

It was supposed that the activation of PKR1 present on granulocytes and macrophages
by PK2 released at the site of inflammation could promote their recruitment (Martucci
et al., 2006) and survival by paracrine and autocrine mechanisms, directly or
synergizing with G-CSF (Shojaei et al., 2007; LeCouter et al., 2004).

2.5.3 PROKINETICIN RECEPTOR ANTAGONISTS

Considering the involvement of the PKs system as peripheral and central modulator in
a wide spectrum of biological functions and pathological conditions in various tissues,
the development of effective PKR antagonists may be useful in the treatment of
various disease states.

Interestingly PK2 was found to be a potent pro-nociceptive/pro-inflammatory agents
regulating pain processing. It follows that the antagonism of PKs signalling could also
represent a novel promising approach to control different kinds of pain.

The identification of the structural determinants required for receptor binding and
hyperalgesic activity of PKs is mandatory for the design of PKR antagonists (Balboni et
al., 2008). As previously described, the highly conserved amino terminal sequence
AVITGA and the tryptophan (Trp) residue in position 24 in all members of the PKs
family are essential for their biological activity.

As suggested by Miele et co-workers, AVIT proteins could interact with PKRs by
orienting the protein region that comprises the AVITGA sequence and the conserved
Trp24 (Miele et al., 2010). Moreover, it was demonstrated that deletions and
substitutions in these conserved residues produce antagonist molecules (Bullock et al.,
2004; Negri et al., 2005).

The N-terminal deletion of the first two amino acids alanine and valine in Bv8 molecule
(dAV-Bv8), yields an analogue lacking any biological activity but still able to bind the
receptors acting as PKR antagonist in vitro and in vivo (Negri et al., 2005). The
substitution of Trp with Ala in position 24 produces another antagonist-like protein, A-
24, which, preferentially binding PKR2, was found to exert a long-lasting anti-
hyperalgesic effect in animal models of postsurgical and inflammatory pain (Lattanzi et
al., 2012). However, the big size of these peptides makes difficult and expensive their
use for clinical therapy.

Recently, new promising non-peptidic PKR antagonists, triazine-guanidine derivates,
have been synthetized and developed.

The “lead compound” of triazine antagonists is the molecule named PC1. PC1 mimics
the structural features required for PKRs binding; the triazine-guanidine moiety of the
molecule mimics the N-terminal AVIT sequence, whereas the methoxybenzyl moiety is
oriented as the tryptophan residue in position 24 (Balboni et al., 2008).
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Figure 5| PC1 chemical structure.
Red circle indicates triazine group.

Results from binding assay demonstrated that PC1 is a PKR1-preferring ligand. This
molecule displays in fact an affinity about 70-fold higher for PKR1 (Ki=22 nM) than for
PKR2 (Ki=1610 nM).

In vitro studies revealed a clear antagonist activity of PC1 as it was found to inhibit
Bv8-induced intracellular calcium mobilization in PKR1- and PKR2-transfected CHO
cells (Balboni et al., 2008). In vivo studies furthermore demonstrated the efficacy of
PC1 to selectively antagonize Bv8-induced hyperalgesia and capsaicin-induced thermal
hypersensitivity, suggesting that it may prevent activation of PKRs and TRPV1 by their
endogenous ligands (Negri and Lattanzi, 2012).

In CFA-induced inflammatory pain model, systemic injections of PC1 (from 20 to 150
ug/kg, s.c.) reduced hyperalgesia in dose-dependent manner, completely abolishing it
at the dose of 150 pg/kg (Giannini et al., 2009).
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In the last years it has been recognized that cytokines and chemokines are potent
neuromodulators involved in neuroinflammation at different anatomical locations,
including peripheral injured nerve, DRGs, spinal cord and brain and contribute to
chronic pain processing (Abbadie et al., 2009; Gao and Ji, 2010). In the pathological
and complex network between neuronal and non-neuronal cells along the way of pain
transmission, increasing evidences now suggest also a possible implication of a
recently discovered family of chemokine-like proteins, the prokineticins (PKs).
Prokineticin 2 (PK2) belongs to this new family of chemokines and was found to have a
pivotal role in pain transmission and immunomodulation acting on its receptors PKR1
and PKR2 widely distributed in the central nervous system, DRG neurons and in cells
participating to immune and inflammatory response (Negri et al., 2007).

PK2 is especially active in lowering pain threshold and displays a major role in
triggering inflammatory pain (Negri et al., 2006; Giannini et al., 2009); it is involved in
neuronal sensitization through co-operative interaction with TRPV1 channels in DRGs
and promotes the release of neuromediators implicated in pain processing as CGRP
and substance P (DeFelice et al., 2012). In addition, PK2 has a role in regulating the
immune response. The stimulation of PKR1 induces a pro-inflammatory phenotype of
the macrophage, activating this cell to migrate and produce pro-inflammatory
cytokines; PK2 also induces the shift towards a Th1 profile in lymphocytes (Martucci et
al., 2006; Franchi et al., 2008).

Considering that PKR1 and PKR2 as well as PK2 are expressed in neurons, glia and
immune cells and that this system is involved in nociception and immunoregulation,
PK2/PKR pair might exerts a critical role in chronic pain transmission (Koyama et al.,
2006).

On these premises, the aim of my PhD project was to investigate the role of the PKs
system in the development of neuropathic pain in order to identify new targets for the
development of novel modality to control this kind of pain.

The involvement of this system was investigated in two widely accepted mouse models
of neuropathic pain, i.e. a mononeuropathy induced by the chronic constriction injury
(CCl) of sciatic nerve and a diabetic polyneuropathy induced by the injection of a
pancreatic 3 cell toxin, streptozotocin (STZ).

In order to understand if PK2, PKR1 and PKR2 activities were necessary for the onset,
maintenance or resolution of neuropathic pain, mice were chronically treated with the
PKR antagonist PC1, which was proved to be effective in inflammatory pain treatment
(Giannini et al., 2009). Different approaches and complementary methods
(behavioural, biochemical and hystochemical analysis) were used to prove the
existence of a correlation between the presence of pain symptoms and the activation
of the prokineticin system.

The CCl model was used in the first part of the study in order to characterize the PKs
system in the main anatomical stations associated to neuropathic pain processing. The
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efficacy of PC1 to counteract CCl-induced neuropathic painful symptoms, i.e. thermal
hyperalgesia and mechanical allodynia, was tested and at the end of the chronic
treatment with the antagonist the variations in pain behavior were evaluated and
correlated with (i) the changes in mRNA expression and protein distribution of PK2 and
PKRs in spinal cord and in the sciatic nerve by Real-Time PCR and
immunocytochemistry (ii) the changes in mRNA expression and protein content of the
pro-inflammatory cytokine IL-1B and the anti-inflammatory IL-10 in spinal cord and in
the sciatic nerve by Real-Time and ELISA analysis.

Since one of the major cause of neuropathic pain in human is the presence of diabetes,
the next step was to investigate the role of the PKs system in experimental diabetic
model induced by STZ injection, i.e. the painful peripheral diabetic neuropathy model.
In order to deepen knowledge about the timing of activation and the specific role of
the PKs system in neuropathic pain evolution in this model mice were chronically
treated with the PKR antagonist PC1 at different time points from diabetes induction,
i.e. either when animal exhibited an overt neuropathic pain (therapeutic treatment) or
in mice not already neuropathic (preventive protocol) .

The efficacy of PC1 to counteract STZ-induced neuropathic painful symptoms, i.e.
mechanical allodynia, was tested and at the end of the chronic treatments with the
antagonist the variations in pain behavior were evaluated and correlated with (i) the
changes in mMRNA expression of PK2 and PKRs in spinal cord and in the sciatic nerve by
Real-Time PCR (ii) the changes in protein content of glutamate AMPA and NMDA
receptor subunits in spinal cord by Western blot analysis, and (iii) the changes in mRNA
expression and protein content of the pro-inflammatory cytokine IL-18 and the anti-
inflammatory IL-10 in spinal cord and in the sciatic nerve by Real-Time and ELISA
analysis.

As inflammation and alteration in immune system are known to be underpinning
mechanisms in the pathophysiology of type 1 diabetes as well as of its complications,
including neuroinflammation (Agrawal and Kant, 2014), the efficacy of chronic PC1
treatment to counteract the hyperglycaemic state of animals or to reduce the
peripheral inflammatory component was also investigated, evaluating (i) the blood
glucose concentration and plasmatic insulin levels by using a glucometer and ELISA
method, respectively, (ii) the protein content of the pro-inflammatory cytokine IL-1B
and the anti-inflammatory IL-10 in pancreas by ELISA analysis, and (iii) the functioning
of peripheral immune system by the measurements of cytokine production by
peritoneal macrophages and spleen lymphocytes from diabetic mice treated with
either PC1 or saline, by ELISA.
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4.1 ANIMALS

All experiments were performed in accordance with the Italian Ministry of Health
guidelines (DL 116/92 and DL111/94-B) and the European Community directives
regulating animal research (86/609/EEC). All efforts were made to minimize the
number of animals used and their suffering.

Painful neuropathy was induced in C57BL/6J male mice weighing 20-25 g 9 weeks old
(Harlan Laboratories, Italy). Animals were housed under controlled conditions with
light/dark cycles of 12 hours, temperature of 22 + 2 °C, humidity of 55 + 10%, food and
water ad libitum and were acclimatized to the new environment for at least one week
before being used.

4.2 INDUCTION OF PAINFUL NEUROPATHY

4.2.1 PERIPHERAL NERVE INJURY MODEL

Peripheral painful mononeuropathy was induced in mice according to Chronic
Constriction Injury (CCl) model originally described by Bennet and Xie (1987) for rats.
Mice were anesthetized with sodium pentobarbital (i.p. 60 mg/kg, 0.1 ml/10 g) and an
incision at the level of the right mid thigh, parallel to sciatic nerve, was made. The right
common sciatic nerve was then exposed, separated from surrounding connective
tissue and, taking care to preserve epineural circulation, three ligatures with sutures
thread (4/0 chromic silk, Ethicon, Belgium) were loosely tied around it until a brief
twitch in the respective hind paw was elicited. Ligatures were made upstream of the
nerve trifurcation at about 1.0-2.0 mm of interval spacing one from the other. To avoid
possible local infections, the wound was treated with neomycin (Boehringer Ingelheim,
Italy) and closed with suture thread (3/0 chromic silk, Ethicon, Belgium).
Sham-operated animals, i.e. mice subjected to the same surgery procedure of CCI
animals except that sciatic nerve was not tied, were used as control.

Since it was previously demonstrated that three days after surgery, the nociceptive
thresholds and immune parameters of sham-operated animals were comparable to
values of animals not subjected to any surgical procedure, naive mice were not
included in this study in order to reduce the number of animals used (Sacerdote et al.,
2008).

4.2.2 DIABETES-INDUCED NEUROPATHIC PAIN MODEL

Type 1 diabetes was induced in mice through chemical pancreatectomy by a single
(200 mg/kg, 0.1 ml/10 g) or repeated (MLD, 80 mg/kg for three consecutive days, 0.1
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ml/10 g) administrations of streptozotocin (STZ) (Sigma Aldrich, Italy) intraperitoneally
(i.p.), freshly prepared in citrate buffer 0.1 M, pH 4.55. Control mice were i.p. injected
with citrate buffer (Noh et al., 2013).

The development of diabetes was monitored 7 days after STZ administrations
evaluating the blood glucose levels of each animal. Blood samples were obtained from
a small prick on the caudal vein of the animals and glucose concentration was assessed
using a glucometer (GLUCOCARD G' meter, A. Menarini diagnostics, Italy). Only the
animals with blood glucose values above 250 mg/dl were considered diabetic; mice
with blood glucose values inferior to this concentration were excluded from the study.
Blood glucose levels and mouse body weight were monitored over the entire length of
the experimental studies.

4.3 EXPERIMENTAL DESIGN

Various sets of experiments are performed. Schematic experimental designs used for
the study of the PKs system in neuropathic pain induced by CCl and diabetes are
depicted in figure 6.

4.3.1 TREATMENT

The PKR antagonist PC1, a triazine-guanidine compound (Balboni et al., 2008), was
dissolved in sterile saline solution and used at the dose of 150 pg/kg, a dose which was
clearly demonstrated to be effective in alleviating inflammatory pain (Giannini et al.,
2009). Animals were subcutaneously injected with the PKR antagonist PC1 (0.1 ml/10
g) twice-daily for different consecutive days, depending on experimental animal model
used. Control animals were injected with an equal amount of sterile saline solution.
Mice subjected to CCl surgery were treated with PC1 or saline for 7 days starting from
the third postoperative day, time point corresponding to full painful symptom
development (figure 6, panel A). STZ-treated animals received PC1 or saline
administrations for 14 days starting either 21 days after diabetes induction, when they
were already hyperglycaemic and neuropathic (therapeutic protocol) (figure 6, panel B,
a), or at the same time of STZ administrations (day 0), i.e. when hyperglycaemia and
mechanical allodynia were not yet developed (preventive protocol) (figure 6, panel B,
b).

PERIPHERAL NERVE INJURY (CCI) MODEL

For these studies animals were randomly divided in four groups:
e Sham-false operated animals treated with saline (Sham/saline)
e Sham-false operated animals treated with PC1 (Sham/PC1)
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e CCl animals treated with saline (CCl/saline)
e CCl animals treated with PC1 (CCI/PC1)

DIABETES-INDUCED NEUROPATHIC PAIN (STZ) MODEL

For these studies animals were randomly divided in four groups:
e Control animals treated with saline (CTR/saline)

e Control animals treated with PC1 (CTR/PC1)

e STZ-injected animals treated with saline (STZ/saline)

e STZ-injected animals treated with PC1 (STZ/PC1)

A Beginning of End of
treatment treatment
Chronic Constriction 1 1
Injury 1 1

POSTOPERATIVEDAYS  TO T3 T7 T10

Behavioural tests

a) therapeutic PC1 protocol
Beginning of End of
treatment treatment
STZ administration 1 1
{200 mg/kg or 80 mg/kg x3) 1 1

DAYS AFTER DIABETES INDUCTION ~ TO T7 T14 T21 T28 T35

Behavioural tests

b) preventive PC1 protocol

Beginning of End of
treatment treatment
STZ administration 1
(80 mg/ke x3) !
DAYS AFTER DIABETES INDUCTION ~ TO T7 T14

Behavioural tests

c) therapeutic PC1 treatment suspension protocol

Beginning of End of
treatment treatment
STZ administration 1 1
(80 mg/ke x3) 1 1

DAYS AFTER DIABETES INDUCTION ~ TO T7 Ti4 T21 T28 T35 T42 T49

Behavioural tests

Figure 6- Experimental protocol schema. (A) therapeutic protocol used in peripheral nerve injury

model; (B) therapeutic (a and c) and preventive (b) protocols used in diabetes-induced neuropathic
pain model.
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4.3.2 CHARACTERIZATION OF NOCICEPTIVE BEHAVIOUR

In order to characterize the nociceptive behaviour of neuropathic mice, two of the
most frequent symptoms encountered in neuropathic patients were evaluated, i.e.
thermal hyperalgesia and mechanical allodynia, monitoring over time the threshold
responses of the animals to thermal and mechanical stimuli, respectively.

Behavioural testing was performed before neuropathic induction (T0), i.e. before CCI
surgery and chemical pancreactomy with STZ, to establish a baseline for comparisons
with post-induction values, and at different successive times, as described below.

In the peripheral nerve injury model the responses to thermal and mechanical stimuli
were assessed at TO and at 3, 7 and 10 days after CCl surgery on the ipsilateral and
controlateral hind paws of all mice (fig.6, panel A).

In the diabetes-induced neuropathic pain model the responses to mechanical stimuli
were measured at TO and, after diabetes induction, weekly for whole period of
experimental study on both hind paws of all animals (fig.6, panel B). In order to
investigate a potential long-lasting effect of the antagonist PC1 on nociceptive
mechanical sensitivity, after 14 days of therapeutic PC1 administrations, the drug
treatment was stopped, and behavioural testing was performed most frequently,
every 2/3 days, until the disappearance of PC1 efficacy (56 days after STZ
administration) (fig.6, panel B, c).

In all experiments, in order to avoid the evaluation of potential acute effect of the
antagonist on nociceptive thresholds, on days of behavioural testing, the PC1l
administration was immediately performed after the pain behaviour assessment.

The effect of a single bolus of PC1 was instead studied in STZ-injected mice 21 days
after diabetes induction evaluating the responses to mechanical stimuli 30, 60, 120
and 240 minutes after PC1 administration.

4.3.3 TISSUE AND CELL SAMPLING

PERIPHERAL NERVE INJURY (CCI) MODEL

- Spinal cord and sciatic nerve collection for biochemical analysis

At the end of different sets of studies, spinal cord and injured-right sciatic nerve were
dissected from CCl neuropathic mice treated with either saline or PC1 and their
respective controls, immediately frozen in liquid nitrogen and conserved at -80°C until
use.

The mRNA expression of PK2, PKR1 and PKR2 and the mRNA levels and the protein
amount of IL-1B and IL-10 in spinal cord and sciatic nerve were evaluated on the day
after the last therapeutic PC1 administration in animals killed 10 days after CCl surgery.
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- Spinal cord and sciatic nerve collection for PK2, PKR1 and PKR2 immunohistochemical
analysis

At the end of chronic PC1 treatment, 10 days after CCl surgery, anesthetized mice
were transcardially perfused with 30 mL of saline phosphate buffer (PBS 1X, pH 7.4),
followed by 60 mL of cold 4% paraformaldehyde. Spinal cord (L4-L5 region) and
injured-right sciatic nerve were dissected from animals, post-fixed overnight in the
same fixative at 4°C and after three washes in PBS, finally crio-protected in 30%
sucrose at 4°C.

Subsequently, the sciatic nerves were embedded in paraffin while spinal cord samples
were maintained in 30% sucrose at 4°C until use.

DIABETES-INDUCED NEUROPATHIC PAIN (STZ) MODEL

- Spinal cord and sciatic nerve collection for biochemical analysis

At the end of different sets of studies, spinal cord and sciatic nerves were dissected
from diabetic neuropathic mice treated with either saline or PC1 and their respective
controls, immediately frozen in liquid nitrogen and conserved at -80°C until use.

The mRNA expression of PK2, PKR1 and PKR2 and the mRNA levels and the protein
amount of IL-1B and IL-10 in spinal cord and sciatic nerves were evaluated on the day
after the last therapeutic PC1 administration in animals killed 35 days after MLD-STZ
injections. The mRNA expression of PK2 was also evaluated in spinal cord of mice killed
7 or 14 days after MLD-STZ injections, i.e. after only 7 days or at the end of preventive
PC1 treatment respectively, and 21 days after the discontinuation of therapeutic PC1
administrations, corresponding to 56 days after MLD-STZ injections.

Protein content of glutamate NMDA and AMPA receptor subunits in spinal cord of
neuropathic mice was evaluated on the day after the last preventive PC1
administration in animals sacrificed 14 days after MLD-STZ injection.

- Pancreas and plasma collection for biochemical analysis

At the end of preventive PC1 administrations, 14 days after diabetes induction, MLD-
STZ injected mice treated with either PC1 or saline and respective controls was
sacrificed for pancreatic tissue isolation. Pancreas were rapidly removed and
immediately frozen in liquid nitrogen. Samples were conserved at -80 °C until IL-1B and
IL-10 protein content assay.

Before proceeding with tissue removal, a small aliquot of blood from fasted non-
diabetic control and MLD-STZ injected mice treated either with PC1 or saline was
collected in heparinized tubes for plasmatic insulin dosage.
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Plasma separation was carried out by centrifuging the whole blood samples at 10000
rpm for 30 minutes at 4 °C. Samples were then stored at -20 °C until plasmatic insulin
assay.

- Macrophages purification and stimulation for cytokine assay

Macrophage collection was performed at the end of both preventive and therapeutic
PC1 treatment, 14 and 35 days after MLD-STZ injections, respectively. At these time
points mice were killed and peritoneal macrophagic cells (PECs) were harvested in
RPMI 1640 medium (collection medium) (Sigma-Aldrich) plus 10% FCS. Cell viability
was checked by the Trypan blue exclusion test. Turk solution was used to discriminate
nuclei and on the basis of their morphology, cells were counted.

The amount of cells recovered by a single mouse was very low as animals were not
subjected to any macrophages elicitation. Hence, the cells obtained from mice
belonging to the same treatment groups were pooled.

PECs were diluted in collection medium at the final concentration of 1x10°/ml, and 1
ml/well aliquots were dispensed into 24-well culture plates.

Isolation and purification of macrophages were carried out by 2 hours of adherence. As
previously reported (Martucci et al., 2007), this procedure produces a population of
macrophages with a 90% purity. Non-adherent cells were removed, and adherent cells
washed twice with PBS solution and incubated with or without 1 pg/ml LPS for IL-1
and IL-10 stimulation. The stimulus was added to the macrophage cultures in a final
volume of 1 ml/well in RPMI 1640 plus 10% FCS, 1% glutamine, 2% streptomycin
solution and 0,1% 2-mercaptoethanol (complete RPMI).

After 24 hours of culture at 37 °Cin 5% CO, and 95% air, the supernatant was collected
and stored frozen at -80 °C for cytokine evaluation.

- Spleen cells collection and stimulation for cytokine assay

Spleen cell collection was performed at the end of both preventive and therapeutic
PC1 treatment, 14 and 35 days after MLD-STZ injections, respectively.

At these time points mice were killed and their spleens rapidly and aseptically
removed. Splenocytes were spilled out from an incision on spleen cuticle made with
20-gauge needles, adjusted in 24-well plates at the final concentration of 5x10° cell/ml
of culture medium (complete RPMI, i.e. RPMI 1640 supplemented with 10% FCS, 1%
glutamine, 2% antibiotics and 0.1% 2-mercaptoethanol) and incubated at 37 °C in 5%
CO, and 95% air with or without 10 pg/ml Concanavalin A (ConA) for Thl and Th2
cytokine stimulation. The stimulus was added to the cell cultures in a final volume of 1
ml/well in complete RPMI.
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After 24 (in the case of IFN-y and IL-2) or 48 hours (in the case of IL-4 and IL-10) of
culture, times of maximum cytokines release (Sacerdote et al., 2000; Martucci et al.,
2007), the supernatant was collected and stored frozen at -80 °C for cytokine assay.

In order to evaluate the Th1/Th2 balance, the IFN-y/IL-4 ratio was calculated for each
mouse.

4.4 NOCICEPTIVE BEHAVIOURAL TESTS

All behavioural tests were carried out in the morning in a quiet temperature-controlled
room after a habituation period of 30 minutes that allows an “appropriate behavioural
immobility” of the animals. The behavioural evaluations were always performed by
researchers who were blind to treatments.

4.4.1 PLANTAR TEST: THERMAL HYPERALGESIA EVALUATION

Thermal hyperalgesia, an increase of pain sensitivity to thermal painful stimuli, was
assessed according to the Hargreaves procedure, using the Plantar Test Apparatus
(Ugo Basile, Italy) (Martucci et al., 2008).

The instrument basically consists of a movable infrared (I.R.) generator lodged into a
cylindrical vessel of aluminium, placed below a glass pane upon which is supported a
Perspex enclosure within which the researchers place the animals. Three
compartments, further subdivided by wooden structures in order to test at the same
time more animals, divide the Perspex box and delimit the space within which the
animals are free to move, helping the operator to carry out a rapid “testing” work.

The instrument is also equipped with a controller that allows the setting of the I.R. rays
intensity (100 mW/cm? for mouse) and the reading (in seconds) of the paw withdrawal
latency (PWL) time.
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After the acclimation period the operators place the movable I.R. generator under the
glass pane at the level of the hind paw of the animals and the heat stimulation of their
mid plantar surface is commenced by depressing a start key. When mice feel pain and
withdraw their paw, the I.R. source switches off and the reaction time, i.e. PWL,
recorded. The cut-off time was set at 22 seconds in order to prevent tissue damage.
PWL was measured three times on both hind paws and the mean of the values was
calculated.

4.4.2 VON FREY TEST: MECHANICAL ALLODYNIA EVALUATION

Mechanical allodynia, painful response to innocuous mechanical stimuli, was
monitored evaluating the mechanical touch sensitivity through a blunt probe (Von Frey
filament, 0.5 mm diameter) on the mid plantar surface of the animal hind paw, using
the Dynamic Plantar Aesthesiometer (Ugo Basile, Italy). This instrument consists of a
moveable force actuator containing the Von Frey filament, placed below a metallic
perforated platform upon which the researchers deposit the animals, whose mobility is
restrained by a Perspex cage very similar to that provided for the Plantar Test
Apparatus (see above). The moveable force actuator is a cylindrical vessel equipped
with an adjustable angled-mirror in order to position the touch probe below the target
area of the paw and star keys to actuate a vertical movement of the filament. A
controller allows the setting of the force exerted by the filament on the mouse paw
and the reading (in grams) of the paw withdrawal threshold (PWT).

An increasing force (ranging up to 10 grams in 10 seconds) starting below the
threshold detection is applied on the mid plantar surface of the hind paw; when
animals feel pain they remove their paw and the PWT recorded. PWT was measured
three times on both hind paws and the mean of the values was calculated.

L — .
,——> Von Frey filament
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4.5 BIOCHEMICAL EVALUATION

4.5.1 REAL TIME PCR

Total RNA was isolated from sciatic nerves and the lumbar spinal cords (L4-L6) using
Trizol” reagent (Trifast Eurogold’, Euroclone, Italy) according to manufacturer’s
instructions and re-suspendend in 10-20 pl of RNasi-free water. To achieve an
adequate quantity of RNA, sciatic nerves were previously pooled from two mice
belonging to the same experimental group.

Before proceeding to RNA quantification, RNA samples underwent to DNase treatment
(DNA-free™ DNase kit Treatment and Removal Reagents, Ambion, Applied Biosystem,
Italy) to avoid false-positive results due to contaminating DNA genomic amplification.
Total RNA concentration was then determined from sample absorbance value at 260
nm and an equal amount of RNA underwent to reverse-trascription (RT) using iScript™
Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Italy). cDNA was synthesized
from 1000 ng of total RNA in a final volume of 20 pl and was used as template in Real
Time PCR for mRNA analysis.

Real Time PCR was performed using ABI PRISM 7000 system (Applied Biosystems,
Foster City, CA) and carried out in a final volume of 25 pl consisting of 2 pl of cDNA
(corresponding to 100 ng of cDNA), 10 ul of TagMan Universal PCR Real Master Mix
Rox (Eppendorf, Italy), 1.25 ul of TagMan probe/primers and 11.75 pul of RNase-free
water (Martucci et al, 2007). The reaction mixture without the cDNA was used as
control. Specific TagMan probe/primers for mouse Prokineticin 2 (Prok2 Mm
01182450 g1), Prokineticin  receptors  (Prokrl  MmO00517546_m1;  Prokr2
MmO00769571_m1), interleukins (IL-13 MmO00434228 m1; IL-10 MmO00439616_m1)
and glyceraldehydes-3-phosphate dehydrogenase (Gapdh Mm99999915 gl) were
purchased from Applied Biosystems.

All PCR assays were performed in triplicate. Before using the AACt method for relative
guantification, we performed a validation experiment to demonstrate that the
efficiencies of targets and reference were approximately equal.

The reaction conditions were as follows: 95 °C for 2 minutes (Initial Denaturation)
followed by 45 cycles at 95 °C for 15 seconds (Cycled Template Denaturation) and at 60
°C for 60 seconds (Annealing and Extension). Relative quantification was performed
using the comparative threshold method. Threshold cycle numbers (Ct) of the specific
gene of interest and the endogenous control gene GAPDH were determined by ABI
PRISM 7000 Sequence Detection System and the amount of target gene was evaluated

AACT, Briefly, C; value of the specific target was

using the following formula 2
normalized to the respective Cr value of GAPDH subtracting GAPDH C; to target gene

Cr (ACy), while AACr was calculated subtracting the GAPDH Cr average of saline treated
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sham (for CCI) or control (non-diabetic mice) group used as calibrator to ACy value of
every sample.

4.5.2 ENZYME-LINKED IMMUNO-SORBENT ASSAY (ELISA)

o Tissue preparation

Sciatic nerves pooled from two mice belonging to the same experimental group and
spinal cord samples were homogenized in 0.3 ml of ice-cold phosphate-buffered saline
(lysis buffer) containing a protease inhibitor cocktail (Roche Diagnostics, Italy).
Pancreatic tissues were homogenized in 2 ml of the same lysys buffer. All samples
were centrifuged at 13000 rpm for 15 at 4 °C. Supernatants were collected and used to
measure IL-13 and IL-10 levels and total protein content (Lowry’s method).

As previously described (see paragraph 4.3.3), culture media of macrophages and
spleen cells were used for evaluating the production of IL-13 and IL-10, and IFN-y, IL-2,
IL-4 and IL-10, respectively.

o Cytokine ELISA

Cytokine concentration was determined by Enzyme-Linked Immuno-Sorbent Assay
(ELISA) using ultra-sensitive ELISA kits according to the manufacturer’s instruction.
DuoSet” ELISA development system for mouse IL-1f3, IL-2, IFN-y and IL-4 was purchased
from R&D Systems (Minneapolis, USA) while mouse IL-10 ELISA Ready-SET-Go! from
eBioscience (San Diego, CA). Sensitive of the method for IL-1p, IL-2 and IL-4 was 15.625
pg/ml; for IFN-y was 31.25 pg/ml; and for IL-10 32 pg/ml.

The principle of all assays is a quantitative sandwich enzyme immunoassay technique.
Cytokine concentrations were determined by interpolation with standard curves
assayed on individual plates and normalized to protein content in each sample.

o Plasmatic insulin assay

Plasmatic insulin dosage was performed using a specific ELISA kit provided by
Mercodia (Uppsala, Sweden). Sensitive of the method was 0.2 pg/L. The principle of
assays is a quantitative sandwich enzyme immunoassay technique. Insulin
concentrations was determined by interpolation with standard curves assayed on
individual plate.
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4.5.3 WESTERN BLOT

o Homogenates preparation

Lumbar spinal cords (L4-L6) from mice belonging to the same treatment groups, i.e.
from non-diabetic controls animals and MLD-STZ injected mice treated with either PC1
preventive administrations or saline, were pooled.

Samples were homogenised using a potter in Tris-HCI buffer (50mM Tris, 120 mM
NaCl, 5mM KCl, 2.5 mM, 1ImM MgCl,, pH 7), washed once by centrifugation (1h;
25000g) and then resuspended in the proper volume of the same buffer containing a
20 pg/ml mixture of each of the following protease inhibitors: leupeptin, bestatin,
pepstatin A, and aprotinin.

Total protein content was evaluated by using BCA protein assay (Pierce Chemical,
Rockford, IL) with bovine serum albumin as the standard.

o Antibody production and characterization

We used affinity-purified, subunit-specific polyclonal antibodies (Abs), produced in
rabbit against peptides derived from the C-terminal (COOH), N-terminal (NH) of mouse
and AMPAR GluAl and GluA2/3 subunits. The Ab against the GluA2/3 subunit was
directed against the C-terminus peptide (EGYNVYGIESVKI). The Ab against the GluAl
subunit was directed against the extracellular domain peptides (RTSDSRDHTRVDWKR)
corresponding to aminoacids 253-267 (271-285 if numbered from the signal peptide),
this region is not conserved in GluA2-4, nor Kainate and NMDAR. GIluAl and GIluA2/3
sequences were the same as those reported by Chemicon International. The specificity
of the affinity-purified Abs was previously tested by western blotting studies using cells
transfected and non-transfected with GluAl and GluA2/3. Our tests do not show
crossreactivity between GluAl and GIluA2/3 Abs, as it has been reported in the
specificity tests of Chemicon International.

Anti GIuN1 (clone 54.1) was from BD Pharmigen, anti GIuN2A (clone A3-2D10) was
from Invitrogen, anti-GIluN2B (clone N59/20) was from Antibodies Incorporated, anti-
tubulin (clone B-5-1-2) was from Sigma-Aldrich and anti Na/K ATPase was described in
(Pietrini et al., 1992).

o Immunoblotting and densitometric quantification of Western blot bands
The analysis of the GIuR subunits by Western blotting was performed as described
previously (Gotti et al., 2008). In brief, depending on the target subunit, 2.5,5, or 10 ug

of total homogenates samples were diluted 1:1 (v/v) with Laemmli buffer and then
underwent SDS-PAGE using 7.5% acrylamide gel. After SDS-PAGE, the proteins were
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electrophoretically transferred to nitrocellulose membranes with 0.45-mm pores
(Schleicher and Schu™ Il, Dassel, Germany). The blots were blocked overnight in 4%
non-fat milk in Tris-buffered saline, washed in a buffer containing 4% nonfat milk and
0.3% Tween 20 in Tris-buffered saline, incubated for 2 h with the primary antibody at
the following concentration (GIuAl and GIluA2/3: 1-2.5 mg/ml; GIuN1 1:1500; GIuN2A
1:1000; GIuN2B 1:600; Na/K ATPase 1:1000; tubulin 1:10000) and then incubated for
1h with the appropriate secondary antibody (anti-rabbit Ly-CorlRDye800RD: 1:10000 ;
anti-mouse Ly-Cor IRDye680RD: 1:7500). Membranes were further washed in Tris-
buffered saline and dried overnight at RT in darkness. The IR signal was measured
through the IR scanner Odyssey CL220x - Infrared Imaging System.

The quantification of the signal intensity of the Western blot bands was performed
with iStudio software. The optical density ratio was calculated by taking the optical
density of the control as 100%. The values are the mean + SEM of 7-8 separate
experiments for each antibody.

All the experiments were performed in the laboratory of Dr. Cecilia Gotti (CNR Institute
of Neuroscience, Milan).

4.6 HISTOCHEMICAL EVALUATION

4.6.1 IMMUNOFLUORESCENCE

Spinal cord sections (40 um, free-floating) were incubated at 4°C for 48 h, whereas
sciatic nerve sections (20 um), mounted on slides, were incubated at 4°C overnight
with the following primary antibodies diluted in PBS-0.3% Triton X-100: 1/200 rabbit
polyclonal anti-PK2 (AbCam, Cambridge, UK), 1/200 rabbit polyclonal anti-PKR1 and
PKR2 (Alomone Labs, Jerusalem, Israel), 1/500 mouse monoclonal anti-neuronal nuclei
(NeuN), 1/400 mouse polyclonal antiglial fibrillary acidic protein (GFAP)
(Immunological Sciences, Rome, Italy), 1/300 mouse polyclonal anti-Synaptophysin
(Sigma-Aldrich, Milan, Italy), 1/100 rat monoclonal anti-CD11 (BD Pharmigen, Milan,
Italy). The sections were then incubated for 2 hours at room temperature in 1:200
anti-species 1gG antibodies coupled to Alexa Fluor®-488 or 555 (Immunological
Sciences). Nuclei were stained with DAPI 1/500. The stained sections were examined at
confocal laser scanning microscope (Leica SP5, Leica Microsystems, Wetzlar, Germany).
Immunofluorescence intensity or immunoreactive area was measured in five fields
(300 pum?) for every section in at least 10 sections for every experimental group
(http://imagej.nih.gov/ij/index.html, free software).

To assess the specificity of the anti-PK2 antibody, we pre-adsorbed it with the protein
PK2 (500 ng) overnight at 4°C prior to incubation with tissue. To assess the specificity
of the anti-PKR1 and anti-PKR2 antibody, we pre-adsorbed them with the respective
blocking peptides (Alomone Labs) overnight.
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4.6.2 SCIATIC NERVE IMMUNOHISTOCHEMISTRY

Paraffin-embedded sciatic nerve sections (5 um), deparaffinized and rehydrated, were
incubated with normal horse serum (3%, 1 h, 37°C) then with goat polyclonal anti-PK2
(1:100, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, overnight, 4°C), washed
and incubated with biotinylated secondary antibody (Vector Laboratories, Burlingame,
CA, USA) and avidin-biotin-horseradish peroxidase complex (Vectastain ABC kit; Vector
Laboratories), stained with 3,3N-diaminobenzidine tetrahydrochloride (DAB, Sigma-
Aldrich).

All slides were counterstained with Mayer’s haematoxylin, visualized and
photographed with an Olympus DP12 microscope equipped with a digital camera. PK2-
staining intensity was computed as integrated optical density (I0D) for arbitrary areas
and measured in six samples for each experimental group (Image Pro-Plus, 4.5.1,
Milan, Italy).

All the experiments for PK2, PKR1 and PKR2 localization in spinal cord and sciatic nerve
were conducted in the laboratory of Prof. Lucia Negri (Department of Physiology and
Pharmacology “Vittorio Erspamer”, University of Rome, La Sapienza).

4.7 DATA ANALYSIS

Results are presented as means + SEM. Statistical analyses were performed using one-
way or two-way ANOVA for parametric results. Follow-up analysis was performed
using the Tukey’s test or Bonferroni’s post tests for multiple comparisons, respectively.
T Student test was used for the comparison between two groups. In the case of non-
parametric results, Kruskal-Wallis ANOVA was applied, followed by Dunn’s test.

All the statistical analysis was performed using GraphPad Prism 5 Software (San Diego,
CA, U.S.A) Differences were considered significant at p < 0.05.
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RESULTS

In order to understand if PK2, PKR1 and PKR2 activities were necessary for the onset,
development and resolution of experimental neuropathic pain, we performed in vivo
and ex-vivo studies blocking PKR signalling with the antagonist PC1. PKs system was
characterized in two different models of painful neuropathy: a mononeuropathy
induced by the chronic constriction injury (CCI) of sciatic nerve and a diabetic
polyneuropathy induced by the injection of a pancreatic  cell toxin, streptozotocin
(STZ).

The major findings of this study are that (i) PK2 acts as a pro-nociceptive/pro-
inflammatory mediator in the pathological cross-talk between neuronal and immune
cell in neuropathic pain, (ii) painful manifestations were close related to the up-
regulation of PK2 and PKRs in the main anatomical stations of pain transmission, i.e. in
spinal cord and in sciatic nerve, (iii) repeated administrations of PC1 efficaciously
contrasted neuropathic pain in CCl nerve injured and diabetic mice without producing
tolerance. Independently from the etiology, the antagonist PC1 counteracted
neuropathy-induced pain hypersensitivity blocking PK2 up-regulation in spinal cord
and in the peripheral nervous system and reducing the neuro-inflammatory
component related to neuropathic pain development. In addition, (iv) the anti-
inflammatory properties of PC1 also ameliorated the course of diabetic neuropathy
contrasting the strong inflammatory status associated to the presence of diabetes
suggesting a potential role of PK2 also as “modifier” of the pathology.

5.1 PERIPHERAL NERVE INJURY (CCI) MODEL

5.1.1 Effect of PKR blocking on CCl-induced thermal hyperalgesia and mechanical
allodynia

Before surgery, baseline thresholds to noxious heat (paw withdrawal latency, PWL)
and mechanical stimuli (paw withdrawal threshold, PWT) were similar in all animal
groups as well as for the right and left paw.

Chronic constriction injury (CCl) of sciatic nerve induced in animals a precocious
establishment of neuropathic pain syndrome. As depicted in figure 1, a marked
reduction of the ipsilateral PWL and PWT appeared within few days after surgery
reaching the maximal values on day 3 after CCl. Thermal and mechanical sensitivity of
the contra-lateral paw remained unchanged, i.e. comparable to the basal level of non-
neuropathic animals, for the entire period of the study (data not shown).

On day 3 after surgery, time point corresponding to full development of thermal
hyperalgesia and mechanical allodynia, a group of CCl mice was subcutaneously
injected with PC1 (150 pg/kg, twice-daily) or saline for 7 days. As controls, a group of
sham mice was treated with either PC1 or saline. PC1 dose was chosen as it was the
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most effective in order to abolish complete Freund’s adjuvant (CFA)-induced thermal
hyperalgesia (Giannini et al., 2009).

Repeated administrations of PC1 from day 3 to 9 efficaciously contrasted neuropathic
pain. The efficacy of the antagonist to counteract the CCl-induced thermal
hyperalgesia and mechanical allodynia was already noticeable 4 days after treatment
initiation and was even more evident 3 days later.

Indeed, 7 days of treatment with the antagonist produced a total recovery in the
decrease of PWL completely reverting thermal hyperalgesia (panel A). Mechanical
allodynia was also significantly reduced in CCI/PC1 treated mice but not abolished. In
fact at the end of treatment, the PWT of CCI/PC1 treated mice were significantly
higher than the pain thresholds of CCl/saline animals, but not yet comparable to those
of controls (panel B).

No differences on the PWL and PWT of sham animals treated with PC1 were observed
throughout the experiment.

As thermal and mechanical sensitivity of sham animals were not affected by PC1
administrations and considering the recent European guidelines regulating animal
research which prompt to minimize the number of animals, this group of study was not
repeated for the successive biochemical evaluations.
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Figure 1. Effect of PC1 (150 pg/kg, twice-daily) s.c. administered to CCl-operated animals for 7 days, starting from 3
days after surgery, on thermal hyperalgesia (A) and mechanical allodynia (B). PWL and PWT were measured by
using Plantar Test and Von Frey Test, respectively. Data represent mean = SEM of 8-10 mice per group. Two way
ANOVA was used for statistical evaluation, followed by Bonferroni’s test. **p<0.01, ***p<0.001 vs sham/saline;
°°°p<0.001 vs CCl/saline.
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5.1.2 Prokineticin system localization and CCl-induced modulation

The fact that repeated administrations of PC1 were effective in alleviating painful
symptoms clearly indicated the involvement of the PKs system in the development of
neuropathic pain. In order to compare the expression of the PKs system in PC1- and
saline-treated CCl mice with sham animals injected with only saline, on day 10 after
CCl surgery, when the anti-hyperalgesic and anti-allodynic effect of PC1 were greatest,
we performed Real Time PCR analysis to evaluate the mRNA levels of PK2, PKR1 and
PKR2 in spinal cord and in the sciatic nerve. In the same tissues, immunocytochemistry
experiments were conducted to identify the cellular localization of PK2 and its
receptors PKR1 and PKR2.

o PK2, PKR1 and PKR2: mRNA expression and localization in spinal cord

As shown in figure 2, 10 days after surgery, the mRNA levels of PK2 (panel A) and PKR2
(panel C) were markedly higher in L4-L6 spinal cord of CCl-operated mice than sham,
whereas no significant difference of PKR1 expression (panel B) was evident in the three
groups of study. Repeated PC1 administrations didn’t affect PKR1 and PKR2 mRNA
levels but succeeded in decreasing the up-regulation of PK2 induced by nerve ligation.
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Figure 2. PK2 (A), PKR1 (B), PKR2 (C) mRNA expression in spinal cord (L4-L6) 10 days after CCl surgery, at the end of
therapeutic PC1 treatment (s.c. 150 pg/kg, twice-daily for 7 days). The mRNA levels, determined by Real Time PCR,
were expressed in relation to glyceraldehydes 3-phosphate dehydrogenase (GAPDH) and presented as fold-
increases over the levels in sham animals. Data represent mean + SEM of 4-6 mice per group. One way ANOVA was
used for statistical evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05 vs sham/saline; °p<0.05
vs CCl/saline.

Figure 3 reports the results obtained with PK2 immunofluorescence analysis. PK2
immunofluorescence, localized in superficial layers (I and 1l) of the spinal cord in sham
animals, strongly increased in the ipsilateral dorsal horn 10 days after CCl, staining also
the deeper layers. Therapeutic PC1 treatment from day 3 to 9 prevented this increase
in immunofluorescence. Indeed, the PK2 signal in CCI/PC1 mice resembled that
observed in sham animals (fig.3A, panels a, d and g) mirroring the results of PK2 mRNA
evaluation (fig.2, panel A). In spinal cord, sensory primary neurons and astrocytes
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appeared to be the main cells involved in CCl-induced PKs system activation. Diffuse
punctuate pattern PK2 immunoreactivity partially colocalized with synaptophysin, a
presynaptic marker, mainly in superficial laminae of dorsal horn (fig.3B). In CCl/saline
animals ipsilateral dorsal horn PK2/GFAP immunoreactivity also increased compared to
sham (fig.3A, panel f), indicating that PK2 is associated to GFAP-positive proliferating
and activated astrocytes.

As illustrated in figure 3A, panel g, we observed a lower PK2 immunofluorescence
induced by 7 days of PC1 treatment in the ipsilateral dorsal horn of CCI/PC1 mice in
respect to that of CCl/saline mice (fig.3A, panel d). Moreover, PK2 immunoreactivity
too was strongly reduced in the activated astrocytes (fig.3A, panels f and i).

Sham

CCl/saline

ccl/pca

CCl/saline

Figure 3. Representative images showing PK2 localization in the mouse L4-L5 spinal cord dorsal horn. (A) PK2-
positive profiles (green) in sham (a), CCl/saline (d) and CCI/PC1 (g) mice. GFAP (astrocyte marker) positive profiles
(red) in sham (b), CCl/saline (e) and CCI/PC1 (h) mice. Sciatic nerve ligation induced a substantial increase in PK2 and
in GFAP signal 10 days after ligation. Double staining reveals a colocalization of PK2 with the astrocyte marker GFAP
(f). Scale bar: 50 um. (B) Representative images showing colocalization (c) of PK2 (green, a) with synaptophysin (red,
b). Scale bar: 10 um. Cell nuclei were counterstained with DAPI (blue).

Spinal cord localization of PKR1 and PKR2 is depicted in figure 4. The PKR1 signal in the
spinal cord sections was very faint and was unaffected by CCl or by PC1 treatment. This
receptor clearly colocalized only with GFAP-positive astrocytes (fig.4, panels D-F)
whereas we never detected PKR1 signals in NeuN (neuronal marker)-positive cells
(fig.4, panel H).

In sham animals, PKR2 signal was clearly evident in superficial laminae of the dorsal
horn, localized with positive neuronal cell bodies (fig.4, panel A, arrows and insert) and
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some astrocytes (fig.4, panel A, arrowheads). 10 days after CCl, PKR2 positive neuronal
cell bodies were more evident also in deeper layers of the dorsal horn (panel B, arrows
and insert) as illustrated in the panel 4 G, showing the colocalization of PKR2 with the
NeuN positive cells. As PK2, the PKR2 signal clearly increased after nerve ligation in the
activated astrocytes (panel B, arrowheads and insert) and also in the diffuse punctuate
pattern. Repeated PC1 administrations didn’t induce any variations in PKR2
immunoreactivity (panel C).

Sham cci/pc1

CCl/saline

/GFAP  DAPI/ /GFAP

DAPI/

DAPI/PKR2/NeuN DAPI/PKR1/NeuN

CCl/saline

Figure 4. Representative images showing PKR2 and PKR1 localization in the mouse L4-L5 spinal cord dorsal horns
from 10 days-sham (A, D), CCl/saline (B, E) and CCI/PC1 (C, F) mice. PKR2 immunofluorescence (green) is clearly
evident in sham animals, localized in some neuronal cells (A, arrows and insert), and in some astrocytes (A,
arrowheads). 10 days after CCl (B), PKR2 positive neuronal cell bodies were more evident also in deeper layers of
the dorsal horn (B, arrow) as demonstrated by colocalization with the neuronal marker NeuN (G). The localization of
PKR2 in activated astrocytes is demonstrated by the double staining of PKR2 (green) with the astrocytes marker
GFAP (B, arrowheads and insert). The diffuse punctuate pattern PKR2 signal appeared clearly increased. Therapeutic
PC1 treatment (s.c. 150 pg/kg, twice-daily for 7 days) did not modify the PKR2 immunofluorescence intensity. In the
spinal cord, the PKR1 signal was very faint and was not affected by nerve injury nor by PC1 treatment. PKR1
immunoreactivity was clearly evident in GFAP-positive resting and activated astrocytes (D, E) and was not modified
by PC1 treatment. We never detected PKR1 signal in NeuN-positive cells. Cell nuclei were counterstained with DAPI
(blue fluorescence). Scale bar, 50 um in Ato F; 30 um in G, H and 10 um inserts.

o PK2, PKR1 and PKR2: mRNA expression and localization in sciatic nerve

Ten days after surgery, a general activation of the PKs system took place in the sciatic
nerve (fig.5). In CCl mice the mRNA levels of PK2 (panel A), PKR1 (panel B) and PKR2
(panel C) were significantly increased in respect to the basal levels of the respective
controls. PKR2 up-regulation appeared particularly evident, since the receptor
expression was about 150 folds higher than in sham mice. Repeated administrations of
PC1 from day 3 to 9 markedly reduced the overexpression of PK2, without affecting
the expression levels of the receptors.
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Immunohistochemical staining using anti-PK2 antibody failed to demonstrate any PK2
immunoreactivity in the sciatic nerve of sham mice whereas, 10 days after CCl, a heavy
infiltration of PK2-positive cells (brown colour) was evident in the neuroma in the
immediate proximity of the injury, as illustrated in figure 6 (panel A). Systemic PC1
administrations significantly reduced PK2 immunoreactivity in the cytoplasm of these
cells (panel A, insert) as demonstrated in panel B by quantitative analysis of PK2 signal
computed as integrated optical density (I0D), reflecting the lower levels of PK2 mRNA
measured in the injured nerve of CCI/PC1 mice at the end of 7 days of treatment (fig.5,
panel A). Immunofluorescence staining of the neuroma in CCl/saline mice
demonstrated that PK2 signal was associated with GFAP-positive Schwann cells (panel
C) and with CD11b-positive neutrophils and macrophages (panel D). PKR1 (panel E)
was mainly associated with CD11b-positive cells, suggesting that the PKR1 mRNA
increase depends on the high number of infiltrating cells (Giannini et al., 2009),
whereas PKR2 was mainly associated with GFAP-positive cells (panel F). As shown in
figure 7, panels B and E, a dramatic increase of PK2 and PKR2 immunofluorescence was
observed in nerve fibres and GFAP-positive structures 10 days after nerve ligation.
Accordingly with the PK2- and PKR2- mRNA analysis, in CCI/PC1 mice 7 days of
treatment with the PKR antagonist strongly reduced PK2 signal (panel C), but was
ineffective against PKR2 up-regulation (panel F).
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Figure 5. PK2 (A), PKR1 (B), PKR2 (€) mRNA expression in ipsilateral sciatic nerve 10 days after CCl surgery, at the
end of therapeutic PC1 treatment (s.c. 150 pg/kg, twice-daily for 7 days). The mRNA levels, determined by Real
Time PCR, were expressed in relation to glyceraldehydes 3-phosphate dehydrogenase (GAPDH) and presented as
fold-increases over the levels in sham animals. Data represent mean = SEM of 8-10 samples per group. One way
ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05, ***p<0.001
vs sham/saline; °p<0.05 vs CCl/saline.
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Figure 6. Representative images of sciatic nerve in the immediate proximity of the injury. (A) Immunohistochemical
staining of ipsilateral sciatic nerve, on day 10 after CCl, from sham, CCl/saline and CCI/PC1 mice with anti-PK2
antibody and haematoxylin. Scale bar = 30 um. Arrowheads indicate the infiltrating cells expressing the PK2 protein.
A sustained infiltration of PK2-positive cells was evident 10 days after CCl. Therapeutic PC1 treatment (s.c. 150
ug/kg, twice-daily for 7 days) significantly reduced the PK2 immunoreactivity (brown colour) in the cytoplasm of
these cells (insert) as demonstrated in (B) by quantitative analysis of PK2 signal computed as integrated optical
density for arbitrary areas (six sections per animal, six animals). Data are means + SEM of 4-6 animals. One way
ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple comparisons *p<0.05, ***p<0.001
vs sham; °p<0.05 CCl/saline.

(C and D) Immunofluorescence double staining showing colocalization (yellow, arrowheads) of PK2 (green) with
GFAP (Schwann cell marker, red) and CD11b (macrophage marker, red) in the immediate proximity of the injury in
the sciatic nerve of CCl/saline mice. (E and F) Representative images showing the localization (arrowheads) of the
receptor PKR1 (green) in CD11b-positive macrophages (red) and of the receptor PKR2 (green) in GFAP-positive
Schwann cells (red) in the immediate proximity of the injury of the sciatic nerve in CCl/saline mice. Cell nuclei were
counterstained with DAPI (blue fluorescence). Scale bar, 20 um.
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Figure 7. Representative images of CCl-induced up-regulation of PK2 and PKR2 in the longitudinally sliced sciatic
nerve proximal to the lesion. PK2 immunofluorescence was never found in uninjured nerve (A). Only a very faint
PKR2 signal was evident in the non-activated Schwann cells (GFAP-positive cells, red) (D). A dramatic increase of PK2
and PKR2 signal (B and E, green) in fibres and in GFAP-positive structures was evident 10 days after nerve ligation.
PC1 treatment prevented the injury-induced PK2 up-regulation (C) but was ineffective against PKR2 up-
regulation(F). Cell nuclei were counterstained with DAPI (blue fluorescence). Scale bar: 20 um.
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5.1.3 Effect of therapeutic PKR blocking on cytokines levels in spinal cord and sciatic
nerve

It is well known that pro- and anti-inflammatory cytokines play an important role in
CCl-induced neuropathic pain (Martucci et al., 2008). We therefore evaluated the
ability of PC1 treatment to modulate neuroinflammation in this model. As cytokines
are regulated at several post-transcriptional and post-translational levels, we
measured both mRNA and protein levels. As illustrated in figures 8 and 9, 10 days after
CCl surgery, mRNA and protein levels of IL-1B were increased in spinal cord (fig.8,
panels A and B) and in the injured sciatic nerve (fig.9, panels A and B). Repeated PC1
administrations efficaciously contrasted the IL-1B increase, restoring cytokine levels to
basal values in the spinal cord (fig.8, panels A and B) and significantly reducing them in
the sciatic nerve (fig.9, panels A and B).

In our experimental setting, we did’t find any modulation of IL-10 in the spinal cord,
neither after CCl nor PC1 treatment (fig.8, panels C and D). On the contrary, a clear
alteration of IL-10 expression pattern was observed in the sciatic nerve. Ten days after
surgery, the concentration of IL-10 protein decreased in injured nerve (fig.9, panel C),
whereas its mRNA expression increased (fig.9, panel D). These modifications are
probably due to the activation of the synthetic machinery of IL-10 in order to
counteract the proinflammatory cascade induced by the lesion (Sacerdote et al., 2013).
PC1 treatment was effective in augmenting the level of IL-10 protein, which was
significantly reduced in the sciatic nerve of CCl/saline mice (fig.9, panel C).
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Figure 8. Effect of PC1 on IL-1B and IL-10 protein content (A and C) and mRNA expression (B and D) in spinal cord 10
days after CCl surgery, at the end of therapeutic PC1 treatment (s.c. 150 pg/kg, twice-daily for 7 days). Cytokine
protein content, evaluated by ELISA, was reported as pg/mg of protein. Citokine mRNA levels, determined by Real
Time PCR, were expressed in relation to glyceraldehydes 3-phosphate dehydrogenase (GAPDH) and presented as
fold-increases over the levels in sham animals. Data represent mean + SEM of 4-6 mice per group. One way ANOVA
was used for statistical evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05 vs sham/saline;
°p<0.05 vs CCl/saline.
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Figure 9. Effect of PC1 on IL-1B and IL-10 protein content (A and C) and mRNA expression (B and D) in ipsilateral
sciatic nerve 10 days after CCl surgery, at the end of therapeutic PC1 treatment (s.c. 150 pg/kg, twice-daily for 7
days). Cytokine protein content, evaluated by ELISA, was reported as pg/mg of protein. Citokine mRNA levels,
determined by Real Time PCR, were expressed in relation to glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
and presented as fold-increases over the levels in sham animals. Data represent mean = SEM of 4-6 samples per
group. One way ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple comparisons.
*p<0.05, **p<0.01, ***p<0.001 vs sham/saline; °p<0.05, °°p<0.01, °*°p<0.001 vs CCl/saline.

5.2 DIABETES-INDUCED NEUROPATHIC PAIN MODEL

Numerous conditions leading to neuropathic pain syndrome have been identified in
human. Among these, one of the most frequent cause is the presence of diabetes.
Nowadays, diabetes is considered to be a challenging health problem as it affects
million people in the world and its prevalence has been projected to increase twofold
in the next twenty years.

Since diabetes incidence is rapidly growing, the identification of new molecular targets
for treating neuropathic pain is of central importance. In this direction and supported
by the results obtained from CCl model, we have considered of great interest to
investigate the role of the PKs system also in neuropathic pain induced by diabetes.

5.2.1 Effect of therapeutic PKR blocking on hyperglycaemia, mechanical allodynia and
body weight loss in experimental diabetic model induced by the administration of a
single high dose or repeated multi-lower doses of STZ: similarities and differences.

In order to study whether the blocking of PKR was effective in alleviating diabetic

neuropathic pain we have performed a series of experiments using a mouse model of
diabetes induced by chemical destruction of pancreatic insulin-secreting B-cells. We
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first tested the effect of PC1 in mice injected with a single high dose of B-cell toxin,
streptozotocin (STZ, 200 mg/kg).

A single STZ administration induced in animals a rapid establishment of
hyperglycaemic state associated to the development of painful symptoms. As depicted
in figure 10 (panel A), blood glucose levels of STZ mice strongly increased after 7 days
from diabetes induction and were still significantly higher on day 35 compared to
normo-glycaemic values of controls. A marked reduction of the PWT of mice appeared
within few days after diabetes induction reaching the maximal values on day 14 after
STZ injection (fig.10, panel B). Pain thresholds to mechanical stimuli of STZ mice
remained significantly lower than that of the controls, i.e. non-diabetic mice, for the
entire period of observation.
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Figure 10. Effect of PC1 (150 pg/kg, twice-daily) s.c. administered to mice injected with a single high dose of
streptozotocin (STZ, 200 mg/kg) (A-C) or with multiple low-dose of streptozotocin (MLD-STZ, 80 mg/kg for 3
consecutive days) (D-F) for 14 days, starting from 21 days after diabetes induction (therapeutic treatment), on
glycaemic values (A, D), mechanical allodynia (B, E) and body weight increase (C, F). Data represent mean = SEM of
4-6 mice per group. Two way ANOVA was used for statistical evaluation, followed by Bonferroni’s test. *p<0.05,
***n<0.001 vs CTR/saline; °p<0.05, °°p<0.01, °°*°p<0.001 vs STZ/saline.

Allodynia is known to be a characteristic symptom of the diabetic painful neuropathy.
On the contrary, the sensitivity of animals to thermal stimuli changes during the
progression of the diabetes. Indeed, in the early stage of the disease mice exhibit
thermal hypersensitivity, while advanced stage of diabetes is typically characterized by
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thermal hypoalgesia caused by sensory loss (Ulugol et al., 2012). For this reason, we
decided to evaluate only the sensitivity to mechanical stimuli.

The antagonist PC1 was s.c. administered to STZ animals twice-daily for 14 days,
starting on day 21 after diabetes induction when neuropathic pain and hyperglycaemia
were fully developed. PC1 was given to animals at the dose of 150 ug/kg, the same
dosage used in order to counteract CCl-induced pain hypersensitivity (see figure 1). As
controls, a group of STZ mice treated with saline and non-diabetic mice treated with
either PC1 or saline were used.

Repeated administrations of PC1 from day 21 to 34 didn’t affect blood glucose levels
(fig.10, panel A). Glucose concentration of non-diabetic control mice treated either
PC1 or saline remained unchanged and was normal throughout the study. However,
blocking PKRs contrasted neuropathic pain. Therapeutic PC1 treatment significantly
reduced mechanical allodynia in STZ mice without abolishing it. As shown in panel B
(fig.10), 14 days after treatment initiation, the PWT of STZ/PC1 treated mice were
significantly higher than PWT of STZ mice treated with only saline, but not yet
comparable to those of controls. PWT of non-diabetic animals treated with PC1
remained unchanged and similar to basal thresholds of controls throughout the
experiment.

Unfortunately, high dose of STZ dramatically compromised the health status of the
animals. As illustrated in panel C (fig.10), STZ administration rapidly produced in
animals a marked reduction of the body weight. Moreover, an exacerbation of other
classical symptoms associated to chronic hyperglycaemia, including blindness,
polyuria, polydipsia, loss of appetite, was evident leading us to doubt about the
reliability of the results.

As the final aim of this study was the characterization of new target for the
development of an alternative strategy for contrasting neuropathic pain in human we
have planned a new series of experiments replacing the single high dose of STZ-
induced diabetes model, which is ultimately considered to be inappropriate for
resembling the clinical manifestations of diabetic neuropathy, with that induced by
multi-lower doses of streptozotocin (MLD-STZ, 80 mg/kg).

In this model blood glucose levels gradually increased after STZ injections reaching the
maximal values 35 days after diabetes induction and, similarly to what observed in the
first model used, hyperglycaemia was already present 7 days after STZ injections, as
shown in panel D (fig.10). In parallel, a consistent development of mechanical allodynia
occurred within few days after diabetes induction (fig.10, panel E). On day 14 after
MLD-STZ injection the PWT of diabetic mice were markedly reduced than that of the
controls and remained significantly lower for the entire period of the study.

As shown in panels D and E, therapeutic PC1 administration from day 21 to 34 was not
able to modify blood glucose levels of either MLD-STZ or control mice, while it was
effective in contrasting neuropathic pain, significantly enhancing the PWT of MLD-STZ
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mice after chronic treatment in respect to diabetic mice administered with saline only.
PWT of control animals were never affected by chronic treatment with PC1, remaining
similar to basal thresholds of saline treated-controls mice throughout the experiment.
MLD-STZ administrations produced in mice the classical features of diabetes without
drastically compromising their general well-being status. In respect to non-diabetic
control animals, a significant body weight loss was still observed in diabetic mice
(panel F). However, this loss was milder in comparison to the effect induced by a single
high STZ dose (panel C).

Therapeutic PC1 treatment did not influence body weight in mice injected with either
a single high dose of STZ or MLD-STZ, or in the respective non-diabetic controls, as
illustrated in panels C and F.

MLD-STZ model was used in all subsequent experiments and, as explained for the CCI
model (see chapter 5.1.1), the group of control mice treated with the antagonist
(CTR/PC1 group) was excluded from the successive studies.

5.2.2 Prokineticin system and diabetic neuropathic pain-modulation

o Parallelism between PKs system activation and development of diabetes
induced-mechanical allodynia.

Mechanical allodynia induced by MLD-STZ was clearly evident 7 days after diabetes
induction. It reached full development on day 14 and was still significant on day 56
compared to controls, as illustrated in figure 11, panel A.

A single bolus systemic injection of PC1 (150 pg/kg) on day 21 after diabetes induction,
when the neuropathic pain syndrome was overt, produced a total recovery in the
decreased PWT of MLD-STZ mice abolishing the established mechanical allodynia in 30
minutes. The anti-allodynic effect lasted for about 2 hours and gradually disappeared
within 4 hours after the PC1 administration (fig.11, panel B).

As previously described (fig.10, panel E), therapeutic PC1 administration from day 21
to 34 after diabetes induction was effective in alleviating diabetes-induced mechanical
allodynia. Interestingly, this treatment schedule delayed painful symptom
reappearance after PC1 suspension, leading us to suppose that blocking PK2 signalling
could induce permanent changes in neuronal circuits involved in the maintenance of
neuropathic pain. As shown in panel A in fact, at the end of the chronic treatment with
PC1, the PWT of MLD-STZ mice were markedly higher in respect to the PWT of diabetic
mice treated with only saline; after treatment discontinuation the PWT remained
significantly elevated although a progressive decrease of the thresholds started to be
evident.

In order to correlate the activation of the PKs system with the development of diabetic
neuropathic pain we performed Real-Time PCR analysis for determining PK2 mRNA
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expression levels in the spinal cord of MLD-STZ mice at different time from diabetes
induction. The time-course of PK2 mRNA expression is depicted in figure 11, panel C. A
noticeable increase of PK2 mRNA expression appeared in the spinal cord of diabetic
mice 7 days after the first STZ administration, time point corresponding to clear
manifestation of painful symptoms. The augmentation of PK2 mRNA level was even
more evident 7 days later and was still significant on day 56, demonstrating a close

parallelism between the changes in pain behaviour and the PKs system activation
(panels A and C).
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Figure 11. Long-lasting effect of therapeutic PC1 administrations (s.c. 150 ug/kg, twice-daily for 14 days, from day
21 to 34 after diabetes induction) in mice injected with MLD-STZ (80 mg/kg for 3 consecutive days) on mechanical
allodynia (A). Anti-allodynic effect of PC1 administration as a single bolus (B). Data represent mean + SEM of 4 mice
per group. Two way ANOVA was used for statistical evaluation, followed by Bonferroni’s test. ***p<0.001 vs
CTR/saline; °°p<0.01, °°°p<0.001 vs STZ/saline. Time-course of mMRNA expression levels of PK2 in spinal cord (L4-L6)
of mice injected with MLD-STZ (80 mg/kg for 3 consecutive days) at different times after diabetes induction (C). The
mRNA levels, determined by Real Time PCR, were expressed in relation to glyceraldehydes 3-phosphate
dehydrogenase (GAPDH) and presented as fold-increases over the levels in CTR animals. Data represent mean +
SEM of 4-6 mice per group. Student T Test was used for statistical evaluation *p<0.05, **p<0.01 vs CTR.

o Effect of therapeutic PKR blocking on PK2-, PKR1- and PKR2-mRNA expression in
spinal cord and sciatic nerve

At the end of therapeutic PC1 administrations, when the anti-allodynic effect of the
antagonist was maximal (i.e. 35 days after STZ), we performed Real Time PCR analysis
in diabetic neuropathic mice treated with either PC1 or saline and in non-diabetic
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control animals to compare mRNA levels of PK2, PKR1 and PKR2 at the main central
and peripheral sites of pain transmission, i.e. in spinal cord and in the sciatic nerve. As
shown in figure 12, panel A (a-c), a clear activation of the PKs system took place in the
spinal cord of diabetic mice 35 days after MLD-STZ injections. The mRNA levels of PK2
(a) as well as PKR2 (c) were markedly higher in L4-L6 spinal cord of MLD-STZ injected
mice than values measured in non-diabetic controls, whereas no significant difference
of PKR1 expression (b) was evident in the three groups of study. A reduction of PK2
and PKR2 up-regulation was evident in MLD-STZ animals administered with PC1
compared to diabetic mice treated with saline. Indeed PK2 and PKR2 up-regulation was
no more statistically significant in comparison to normal animals, although PK2 and
PKR2 expression were not yet statistically different from diabetic mice.

We also analysed the mRNA expression levels of PK2 in spinal cord 56 days after
diabetes induction, 21 days after PC1 treatment discontinuation, when a significant
anti-allodynic effect of the antagonist was still evident in MLD-STZ mice. As illustrated
in panel d (fig. 12), in presence of an overt mechanical allodynia, the level of PK2
MRNA expression was higher in spinal cord of MLD-STZ in respect to basal levels of the
controls. Chronic PC1 administrations from day 21 to 34 after diabetes, prevented the
up-regulation of PK2 in spinal cord of diabetic mice also at later times.
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Figure 12. (A) PK2 (a), PKR1 (b), PKR2 (c) mRNA expression in spinal cord (L4-L6) 35 days after diabetes induction
with MLD-STZ (80 mg/kg for 3 consecutive days), at the end of therapeutic PC1 treatment (s.c. 150 pg/kg, twice-
daily for 14 days) and (d) PK2 mRNA expression in spinal cord (L4-L6) 56 days after diabetes induction with MLD-
STZ, 21 days after the discontinuation of the therapeutic PC1 treatment. (B) mRNA expression in sciatic nerve 35
days after diabetes induction with MLD-STZ (80 mg/kg for 3 consecutive days), at the end of therapeutic PC1
treatment (s.c. 150 pg/kg, twice-daily for 14 days). The mRNA levels, determined by Real Time PCR, were expressed
in relation to glyceraldehydes 3-phosphate dehydrogenase (GAPDH) and presented as fold-increases over the levels
in CTR animals. Data represent mean + SEM of 4-6 mice per group. One way ANOVA was used for statistical
evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05 vs CTR; °p<0.05 vs STZ/saline.
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Thirty-five days after diabetes induction, in the sciatic nerve of MLD-STZ we also
observed a significant increase of PKR1 mRNA levels. Repeated PC1 administrations
were effective in reducing the neuropathy-induced PKR1 up-regulation, bringing its
levels to basal (fig.12, panel B). Real-Time PCR analysis for PK2 and PKR2 mRNA
evaluation failed to determine the expression levels of PK2 and PKR2 in the sciatic
nerve. Amplification signal for PK2 and PKR2 was detected too late (Cy>38) in samples
from MLD-STZ injected mice treated with PC1 and non-diabetic animals, impeding to
compare their expression among the three groups of study (data not shown).

o Effect of preventive PKR blocking on diabetes-induced mechanical allodynia and
PK2 up-regulation in spinal cord.

Data above described clearly demonstrated the involvement of the PKs system in
diabetic neuropathic pain leading us to suppose a possible implication of the system
not only in the maintenance but also in the onset of painful syndrome. In order to
check this hypothesis, we performed a precocious blocking of the PKRs in MLD-STZ
mice not yet neuropathic.

A group of animals was s.c. administered with the antagonist PC1 for 14 days, starting
on day 0, time point corresponding to the first STZ injection. As controls mice injected
with MLD-STZ treated with only saline and non-diabetic mice were used.
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Figure 13. Effect of PC1 (150 pg/kg, twice-daily) s.c. administered to mice injected with MLD-STZ (80 mg/kg for 3
consecutive days) for 14 days, starting from day 0, time point corresponding to the first STZ administration
(preventive treatment), on mechanical allodynia (A). Data represent mean = SEM of 5 mice per group. Two way
ANOVA was used for statistical evaluation, followed by Bonferroni’s test. *p<0.05, ***p<0.001 vs CTR/saline;
°°°p<0.001 vs STZ/saline. PK2 mRNA expression in spinal cord (L4-L6) 14 days after the initiation of preventive PC1
treatment/the first MLD-STZ (80 mg/kg for 3 consecutive days) injection (B). The mRNA levels, determined by Real
Time PCR, were expressed in relation to glyceraldehydes 3-phosphate dehydrogenase (GAPDH) and presented as
fold-increases over the levels in CTR animals. Data represent mean = SEM of 6-8 mice per group. One way ANOVA
was used for statistical evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05 vs CTR; °p<0.05 vs
STZ/saline.
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As depicted in figure 13, panel A, early PC1 administrations from day 0 to 13 after
diabetes induction significantly counteracted diabetes-induced neuropathic pain,
preventing the development of painful symptoms in MLD-STZ mice. On day 7 after
diabetes induction, when mechanical allodynia was fully developed in MLD-STZ mice,
the PWT of diabetic mice precociously treated with the antagonist PC1 appeared
significantly higher respect to MLD-STZ animals and this difference of mechanical
sensitivity was even more evident 7 days later. Indeed, at the end of preventive
treatment, mechanical nociceptive thresholds of mice treated with chronic PC1 were
almost comparable to those evaluated in non-diabetic control mice.

To correlate the changes in pain behaviour with the PKs system activation, we
performed Real-Time PCR analysis to compare the mRNA expression level of PK2 in
spinal cord of MLD-STZ mice treated either with preventive PC1 administrations or
saline, 14 days after the first STZ injection.

Precocious treatment with PC1 efficaciously contrasted neuropathy-induced PK2 up-
regulation, significantly preventing the augmentation of PK2 expression, which
strongly increased in spinal cord of MLD-STZ mice 14 days after diabetes induction, as
reported in panel B.

o Spinal cord glutamate receptor modulation by diabetes and preventive PC1
treatment

Glutamate is one of the main mediator in pain processing and it is known to participate
in the alteration of the synaptic transmission during neuropathic pain (lwata et al.,
2007; Daulhac et., 2011).

In order to further support the anti-allodynic effect of PC1, we also analyzed the
expression of glutamate NMDA receptor subunits N1, N2A and N2B and the glutamate
AMPA receptor subunits A1 and A2/3 in spinal cord of MLD-STZ mice treated with
preventive PC1 administrations.

As illustrated in figure 14, spinal cord N1, N2A and N2B (panels A-C) and Al and A2/3
(panels D and E) are shown as grey density percentages of non-diabetic control mice
(normalized on tubulin) and in the form of a representative western blot. Subunit
content was also normalized on Na/K ATPase, endogenous control for the integrity of
plasma membrane proteins. As depicted in panel F, protein levels of both tubulin and
Na/K ATPase were comparable in spinal cord of MLD-STZ injected mice treated either
with PC1 or saline and non-diabetic animals indicating that tubulin and Na/K ATPase
protein content was not altered neither after PC1 administrations nor STZ injections.
Fourteen days after diabetes induction, an alteration of the expression pattern of the
subunits N2A and N2B was clearly evident in spinal cord of MLD-STZ mice. As reported
in panels B and C, in presence of fully developed mechanical allodynia, a decrease of
the NMDA receptor subunit N2A was present, while the expression of the N2B subunit
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significantly increased compared to basal levels of controls. Early PC1 administrations
from day O to 13 after diabetes induction was effective in preventing N2B up-
regulation in spinal cord of diabetic mice (panel C), without affecting the levels of the
subunit N2A (panel B). In our experimental setting, we did’t find any modulation of the
subunit N1, A1 and A2/3 expression in the spinal cord, neither after diabetes induction
nor preventive PC1 treatment (panels A, D and E).
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Figure 14. Effect of preventive PC1 administrations (s.c. 150 pg/kg, twice-daily for 14 days) on GIuN1 (A), GIuN2A
(B), GIuN2B (C), GluAl (D) and GluA2/3 (E) subunit content and representative Western blot bands in spinal cord
(L4-L6) of mice injected with MLD-STZ (80 mg/kg for 3 consecutive days) 14 days after diabetes induction, at the end
of PC1 treatment. Lanes 1 are extracts of CTR non-diabetic mice, lanes 2 from diabetic STZ/saline mice and lanes 3
from diabetic STZ/PC1 mice. Grey levels of glutamate receptor subunits were normalized on tubulin and expressed
as optical density ratio calculated by taking the optical density of the control as 100%. Na/K ATPase was used as
controls for the integrity of plasma membrane proteins (F). The values are the mean = S.E.M. of 7-8 separate
experiments for each antibody. Kruskal-Wallis non parametric ANOVA was used for statistical evaluation, followed
by Dunn’s test for multiple comparisons. *p<0.05, ***p<0.01 vs CTR.

5.2.3 Effect of therapeutic PKR blocking on cytokines levels in spinal cord and sciatic
nerve.

In order to determine the effect of therapeutic PKR blocking on the neuroinflammation
associated to diabetic neuropathic pain development we evaluated the expression of
IL-1B and IL-10 in spinal cord and sciatic nerve measuring both cytokine mRNA levels
and protein content. As illustrated in figures 15 and 16, 35 days after MLD-STZ
injections, mRNA and protein levels of IL-1B were increased in spinal cord (fig.15,
panels A and B) and in the sciatic nerve (fig.16, panels A and B) of diabetic mice.
Repeated PC1 administrations efficaciously contrasted IL-18 up-regulation, restoring
cytokine levels to basal values in the spinal cord (fig.15, panels A and B) and
significantly reducing them in the sciatic nerve (fig.16, panels A and B).
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In spinal cord no modulation of IL-10 protein levels was ever observed, either after
diabetes induction or PC1 treatment (Fig.15, panels C). On the contrary, the evaluation
of mMRNA expression revealed a slight decrease of IL-10 levels in spinal cord from MLD-
STZ mice which PC1 administrations completely prevented, as depicted in panel D (fig.
15).

Thirty-five days after diabetes induction, in sciatic nerve of MLD-STZ mice the protein
content and the mRNA levels of IL-10 were decreased compared to the basal levels of
the controls (fig.16, panels C and D). PC1 administrations contrasted the significant
decrease of IL-10 protein, enhancing cytokine production, as illustrated in panel C.
Interestingly, PC1 led the mRNA expression of IL-10 above the physiological levels of
the controls, shifting the immunity of the nerve towards an anti-inflammatory profile
(panel D).
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Figure 15. Effect of PC1 administrations on IL-1B and IL-10 protein content (A and C) and mRNA expression (B and
D) in spinal cord 35 days after diabetes induction with MLD-STZ (80 mg/kg for 3 consecutive days) administration, at
the end of therapeutic treatment with PC1 (s.c. 150 pg/kg, twice-daily for 14 days) starting on day 21 from the first
STZ injection. Cytokine protein content, evaluated by ELISA, was reported as pg/mg of protein. Citokine mRNA
levels, determined by Real Time PCR, were expressed in relation to glyceraldehydes 3-phosphate dehydrogenase
(GAPDH) and presented as fold-increases over the levels in CTR animals. Data represent mean £ SEM of 6-8 mice
per group. One way ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple comparisons.
*p<0.05, **p<0.01 vs CTR; °p<0.05, °°p<0.01, °*°p<0.001 vs STZ/saline.
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Figure 16. Effect of PC1 administrations on IL-1B and IL-10 protein content (A and C) and mRNA expression (B and
D) in sciatic nerve 35 days after diabetes induction by MLD-STZ (80 mg/kg for 3 consecutive days), at the end of
therapeutic treatment with PC1 (s.c. 150 pg/kg, twice-daily for 14 days) starting on day 21 from the first STZ
injection. Cytokine protein content, evaluated by ELISA, was reported as pg/mg of protein. Citokine mRNA levels,
determined by Real Time PCR, were expressed in relation to glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
and presented as fold-increases over the levels in CTR animals. Data represent mean £+ SEM of 4-6 mice per group.
One way ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05,
**p<0.01 vs CTR; °p<0.05, °°p<0.01 vs STZ/saline.

5.2.4 Effect of PKR blocking on peripheral inflammatory status and immune dysfunction
associated to the development of diabetes

Considering the precocious involvement of the PKs system in the onset of the diabetic
neuropathy it was interesting to investigate whether a preventive blocking of PKRs
with the antagonist PC1 positively influenced also the course of the diabetic pathology
itself, modulating the hyperglycaemic state of animals or reducing the peripheral
inflammatory component which is known to be associated to diabetes status (Agrawal
and Kant, 2014). Hence, we monitored over time blood glucose values in mice injected
with MLD-STZ and, at the end of the preventive treatment with PC1, we measured by
ELISA the plasmatic levels of insulin. Moreover, since it is known that in diabetes
model that we used, the destruction of B-pancreatic cells induces an altered immune-
inflammatory response characterized by a dysregulation of cytokine expression
pattern in pancreas (Cnop et., 2005; Amirshahrokhi and Ghazi-Khansari, 2012), we also
compared the levels of IL-1B and IL-10 protein content in MLD-STZ mice treated with
either PC1 or saline with control animals.

As reported in figure 17, after MLD-STZ administration, diabetic mice exhibited
significantly high blood glucose levels compared to control mice, which gradually
increased reaching the maximal pick at the end of the period of observation, i.e. 14
days after diabetes induction (panel A). Parallel, at this time point, the levels of

83



RESULTS

plasmatic insulin were drastically reduced in MLD-STZ mice respect to the basal levels
of controls (panel C). Preventive PC1 administrations from day O to 13 after diabetes
induction was not effective either in reducing high glucose levels in mice injected with
MLD-STZ or in re-establishing the plasmatic insulin levels to physiological control
values.

As reported in panels B and D (fig.17), 14 days after diabetes induction, a marked
dysregulation of the cytokine IL-1B and IL-10 levels was present in the pancreas of
MLD-STZ mice; both cytokines appeared significantly diminished compared to the
levels of controls.

Early PC1 administrations were effective in preventing the alteration of IL-1B and IL-10
levels which occurred in the pancreas of diabetic mice, contrasting the decrease of IL-
1B (panel B) levels and significantly avoiding the reduction of IL-10 protein content
(panel D).
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Figure 17. Time course of glycaemic values of mice injected with MLD-STZ (80 mg/kg for 3 consecutive days), s.c.
administered with PC1 (150 ug/kg, twice-daily for 14 days) or saline (preventive treatment), starting from day 0 to
13 after diabetes induction (A). Data represent mean = SEM of 5 mice per group. Two way ANOVA was used for
statistical evaluation, followed by Bonferroni’s test. ***p<0.001 vs CTR. Effect of preventive PC1 administrations on
plasma levels of insulin (C) and IL-1B and IL-10 protein content in pancreatic tissue (B, D) 14 days after diabetes
induction, at the end of PC1 treatment. Plasma insulin levels and cytokine protein content, evaluated by ELISA, was
reported as protein concentrations in plasma and and pg/mg of protein, respectively. Data represent mean + SEM
of 4-6 mice per group. One way ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple
comparisons. *p<0.05, **p<0.01, ***p<0.001 vs CTR; °p<0.05 vs STZ/saline.

Since inflammation and immune dysregulation are important mechanisms underlying
type 1 diabetes pathogenesis we finally performed ex-vivo studies evaluating the
functioning of peripheral immunity at the end of preventive PC1 treatment.
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In order to evaluate the effects induced by preventive PC1 administration on innate
immunity, we examined the production of the cytokines IL-1B and IL-10 by peritoneal
macrophages, stimulated in vitro with 1 ug/ml LPS. Figure 18 reports the concentration
measured in culture supernatant of the pro-inflammatory cytokine IL-1B and the anti-
inflammatory cytokine IL-10.

The effects of the antagonist on acquired immunity were evaluated measuring Th1 and
Th2 cytokine production by splenocytes, stimulated in vitro with 10 pg/ml ConA. The
concentration of Th cytokines IFN-y, IL-2, IL-4 and IL-10 measured in culture
supernatant is reported in figure 19.

Fourteen days after MLD-STZ injections, a significant alteration of both innate and
acquired immunity was observed in diabetic mice, characterized by elevated levels of
IL-1B produced by macrophages and a Th1 pro-inflammatory/pro-cytotoxic profile.
Indeed at this time point, a significant increase of IL-1B production by macrophages
obtained from MLD-STZ mice was present, while IL-10 levels were markedly decreased,
as depicted in figure 18, panels A and B, respectively. Early PC1 administrations were
effective in preventing this altered balance between pro- and anti-inflammatory
cytokines in MLD-STZ macrophages, maintaining the levels of IL-1B at physiological
values of controls and significantly contrasting the reduction of IL-10 (fig.18).

The Th1/Th2 cytokine balance is reported in figure 19. Fourteen days after diabetes
induction, the production of Thl cytokines increased in diabetic animals. In particular
we observed a marked augmentation of IFN-y levels (panel A) and, even if not
significant, higher concentration of the cytokine IL-2 compared to controls (panel B). A
protective effect induced by precocious PC1 treatment was strongly evident on IFN-y
production. As shown in panels A and B, repeated administrations of the antagonist
from day 0 to 13 significantly prevented the increase of Th1l cytokines in diabetic mice,
maintaining cytokine levels to basal values of control animals.

The production of IL-4 and IL-10 Th2 cytokines was not significant altered after either
MLD-STZ administrations or chronic PC1 treatment, as illustrated in panels C and D
(fig.19).

IFN-y/IL-4 ratio is frequently used as index for determining spleen cells profile. As
shown in panel E (fig.19), PC1 administrations completely prevented the alteration of
Th1/Th2 balance in diabetic mice, which was significantly shifted toward a Thil
phenotype 14 days after MLD-STZ injections.

Spontaneous production of cytokines by macrophages and spleen cells was always
very low, at the limit of detection, and no effect of PC1 treatment was ever observed
(data not shown).
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Figure 18. Effect of preventive PC1 administrations (s.c. 150 pg/kg, twice-daily for 14 days) on IL-1B (A) and IL-10
(B) production by peritoneal macrophages, obtained from mice injected with MLD-STZ (80 mg/kg for 3 consecutive
days) 14 days after diabetes induction, at the end of PC1 treatment. Cytokine content, evaluated by ELISA, was
reported as protein concentrations in culture media. Peritoneal macrophages obtained at the end of treatment
were stimulate in vitro with 1 pg/ml LPS. Culture media were collected after 24 h. Data represent mean + SEM of 6-
8 replicates per group. One way ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple
comparisons. **p<0.01, ***p<0.001 vs CTR; °p<0.05, °*°p<0.001 vs STZ/saline.
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Figure 19. Effect of preventive PC1 administrations (s.c. 150 pg/kg, twice-daily for 14 days) on IFN-y (A), IL-2 (B), IL-
4 (C) and IL-10 (D) production by splenocytes, obtained from mice injected with MLD-STZ (80 mg/kg for 3
consecutive days) 14 days after diabetes induction, at the end of PC1 treatment. (E) Change of Th1/Th2 balance in
MLD-STZ mice at the end of preventive treatment with PC1. Cytokine content, evaluated by ELISA, was reported as
protein concentrations in culture media. Splenocytes obtained at the end of PC1 treatment were stimulated in vitro
with 10 pg/ml ConA. Culture media were collected after 24 h for Th1 (IL-2 and IFN-y) and 48 h for Th2 (IL-4 and IL-
10) cytokine evaluation. Splenocytes profile was expressed as IFN-y/IL-4 ratio and calculated by taking IFN-y/IL-4
ratio of the control as 100%. Data represent mean = SEM of 4-6 mice per group. One way ANOVA was used for
statistical evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05 vs CTR; °p<0.05 vs STZ/saline.
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The functioning of peripheral immunity was ultimately investigated in MLD-STZ mice
also at the end of therapeutic treatment with PC1, 35 days after diabetes induction.

As parameters of innate and adaptive immunity, we always evaluated IL-1B and IL-10
cytokine production by peritoneal macrophages stimulated in vitro with 1 pg/ml LPS,
and Th1 and Th2 cytokine release by splenocytes stimulated in vitro with 10 pg/ml
ConA, respectively.

As depicted on figures 20 and 21, 35 days after MLD-STZ injections, both innate and
acquired immunity were still altered in diabetic mice.

Therapeutic PC1 administrations from day 21 to 34 after diabetes induction
efficaciously contrasted the high levels of IL-1B produced by macrophages of diabetic
mice, re-establishing cytokine production to physiological values (fig.20, panel A). IL-10
production was not significantly altered after either MLD-STZ or PC1 administration
compared to controls (fig.20, panel B). We did not find any statistically significant
differences for Th1/Th2 cytokine in any of the groups studied (fig.21, panels A-D).
However, when we calculated the IFN-y/IL-4 ratio as indicator of Th1/Th2 balance a
significant shift towards Th1 was evident (panel E). Once again chronic treatment with
the antagonist was effective against the diabetes-induced peripheral inflammatory
status.
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Figure 20. Effect of therapeutic PC1 administrations (s.c. 150 pg/kg, twice-daily for 14 days) on IL-1B (A) and IL-10
(B) production by peritoneal macrophages, obtained from mice injected with MLD-STZ (80 mg/kg for 3 consecutive
days) 35 days after diabetes induction, at the end of PC1 treatment. Cytokine content, evaluated by ELISA, was
reported as protein concentrations in culture media. Peritoneal macrophages obtained at the end of treatment
were stimulate in vitro with 1 ug/ml LPS. Culture media were collected after 24 h. Data represent mean + SEM of 6-
8 replicates per group. One way ANOVA was used for statistical evaluation, followed by Tukey’s test for multiple
comparisons. ¥*p<0.05 vs CTR; °p<0.05 vs STZ/saline.
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Figure 21. Effect of therapeutic PC1 administrations (s.c. 150 pg/kg, twice-daily for 14 days) on IFN-y (A), IL-2 (B), IL-
4 (C) and IL-10 (D) production by splenocytes, obtained from mice injected with MLD-STZ (80 mg/kg for 3
consecutive days) 35 days after diabetes induction, at the end of PC1 treatment. (E) Change of Th1/Th2 balance in
MLD-STZ mice at the end of therapeutic treatment with PC1. Cytokine content, evaluated by ELISA, was reported as
protein concentrations in culture media. Splenocytes obtained at the end of PC1 treatment were stimulated in vitro
with 10 pug/ml ConA. Culture media were collected after 24 h for Thl (IL-2 and IFN-y) and 48 h for Th2 (IL-4 and IL-
10) cytokine evaluation. Splenocytes profile was expressed as IFN-y/IL-4 ratio and calculated by taking IFN-y/IL-4
ratio of the control as 100%. Data represent mean £ SEM of 5 mice per group. One way ANOVA was used for
statistical evaluation, followed by Tukey’s test for multiple comparisons. *p<0.05 vs CTR; °p<0.05 vs STZ/saline.
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Neuropathic pain resulting from a damage or disease within the somatosensory
system is a chronic pain largely resistant to treatment mainly because the underlying
mechanisms are still poorly understood.

Much of the initial research on the neuropathic pain pathogenesis focused on the
properties of neurons following a nerve injury, leading to proposal of both peripheral
and central sensitization as important disease mechanisms (Sacerdote et al., 2013).
However, in the last years it has emerged that the development and maintenance of
neuropathic pain is not confined to the altered activity of sensory neurons and the
reorganization of central nociceptive circuits, but also involves pathological
interactions between neurons, glia and inflammatory immune cells, as well as a wide
cascade of pro- and anti-inflammatory cytokines (Austin and Moalem Taylor, 2010;
Calvo et al., 2012).

In the present work we provide evidences about the involvement of a recently
discovered chemokine-like protein named prokineticin 2 (PK2) and its receptors PKR1
and PKR2, in the inflammatory events-related to neuropathic pain development, which
occurs in the peripheral and central nervous system following neuronal injury induced
either directly through a peripheral nerve lesion or as a consequence of a persistent
hyperglycaemic status (diabetic painful neuropathy).

PERIPHERAL NERVE INJURY (CCI) MODEL

We initially investigated the involvement of the PKs system in a mouse model of
neuropathic pain induced by the chronic constriction injury (CCl) of the sciatic nerve.
The implication of the PKs system in CCl-induced neuropathic pain was clearly
confirmed by our behavioural results. In fact, blocking PK2/PKRs signalling with PC1
was effective in controlling neuropathic painful manifestations, completely reverting
thermal hyperalgesia and significantly reducing mechanical allodynia. The changes in
pain behaviour well correlated with the expression and distribution of PK2 and PKRs at
the peripheral and central sites of pain transmission.

In fact, we found a general up-regulation of PKRs and their ligand PK2 both in
periphery and in spinal cord of CCl neuropathic mice.

Ten days after nerve ligation, we observed a strong increase of PK2 mRNA in the
injured sciatic nerve. PK2 immunoreactivity was increased in neuroma and in nerve
fibres proximal to the lesion and was associated to activated Schwann cells and
infiltrating neutrophils and macrophages. In the same cells we detected high levels of
both PKRs. In particular, immunofluorescence staining of the neuroma revealed a co-
localization of PKR2 signal with activated Schwann cells, whereas PKR1 signal was
associated to infiltrating immune cells.

The fact that few evidences indicate PKR2 as the only inducible receptor (Kisliouk et al.,
2005), led us to speculate that the augmentation of PKR1 mRNA expression measured
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in the injured nerve of CCl mice could be attributed to infiltrating inflammatory cells
expressing this receptor, i.e. invading granulocytes and macrophages.

As previously reported in a model of inflammatory pain, the release of PK2 in the nerve
contributes in lowering nociceptor activation thresholds and in recruiting neutrophils
and macrophages (Giannini et al., 2009), which PK2 drive towards a pro-inflammatory
phenotype increasing the release of IL-1B and reducing that of IL-10 (Martucci et al.,
2006).

Inactivation of PKRs, particularly PKR1, which is known to be the major receptor
implicated in the immunomodulatory activity of PK2, appeared to be of therapeutic
benefit in controlling inflammatory process which occurred in the nerve following
lesion. Indeed, in the injured sciatic nerve of neuropathic CCI/PC1 mice the PK2 mRNA
levels and immunofluorescence were significantly lower compared to CCl/saline group.
In particular, a significant reduction of PK2 signal was detected in invading immune
cells. Repeated PC1 administrations significantly reduced the availability of a potent
pro-nociceptive/pro-inflammatory agent as PK2 in the nerve and in infiltrating cells,
consequently preventing/reducing the further recruitment of inflammatory cells as
well as the activation of resident cells. This peculiar effect of PC1 to counteract the
overexpression of PK2 seems to be exclusively mediated by the activation of the PKR1
as it was demonstrated a specific involvement of this receptor in setting the enhanced
PK2 levels during inflammation (Giannini et al., 2009; Negri and Lattanzi, 2011).

The activation of PK2 in the injured nerve of neuropathic mice also well correlated with
the stimulation of the pro-inflammatory cytokine IL-1B, an inflammatory mediator
known to strongly contribute in enhanced pain transmission. Parallel with IL-1B
augmentation we found a significant reduction of IL-10 protein levels, whereas its
mMRNA expression strongly increased.

The mismatch between the mRNA and the protein levels of this anti-inflammatory
cytokine is probably due to the activation of the synthetic machinery of IL-10 in order
to supply the strong demand and consumption of IL-10 required for contrasting the
pro-inflammatory cascade induced by the lesion (Sacerdote et al., 2013).

These data suggest that upon PK2 exposure stimulated- Schwann and immune cells
produce large quantity of inflammatory mediators, including the PK2 its self,
perpetuating a vicious positive feedback loop for increasing further production of
inflammatory mediators, thus potentiating nerve damage and contributing to
enhanced pain transmission.

Ten days after nerve ligation, PK2 signal also increased in the superficial and in some
deeper layers of the spinal dorsal horns as well as in activated astrocytes. The
particular increase of PK2 at the levels of the presynaptic terminals led us to suggest
that PK2 may be transported to the central endings where it induces central
sensitization through CGRP and SP synthesis and release (DeFelice et al.,, 2012),
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activation of glutamate interneurons (Yuill et al., 2007) and reduction of GABAa
receptor function (Ren et al., 2011).

The expression of PKR1 was not altered in the spinal cord of CCl neuropathic mice and
was restricted to resting and activated astrocytes; on the contrary neuronal injury
induced a strong modulation of PKR2. As PK2, in fact the PKR2 signal clearly increased
after nerve ligation in the activated astrocytes and in neuronal cell bodies, indicating a
relevant role of PK2/PKR2 pair in spinal pain processing.

The PK2 released in spinal cord by activated astrocytes and primary sensory neurons
may activate the PKR2 constitutively expressed in the spinal cord neurons and up-
regulated after nerve injury. PKR2 was in fact increased in all examined tissues 10 days
after nerve damage. Moreover, as PKR2 is primarily expressed in medium-large DRG
neurons which also contain TRPA1 channel, (Negri and Lattanzi, 2011) considered
involved in allodynia, and in spinal neurons we hypothesize that the increased
expression of PKR2 together with its agonist PK2 might have a role in the induction and
maintenance of this painful symptom.

PKR2 activation induced by PK2 may also contribute to astrocytosis and production of
pro-inflammatory cytokines such as IL-13, which in turn stimulate astrocytes to induce
further PK2 production. Previous in vitro studies support the role of PK2 to promote
astrocytes activation. The release of PK2 was in fact found to induce proliferation of
astrocytes expressing both PKR1 and PKR2 so functioning as an astrocyte autocrine
growth factor (Koyama et al., 2006).

Repeated PC1 administration was effective in reducing the neuropathy-induced
overexpression of the PK2 itself also in spinal cord. At this level, astrocytes appeared a
preferential target for PC1. Indeed, in CCI/PC1 mice, astrocyte PK2 immunoreactivity
was evidently reduced and the increase of IL-1B was reverted, indicating that chronic
treatment with the antagonist PC1 directly controls astrogliosis.

DIABETES-INDUCED NEUROPATHIC PAIN MODEL

Considering that in patients one of the most common causes of neuropathic pain is the
presence of diabetes we have considered of great interest to investigate the role of the
PKs system also in neuropathic pain induced by diabetes, using the diabetic painful
neuropathy model induced by chemical pancreactomy (STZ).

Allodynia is known to be a cardinal symptom of the diabetic painful neuropathy. In this
model it appeared within few days after diabetes induction, reached full development
14 days later and persisted until 56 days from the STZ administrations.

Our data demonstrate that in diabetic mice spinal cord PK2 is implicated both in the
early stage of neuropathic pain development as well as in its maintenance. An over
expression of PK2 in spinal cord was in fact present since the appearance of painful
symptom and for all the persistence of allodynia.
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To deepen the knowledge about the timing of activation and the specific role of the
PKs system in diabetic neuropathic pain evolution we performed two different
pharmacological approaches using the PKR antagonist PC1. Mice were chronically
treated with PC1 at different time points from diabetes induction, i.e. either starting
on day 21 after diabetes induction, when animal exhibited an overt neuropathic pain
(therapeutic treatment) or at the same time of STZ administrations (day 0), i.e. when
hyperglycaemia and mechanical allodynia were not yet developed (preventive
protocol).

The antagonist PC1 was highly effective in alleviating diabetes-induced neuropathic
pain. In fact repeated administrations of PC1 significantly reduced mechanical
allodynia in STZ mice treated in presence of fully developed neuropathic pain, while
completely prevented the development of painful symptoms, when it was given to
animal not already neuropathic. Interestingly, therapeutic treatment schedule delayed
painful symptom reappearance after PC1 suspension, leading us to suppose that
blocking PK2 signalling could induce permanent changes in the neuronal circuits or in
the neuroinflammatory phenomena involved in the maintenance of neuropathic pain.
Moreover, a single bolus systemic injection of PC1 rapidly reduced the established STZ-
induced allodynia in mice with fully developed neuropathic pain, suggesting a direct
action on nociceptor PKRs, whose blockade hinders the transmission of painful stimuli.
The clear anti-allodynic effect observed after chronic PC1 treatment could be also
ascribed to its ability to prevent or reduce the PK2 synthesis activation. Consistently,
35 days after diabetes induction PK2 and PKR2 were significantly increased in spinal
cord of STZ mice and therapeutic PC1 administrations reduced these augmentations;
the counteraction of the PK2 overexpression was even more evident after the
precocious treatment. In addition, the prevention of spinal cord PK2 up-regulation was
long lasting and persisted after suspension of PC1 administrations.

The observation that in mice precociously treated with PC1 administrations allodynia
did not develop led us to hypothesize that when PC1 treatment started on day 0, i.e.
when the unique plasticity of the central nervous system that underlies allodynia was
not yet developed, the blocking of neuronal PKR2 and PK2 synthesis in spinal cord
could prevent or slow this neuronal plasticity.

In order to further support the anti-allodynic effect of PC1, we also analysed the
expression of glutamate NMDA receptor subunits N1, N2A and N2B and the glutamate
AMPA receptor subunits A1 and A2/3 in spinal cord of STZ mice treated with
preventive PC1 administrations.

As reported in literature, the development of abnormal pain perception in diabetic
animals is associated with abnormal hyperactivity of glutamate receptors in spinal
cord. In fact, it was found that hyperalgesia and allodynia exhibited by diabetic mice
can be prevented by co-administrations of AMPA and NMDA receptors antagonists
(Calcutt and Chaplan, 1997; Gupta et al., 2003; Malcangio and Tomlinson, 1998).
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Further evidences indicate that the alterations in synaptic transmission associated to
neuropathic pain development include phosphorylation of NMDA receptors, altered
NMDA receptor subunit expression pattern and an increase in NMDA-mediated
current (Guo et al., 2002; Zou et al., 2002; Gaunitz et al., 2002; Karlsson et al., 2002;
Isaev et al., 2000). In particular pain hypersensitivity induced by peripheral injury or
tissue inflammation is known to be mediated by the activation of N2B subunits
distributed in spinal cord dorsal horns (Boyce et al., 1999; Sakurada et al., 1998; Tan et
al., 2005; Taniguchi et al.,, 1997) Moreover, lwata et al. (lwata et al., 2007)
demonstrated that on spinal neurons the incidence of N2A decreased while that of
N2B increased after peripheral nerve injury.

In agreement with this literature, in presence of fully developed mechanical allodynia a
decrease of the spinal NMDA receptor subunit N2A was present, while the expression
of the N2B subunit significantly increased. Early PC1 administrations were effective in
preventing N2B up-regulation in spinal cord of diabetic mice, without affecting the
levels of the subunit N2A.

These data confirm that PC1 administration has a clear impact on neuronal processes
that participate in the establishment of allodynia.

As already discussed, the PKs system plays a pivotal role in modulating peripheral
immune/inflammatory reactions as well as neuroinflammation. As further confirm, we
demonstrated that PC1 treatment was able to significantly reduce IL-B overexpression
in the spinal cord in STZ mice. As for the CCI results, it can be suggested that by
reducing PK2 and PKR2 levels in spinal cord, the signalling leading to IL-1B production
by astrocytes and microglia is significantly blunted.

From our data, it also emerges an important control of PK2 on the balance of pro- and
anti-inflammatory cytokines in the sciatic nerve. In the diabetic nerve, Schwann cells,
resident and macrophages recruited from bloodstream present a clear pro-
inflammatory phenotype, characterized by high IL-1B and low IL-10 levels. The
antagonism with PC1 was efficacious in reverting this pro-inflammatory phenotype;
indeed after treatment we measured extremely high levels of sciatic nerve IL-10,
suggesting that the blocking of PKRs drives nerve macrophages towards an anti-
inflammatory direction. As previously addressed for CCl, the augmentation of PKR1
MRNA expression measured in the diabetic nerve could be attributed to infiltrating
inflammatory cells expressing this receptor. Since PKR1 is the most implicated in the
immune response and it was previously demonstrated to mediate macrophage
chemotaxis (Martucci et al., 2006) it can be assumed that blocking it with PC1 could
affect macrophage migration reducing or preventing the recruitment of further
inflammatory cells expressing PKR1 in the nerve.

Inflammation and immune activation have been recognized as fundamental
mechanisms in the pathophysiology of diabetes as well as of its complications (Agrawal
and Kant, 2014). An autoimmune reactivity characterized by a T helper 1 profile is
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consistently present in diabetes, and elevated pro-inflammatory cytokines, such as
IFN-y, TNF-a, and IL-1B (Padgett et al., 2013) also participate in pancreatic B-cells
destruction. In agreement with our and other groups’ studies about the potent
immunomodulatory activity of PK2 (Martucci et al., 2006; Franchi et al., 2008,
LeCouter et al., 2004), we now demonstrate that PK2 and its receptors appear to be
involved also in modulating the altered peripheral immune response in the STZ model.
In fact, in diabetic mice we observed a significant alteration of both innate and
acquired immunity, characterized by elevated levels of IL-1B produced by circulating
macrophages, and a Thl pro-inflammatory/pro-cytotoxic profile. PC1 treatment
reduced the peripheral inflammatory status, decreasing macrophagic IL-1 and
switching Th1/Th2 balance towards Th2. Interestingly, blocking PKRs was also able to
prevent cytokine alteration that we observed in pancreas. At the moment we do not
know whether this effect is mediated by PKRs that have been shown to be present on
pancreatic tissues (Jiang et al. 2009; Cline et al., 2011; Dormishian et al., 2013), or it
depends on the general peripheral immunomodulation achieved with PC1.

We can hypothesize that PK2 is involved in all the inflammatory processes that take
place in diabetes, and the inactivation of its signalling might ameliorate the general
well-being in the animals, as demonstrated by the reduction of painful symptoms. If
this hypothesis is true, the blocking of PKRs could have beneficial effects also on other
diabetic complications, such as retinopathy and nephropathy. Further experiments are
needed in this direction.

Although PC1 blocked the STZ-induced neuropathic pain, neuroinflammation and
peripheral immune activation, it did not affect hyperglycaemia nor the body weight
loss present in diabetic mice. However this is not uncommon, since other compounds,
such cannabis extracts, buprenorphine and ghrelin, have beneficial action on diabetic
alterations and tissue damage without affecting STZ-induced hyperglycaemia and body
weight loss (Saini et al., 2007; Comelli et al., 2009; Canta et al., 2009; Kyoraku et al.,
2009). Interestingly, also the STZ diabetic rats treatment with low dose insulin
normalizes tactile allodynia, without affecting hyperglycaemia (Hoybergs and Meert,
2007). We believe that in the whole, PK2 has a role in the several inflammatory events
that take place downstream of hyperglycaemia.

CONCLUSIONS

Blocking PK2 signalling with PC1 appears a winning strategy for controlling neuropathic
pain as this molecule not only significantly reduces neuropathy-induced pain
hypersensitivity directly targeting the receptors, but also suppresses the causes
underlying disease progression as neuroinflammation, by controlling the synthesis and
release of the pro-inflammatory/pro-nociceptive endogenous PK2.
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DISCUSSION and CONCLUSIONS

In conclusion, we suggest the PKs system as a promising target for the development of
novel pharmacological approaches to treat neuropathic pain as well as other
pathological conditions characterized by a sustained inflammatory component.

96



97

7. REFERENCES



REFERENCES

Abbadie C, Bhangoo S, De Koninck Y, Malcangio M, Melik-Parsadaniantz S, White FA (2009). Chemokines
and pain mechanisms. Brain Res Rev 60: 125-134.

Agrawal NK, Kant S. (2014) Targeting inflammation in diabetes: Newer therapeutic options. World
J Diabetes. 5(5):697-710. Review.

Almeida TF, Roizenblatt S, Tufik S. (2004) Afferent pain pathways: a neuroanatomical review. Brain Res.
1000(1-2):40-56. Review.

Amirshahrokhi K, Ghazi-Khansari M. (2012) Thalidomide attenuates multiple low-dose streptozotocin-
induced diabetes in mice by inhibition of proinflammatory cytokines. Cytokine. 60(2):522-7.

Araki T, Sasaki Y, Milbrandt J. (2004) Increased nuclear NAD biosynthesis and SIRT1 activation prevent
axonal degeneration. Science. 305(5686):1010-3.

Aslam A, Singh  J, Rajbhandari S. (2014) Pathogenesis of painful diabetic neuropathy. Pain Res
Treat. 2014:412041.

Arruda JL, Sweitzer S, Rutkowski MD, DelLeo JA. (2000) Intrathecal anti-IL-6 antibody and IgG attenuates
peripheral nerve injury-induced mechanical allodynia in the rat: possible immune modulation in
europathic pain. Brain Res. 879:216-225.

Axelrod FB, Hilz MJ. (2003) Inherited autonomic neuropathies. Semin Neurol 23(4):381-390.

Austin PJ, Moalem Taylor G (2010) The neuroimmune balance in neuropathic pain: involvement of
inflammatory immune cell, immune-like glia cells and cytokines. ) Neuroimmunol 229:26-50.

Bai YH, Takemitsu M, Atsuta Y, Matsuno T. (1999). Peripheral mononeuropathy induced by loose ligation
of sciatic nerve in the rat: behavioral, electrophysiological and histopathological studies. Exp Anim.
48(2):87-94.

Balboni G, Lazzari I, Trapella C, Negri L, Lattanzi R, Giannini E, Nicotra A, Melchiorri P, Visentin S, De
Nuccio C and Salvadori S. (2008) “Triazine Compounds as Antagonists at Bv8-Prokineticin Receptors.” )
Med Chem 51: 7635-7639.

Basbaum, Bautista, Scherrer, Julius. (2009) Cellular and molecular mechanisms of pain. Cell 139:267-284.

Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zastrow M, Beattie MS, Malenka RC.
(2002) Control of synaptic strength by glial TNFa. Science 295, 2282-2285.

Boisbouvier J, Albrand JP, Blackledge M, Jaquinod M, Schweitz H, Lazdunski M and Marion D. (1998) “A
structural homologue of colipase in black mamba venom revealed by NMR floating disulphide bridge
analysis.” ) Mol Biol 283: 205-219.

Boyce S, Wyatt A, Webb JK, O'Donnell R, Mason G, Rigby M, Sirinathsinghji D, Hill RG, Rupniak NMJ.

(1999) Selective NMDA NR2B antagonists induce antinociception without motor dysfunction: correlation
with restricted localization of NR2B subunit in dorsal horn. Neuropharmacology 38:611-623.

Bruck W. (1997) “The role of macrophages in Wallerian degeneration.” Brain Pathol 7: 741-752.

Bullock CM, Li JD and Zhou QY. (2004) “Structural determinants required for bioactivities of prokineticins
and identification of prokineticin receptor antagonists.” Molecular Pharmacology 65: 582-588.

Calcutt NA, Chaplan SR. (1997) Spinal pharmacology of tactile allodynia in diabetic rats. Br. J. Pharmacol.
122:1478-1482.

Calvo M, Dawes JM, Bennet DLH (2012) The role of the immune system in the generation of neuropathic
pain. Lancet Neurol 11:629-642.

98


http://www.ncbi.nlm.nih.gov/pubmed/25317247
http://www.ncbi.nlm.nih.gov/pubmed?term=Amirshahrokhi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22901832
http://www.ncbi.nlm.nih.gov/pubmed?term=Ghazi-Khansari%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22901832
http://www.ncbi.nlm.nih.gov/pubmed/?term=thalidomide+attenuated+multiple+low-dose+streptozotocin
http://www.ncbi.nlm.nih.gov/pubmed?term=Araki%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15310905
http://www.ncbi.nlm.nih.gov/pubmed?term=Sasaki%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15310905
http://www.ncbi.nlm.nih.gov/pubmed?term=Milbrandt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15310905
http://www.ncbi.nlm.nih.gov/pubmed/15310905
http://www.ncbi.nlm.nih.gov/pubmed?term=Aslam%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24891949
http://www.ncbi.nlm.nih.gov/pubmed?term=Singh%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24891949
http://www.ncbi.nlm.nih.gov/pubmed?term=Rajbhandari%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24891949
http://www.ncbi.nlm.nih.gov/pubmed/?term=pathogenesis+of+painful+diabetic+neuropathy+aslam
http://www.ncbi.nlm.nih.gov/pubmed/?term=pathogenesis+of+painful+diabetic+neuropathy+aslam
http://www.ncbi.nlm.nih.gov/pubmed?term=Beattie%20EC%5BAuthor%5D&cauthor=true&cauthor_uid=11910117
http://www.ncbi.nlm.nih.gov/pubmed?term=Stellwagen%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11910117
http://www.ncbi.nlm.nih.gov/pubmed?term=Morishita%20W%5BAuthor%5D&cauthor=true&cauthor_uid=11910117
http://www.ncbi.nlm.nih.gov/pubmed?term=Bresnahan%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=11910117
http://www.ncbi.nlm.nih.gov/pubmed?term=Ha%20BK%5BAuthor%5D&cauthor=true&cauthor_uid=11910117
http://www.ncbi.nlm.nih.gov/pubmed?term=Von%20Zastrow%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11910117
http://www.ncbi.nlm.nih.gov/pubmed?term=Beattie%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=11910117
http://www.ncbi.nlm.nih.gov/pubmed?term=Malenka%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=11910117

REFERENCES

Campana WM. (2007) Schwann cells: activated peripheral glia and their role in neuropathic pain. Brain
Behav Immun. 21:522-527.

Canta A, Chiorazzi A, Meregalli C, Carozzi V, Oggioni N, Lauria G, Lombardi R, Bianchi R, Porretta-
Serapiglia C, Cavaletti G. (2009) Continuous buprenorphine delivery effect in streptozotocin-induced
painful diabetic neuropathy in rats. J. Pain 10:961-968.

Chapman V, Suzuki R and Dickenson AH. (1998) “Electrophysiological characterization of spinal neuronal
response properties in anaesthetized rats after ligation of spinal nerves L5—L6.” Journal of Physiology
507:881-894.

Chen J, Kuei C, Sutton S, Wilson S, Yu J, Kamme F, Mazur C, Lovenberg T and Liu C. (2005) “/dentification
and pharmacological characterization of prokineticin 2 beta as a selective ligand for prokineticin
receptor 1.” Molecular Pharmacology 67:2070-2076.

Cheng MY, Bullock CM, Li C, Lee AG, Bermak JC, Belluzzi J, Weaver DR, Leslie FM and Zhou QY. (2002)
“Prokineticin 2 transmits the behavioural circadian rhythm of the suprachiasmatic nucleus.” Nature
417:405-410.

Cheng MY, Bittman EL, Hattar S and Zhou QY. (2005) “Regulation of prokineticin 2 expression by light
and the circadian clock.” BMC Neurosci 6:17.

Cheng MY, Leslie FM and Zhou QY. (2006) “Expression of prokineticins and their receptors in the adult
mouse brain.” ) Comp Neurol 498:796-809.

Cheng JK, Ji RR. (2008) Intracellular signaling in primary sensory neurons and persistent pain. Neurochem
Res. 33(10):1970-8.

Cline GW, Zhao X, Jakowski AB, Soeller WC, Treadway JL. (2011) Islet-selectivity of G-protein
coupled receptor ligands evaluated for PET imaging of pancreatic 8-cell mass. Biochem Biophys Res
Commun. 412(3):413-8.

Cnop M, Welsh N, Jonas JC,Jérns A, Lenzen S, Eizirik DL. (2005) Mechanisms of pancreatic beta-
cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes. 54 Suppl 2:597-107.

Colleoni M, Sacerdote P. (2010) Murine models of human neuropathic pain. Biochim Biophys Acta.
1802(10):924-33. Review.

Comelli F, Bettoni I, Colleoni M, Giagnoni G, Costa B. (2009) Beneficial effects of a Cannabis sativa
extract treatment on diabetes-induced neuropathy and oxidative stress. Phytother. Res. 23:1678-1684.

Costigan M, Scholz J and Woolf CJ. (2009) “Neuropathic pain: a maladaptive response of the nervous
system to damage.” Annu Rev Neurosci 32:1-32.

Cook IH, Evans J, Maldonado-Pérez D, Critchley HO, Sales KJ and Jabbour HN. (2010) “Prokineticin-1
(PROK1) modulates interleukin (IL)-11 expression via prokineticin receptor 1 (PROKR1) and the
calcineurin/NFAT signalling pathway.” Mol Hum Reprod 16:158-169.

Cui M, Feng Y, McAdoo DJ, Willis WD. (1999) Periaqueductal gray stimulation-induced inhibition of
nociceptive dorsal horn neurons in rats is associated with the release of norepinephrine, serotonin, and
amino acids. ) Pharmacol Exp Ther. 289(2):868-876.

Das A, Mukhopadhyay S. (2011) The evil axis of obesity, inflammation and type-2 diabetes. Endocr
Metab Immune Disord Drug Targets. 11(1):23-31.

99


http://www.ncbi.nlm.nih.gov/pubmed?term=Cheng%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=18427980
http://www.ncbi.nlm.nih.gov/pubmed?term=Ji%20RR%5BAuthor%5D&cauthor=true&cauthor_uid=18427980
http://www.ncbi.nlm.nih.gov/pubmed/?term=intracellular+signalling+in+primary+sensory+neurons+and+persistent+pain
http://www.ncbi.nlm.nih.gov/pubmed/?term=intracellular+signalling+in+primary+sensory+neurons+and+persistent+pain
http://www.ncbi.nlm.nih.gov/pubmed?term=Cline%20GW%5BAuthor%5D&cauthor=true&cauthor_uid=21820405
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhao%20X%5BAuthor%5D&cauthor=true&cauthor_uid=21820405
http://www.ncbi.nlm.nih.gov/pubmed?term=Jakowski%20AB%5BAuthor%5D&cauthor=true&cauthor_uid=21820405
http://www.ncbi.nlm.nih.gov/pubmed?term=Soeller%20WC%5BAuthor%5D&cauthor=true&cauthor_uid=21820405
http://www.ncbi.nlm.nih.gov/pubmed?term=Treadway%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=21820405
http://www.ncbi.nlm.nih.gov/pubmed/21820405
http://www.ncbi.nlm.nih.gov/pubmed/21820405
http://www.ncbi.nlm.nih.gov/pubmed?term=Cnop%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16306347
http://www.ncbi.nlm.nih.gov/pubmed?term=Welsh%20N%5BAuthor%5D&cauthor=true&cauthor_uid=16306347
http://www.ncbi.nlm.nih.gov/pubmed?term=Jonas%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=16306347
http://www.ncbi.nlm.nih.gov/pubmed?term=J%C3%B6rns%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16306347
http://www.ncbi.nlm.nih.gov/pubmed?term=Lenzen%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16306347
http://www.ncbi.nlm.nih.gov/pubmed?term=Eizirik%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=16306347
http://www.ncbi.nlm.nih.gov/pubmed/?term=mechanisms+of+pancreatic+beta+cells+death+in+diabetes+cnop+et+al.%2C+2005
http://www.ncbi.nlm.nih.gov/pubmed/19879943
http://www.ncbi.nlm.nih.gov/pubmed?term=Das%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21348821
http://www.ncbi.nlm.nih.gov/pubmed?term=Mukhopadhyay%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21348821
http://www.ncbi.nlm.nih.gov/pubmed/?term=the+evil+axis+of+obesity+das+and+mukhopadhyyay
http://www.ncbi.nlm.nih.gov/pubmed/?term=the+evil+axis+of+obesity+das+and+mukhopadhyyay

REFERENCES

Daulhac L, Maffre V, Mallet C, Etienne M, Privat AM, Kowaslski-Chauvel A, Seva C, Fialip J, Eschalier A.
(2011) Phosphorylation of spinal N-methyl-D-aspartate receptor NR1 subunits by extracellular signal-
regulated kinase in dorsal horn neurons and microglia contributes to diabetes-induced painful
neuropathy. European Journal of Pain 15:169.

Davey GC, Patil SB, O'Loughlin A, O'Brien T. (2014) Mesenchymal stem cell-based treatment for
microvascular and secondary complications of diabetes mellitus. Front Endocrinol (Lausanne) 5:86.

Decosterd I, Woolf CJ. (2000) Spared nerve injury: an animal model of persistent peripheral neuropathic
pain. Pain. 87:149-158.

DeFelice M, Melchiorri P, Ossipov MH, Vanderah TW, Porreca F, Negri L. (2012). Mechanisms of Bv8-
induced biphasic hyperalgesia: increased excitatory transmitter release and expression. Neurosci Lett.,
521(1):40-5.

DeNovellis V, Negri L, Lattanzi R, Rossi F, Palazzo E, Marabese |, GianninicE, Vita D, Melchiorri P and
Maione S. (2007) “The prokineticin receptor agonist Bv8 increases GABA release in the periaqueductal
grey and modifies RVM cell activities and thermoceptive reflexes in the rat.” Eur J Neurosci 26:3068-
3078.

Dinarello CA. (1999) “Overview of Inflammatory Cytokines and Their Role in Pain.” Berlin: Birkhause.

Dogrul A, Ossipov MH, Porreca F. (2009) Differential mediation of descending pain facilitation and
inhibition by spinal 5HT-3 and 5HT-7 receptors. Brain Res. 1280:52-59.

Dormishian M, Turkeri G, Urayama K, Nguyen TL, Boulberdaa M, Messaddeq N, Renault G, Henrion
D, Nebigil CG. (2013) Prokineticin receptor-1 is a new regulator of endothelial insulin uptake and
capillary formation to control insulinsensitivity and cardiovascular and kidney functions. } Am Heart
Assoc. 2(5):e000411.

Dorsch M, Qiu Y, Soler D, Frank N, Duong T, Goodearl A, O’Neil S, Lora J and Fraser CC. (2005) “PK1/EG-
VEGF induces monocyte differentiation and activation.” ) Leukoc Biol 78:426-434.

Duby JJ, Campbell RK, Setter SM, White JR, Rasmussen KA. (2004) Diabetic neuropathy: an intensive
review. Am J Health Syst Pharm. 61(2):160-73.

Dubin AE, Patapoutian A. (2010) Nociceptors: the sensors ofthe pain pathway. J Clin Invest.
120(11):3760-72. Review.

Elsner M, Tiedge M, Guldbakke B, Munday R, Lenzen S (2002) Importance of the GLUT2 glucose
transporter for pancreatic beta cell toxicity of alloxan. Diabetologia 45:1542-1549.

Esper RM, Loeb. (2004) Rapid axoglial signaling mediated by neuregulin and neurotrophic factors. ).
Neurosci. 24, 6218-6227.

Ekberg K, Johansson BL. (2008) Effect of C-peptide on diabetic neuropathy in patients with type 1
diabetes. Exp Diabetes Res. 2008:457912.

Fang FG, Haws CM, Drasner K, Williamson A, Fields HL. (1989) Opioid peptides (DAMGO-enkephalin,
dynorphin A(1-13), BAM 22P) microinjected into the rat brainstem: comparison of their antinociceptive
effect and their effect on neuronal firing in the rostral ventromedial medulla. Brain Res. 501(1):116-128.

Farquhar-Smith WP. (2008) Anatomy, physiology and pharmacology of pain. Anaesthesia & Intensive
Care Medicine volume 9(1):3-7.

100


http://www.ncbi.nlm.nih.gov/pubmed?term=Davey%20GC%5BAuthor%5D&cauthor=true&cauthor_uid=24936198
http://www.ncbi.nlm.nih.gov/pubmed?term=Patil%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=24936198
http://www.ncbi.nlm.nih.gov/pubmed?term=O%27Loughlin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24936198
http://www.ncbi.nlm.nih.gov/pubmed?term=O%27Brien%20T%5BAuthor%5D&cauthor=true&cauthor_uid=24936198
http://www.ncbi.nlm.nih.gov/pubmed/?term=mesenchimal+stem+cell+davey+et+al.%2C+2014
http://www.ncbi.nlm.nih.gov/pubmed?term=Dormishian%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Turkeri%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Urayama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Nguyen%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Boulberdaa%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Messaddeq%20N%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Renault%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Henrion%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Henrion%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed?term=Nebigil%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=24152983
http://www.ncbi.nlm.nih.gov/pubmed/?term=PKR1+insulin
http://www.ncbi.nlm.nih.gov/pubmed/?term=PKR1+insulin
http://www.ncbi.nlm.nih.gov/pubmed?term=Duby%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=14750401
http://www.ncbi.nlm.nih.gov/pubmed?term=Campbell%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=14750401
http://www.ncbi.nlm.nih.gov/pubmed?term=Setter%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=14750401
http://www.ncbi.nlm.nih.gov/pubmed?term=White%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=14750401
http://www.ncbi.nlm.nih.gov/pubmed?term=Rasmussen%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=14750401
http://www.ncbi.nlm.nih.gov/pubmed/?term=diabetic+neuropathy+duby
http://www.ncbi.nlm.nih.gov/pubmed/21041958
http://www.sciencedirect.com/science/article/pii/S1472029907002664
http://www.sciencedirect.com/science/journal/14720299
http://www.sciencedirect.com/science/journal/14720299
http://www.sciencedirect.com/science/journal/14720299/9/1

REFERENCES

Ferrara N, LeCouter J, Lin R and Peale F. (2004) “EG-VEGF and Bv8: a novel family of tissue-restricted
angiogenic factors.” Biochimica et Biophysica Acta 1654:69-78.

Fields HL. (2000) Pain modulation: expectation, opioid analgesia and virtual pain. Prog Brain Res.
122:245-253. Review.

Fields HL. (2006) Central nervous system mechanisms of pain modulation. In: McMahon SB, Koltzenburg
M, eds. Wall and Melzack’s Textbook of Pain Online. 125-142.

Fields HL, Basbaum Al. (1999) “Central nervous system mechanisms of pain modulation.” In: Wall PD,
Melzack R, eds. Textbook of Pain, 4th ed. London: Churchill Livingstone: 309-329.

Fields HL, Basbaum Al, Heinricher MM. (2005) Central nervous system mechanisms of pain modulation.
In: McMahon S, Koltzenburg M, eds. Textbook of Pain. 5th ed. Burlington, Massachusetts, USA: Elsevier
Health Sciences; 125-142.

Fields HL, Heinricher MM, Mason P. (1991) Neurotransmitters in nociceptive modulatory circuits. Annu
Rev Neurosci. 14:219-245. Review.

Forbes JM, Cooper ME. (2013) Mechanisms of diabetic complications. Physiol Rev. 93:137-88.

Franchi S, Giannini E, Lattuada D, Lattanzi R, Tian H, Melchiorri P, Negri L, Panerai AE and Sacerdote P.
(2008) “The prokineticin receptor agonist Bv8 decreases IL-10 and IL-4 production in mice splenocytes by
activating prokineticin receptor-1.” BMCImmunol 9:60.

Franchi S, Valsecchi AE, Borsani E, Procacci P, Ferrari D, Zalfa P, Sartori P, Rodella LF, Vescovi A, Maione
S, Rossi F, Sacerdote P, Colleoni M, Panerai AE (2012) Intravenous neural stem cells abolish nociceptive
hypersensitivity and trigger nerve regeneration in experimental neuropathy. Pain 153:850-861.

Francis G, Martinez J, Liu W, Nguyen T, Ayer A, Fine J, Zochodne D, Hanson LR, Frey WH, Toth C. (2009)
Intranasal insulin ameliorates experimental diabetic neuropathy. Diabetes. 58:934-945.

Ganesh Yerra V, Negi G, Sharma SS, Kumar A. (2013) Potential therapeutic effects of the simultaneous
targeting of the Nrf2 and NF-xB pathways in diabetic neuropathy. Redox Biology. 1:394-397.

Gao Y/, Ji RR (2010). Chemokines, neuronal—glial interactions, and central processing of neuropathic
pain. Pharmacol Ther 126:56-68.

Gaunitz C, Schuttler A, Gillen C, Allgaier C. (2002) Formalin-induced changes of NMDA receptor subunit
expression in the spinal cord of the rat. Amino Acids 23:177-182.

Giannini E, Lattanzi R, Nicotra A, Campese AF, Grazioli P, Screpanti |, Balboni G, Salvadori S, Sacerdote P
and Negri L. (2009) “The chemokine Bv8/prokineticin 2 is up-regulated in inflammatory granulocytes and
modulates inflammatory pain.” PNAS 106(34): 14646-14651.

Giordano J. (2005) The neurobiology of nociceptive and anti-nociceptive systems. Pain Physician.
8(3):277-90.

Gotti C, Moretti M, Meinerz NM, Clementi F, Gaimarri A, Collins AC, Marks MJ. (2008) Partial deletion of
the nicotinic cholinergic receptor alpha 4 or beta 2 subunit genes changes the acetylcholine sensitivity of
receptor-mediated 86Rb+ efflux in cortex and thalamus and alters relative expression of alpha 4 and
beta 2 subunits. Mol Pharmacol 73, 1796-807.

Grace PM, Hutchinson MR, Maier SF, Watkins LR. (2014) Pathological pain and the neuroimmune
interface. Nat Rev Immunol. 14(4):217-31. Review.

101


http://www.ncbi.nlm.nih.gov/pubmed?term=Giordano%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16850085
http://www.ncbi.nlm.nih.gov/pubmed/?term=james+giordano+the+neurobiology+of+nociceptive+and
http://www.ncbi.nlm.nih.gov/pubmed/24577438
http://www.ncbi.nlm.nih.gov/pubmed/24577438

REFERENCES

Graiani G, Emanueli C, Desortes E, Van Linthout S, Pinna A, Figueroa CD, Manni L, Madeddu P. (2004)
Nerve growth factor promotes reparative angiogenesis and inhibits endothelial apoptosis in cutaneous
wounds of type 1 diabetic mice. Diabetologia. 47:1047-1054.

Guo D, Hu J. (2014) Spinal presynaptic inhibition in pain control. Neuroscience. [Epub ahead of print].

Guo J, Whittemore R, He GP. (2011) The relationship between diabetes self-management and metabolic
control in youth with type 1 diabetes: an integrative review. J Adv Nurs. 67:2294-2310.

Guo W, Zou S, Guan Y, lkeda T, Tal M, Dubner R, Ren K. (2002) Tyrosine phosphorylation of the NR2B
subunit of the NMDA receptor in the spinal cord during the development and maintenance of
inflammatory hyperalgesia. J. Neurosci. 22, 6208-6217.

Gupta M, Singh J, Sood S, Arora B. (2003) Mechanism of antinociceptive effect of nimodipine in
experimental diabetic neuropathic pain. Methods Find. Exp. Clin. Pharmacol. 25:49-52.

Halassa MM, Fellin T, Hatdon PG. (2007) The tripartite synapse: roles for gliotransmission in health and
disease. Trends Mol. Med. 13, 54-63.

Han JW, Sin MY, Yoon YS. (2013) Cell therapy for diabetic neuropathy using adult stem or progenitor
cells. Diabetes Metab J. 37(2):91-105.

Heller B, Burkle A, Radons J, Fengler E, Jalowy A, Muller M, Burkart V, Kolb H (1994) Analysis of oxygen
radical toxicity in pancreatic islets at the single cell level. Biol Chem Hoppe-Seyler 375:597-602.

Hofmann S, Brownlee M. (2004) Biochemistry and molecular cell biology of diabetic complications: a
unifying  mechanism. 3rd ed. In: LeRoith D, Taylor SlI, Olefsky JM editors. Diabetes Mellitus: A
Fundamental and Clinical Text. Philadelphia, PA: Lippincott Williams & Wilkins. 1441-56.

Homs J, Ariza L, Pages G, Verdl E, Casals L, Udina E,Chillon M, Bosch A, Navarro X. (2011)
Comparative study of peripheral neuropathy and nerve regeneration in NOD and ICR diabetic  mice. )
Peripher Nerv Syst. 16(3):213-27.

Hoogerwerf WA. (2006) Prokineticin 1 inhibits spontaneous giant contractions in the murine proximal
colon through nitric oxide release. Neurogastroenterol Motil. 18:455-463.

Hoybergs YMJJ, Meert TF. (2007) The effect of low-dose insulin on mechanical sensitivity and allodynia in
type | diabetes neuropathy. Neurosci. Lett. 417:149-154.

Hu WP, Zhang C, Li JD, Luo ZD, Amadesi S, Bunnett N and Zhou QY. (2006) “Impaired pain sensation in
mice lacking prokineticin 2.” Mol Pain 2:35.

In’t Veld P. (2014) Insulitis in human ype 1 diabetes: a comparison between patients and animals models.
Semin Immunopathol 36(5):569-79.

Isaev D, Gerber G, Park SK, Chung JM, Randic M. (2000) Facilitation of NMDA-induced currents and Ca2+
transients in the rat substantia gelatinosa neurons after ligation of L5—-L6 spinal nerves. NeuroReport
11:4055-4061.

Iwata H, Takasusuki T, Yamaguchi S, Hori Y. (2007) NMDA receptor 2B subunit-mediated synaptic
transmission in the superficial dorsal horn of peripheral nerve-injured neuropathic mice. Brain
Res. 2007 Mar 2;1135(1):92-101.

Jaggi AS, Jain V, Singh N. (2011) Animal models of neuropathic pain. Fundam Clin Pharmacol. 25(1):1-28.
Review.

Janick PK, Parris W. (1997) Animal models for pain research. Current Pain and Headache Reports. 1(4):
271-277.

102


http://www.ncbi.nlm.nih.gov/pubmed?term=Guo%20D%5BAuthor%5D&cauthor=true&cauthor_uid=25255936
http://www.ncbi.nlm.nih.gov/pubmed?term=Hu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25255936
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guo+and+Hu%2C+2014+gate+control
http://www.ncbi.nlm.nih.gov/pubmed/23641349
http://www.ncbi.nlm.nih.gov/pubmed/23641349
http://www.ncbi.nlm.nih.gov/pubmed?term=Homs%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Ariza%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Pag%C3%A8s%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Verd%C3%BA%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Casals%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Udina%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Chill%C3%B3n%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Bosch%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed?term=Navarro%20X%5BAuthor%5D&cauthor=true&cauthor_uid=22003936
http://www.ncbi.nlm.nih.gov/pubmed/?term=Comparative+study+of+peripheral+neuropathy+and+nerve+regeneration+in+NOD+and+ICR+diabetic+mice.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Comparative+study+of+peripheral+neuropathy+and+nerve+regeneration+in+NOD+and+ICR+diabetic+mice.
http://www.ncbi.nlm.nih.gov/pubmed?term=Iwata%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17198690
http://www.ncbi.nlm.nih.gov/pubmed?term=Takasusuki%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17198690
http://www.ncbi.nlm.nih.gov/pubmed?term=Yamaguchi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17198690
http://www.ncbi.nlm.nih.gov/pubmed?term=Hori%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17198690
http://www.ncbi.nlm.nih.gov/pubmed/?term=NMDA+receptor+2B+iwata+2007
http://www.ncbi.nlm.nih.gov/pubmed/?term=NMDA+receptor+2B+iwata+2007
http://www.ncbi.nlm.nih.gov/pubmed/20030738
http://link.springer.com/search?facet-author=%22Piotr+K.+Janick%22
http://link.springer.com/search?facet-author=%22Winston+Parris%22
http://link.springer.com/journal/11916

REFERENCES

Jiang X, Abiatari |, Kong B, Erkan M, De Oliveira T, Giese NA, Michalski CW, Friess H, Kleeff J. (2009)
Pancreatic islet and stellate cells are the main sources of endocrine gland-derived vascular endothelial
growth factor/prokineticin-1 in pancreatic cancer. Pancreatology. 9(1-2):165-72.

Jilek A, Engel E, Beier D and Lepperdinger G. (2000) “Murine Bv8 gene maps near a synteny breakpoint
of mouse chromosome 6 and human 3p21.” Gene 256(1-2): 189-195.

Jin X, Gereau RW.(2006) Acute p38-mediated modulation of tetrodotoxin-resistant sodium channels in
mouse sensory neurons by tumor necrosis factor-a. J. Neurosci.26, 246-255.

Joubert FJ and Strydom DJ. (1980) “Snake venom. The amino acid sequence of protein A from
Dendroaspis polylepis polylepis (black mamba) venom.” Hoppe Seylers Z Physiol Chem 361:1787-1794.

Julius D, Basbaum Al. (2001) Molecular mechanisms of nociception. Nature. 413(6852):203-10.

Karlsson U, Sjoedin J, Moeller A, Johansson S, Wikstroem L, Naesstroem J. (2002) Glutamate-induced
currents reveal three functionally distinct NMDA receptor populations in rat dorsal horn-effects of
peripheral nerve lesion and inflammation. Neuroscience 112:861-868.

Kaser A, Winklmayr M, Lepperdinger G and Kreil G. (2003) “The AVIT protein family. Secreted cysteine-
rich vertebrate proteins with diverse functions.” EMBO Reports 4: 469-73.

Kidd BL, Urban LA. (2001) “Mechanisms of inflammatory pain.” British Journal of Anaesthesia 87:3-11.

King RHM. (2001) The role of glycation in the pathogenesis of diabetic polyneuropathy. Molecular
Pathology. 54(6):400-408.

Kisliouk T, Friedman A, Klipper E, Zhou QY, Schams D, Alfaidy N, Meidan R. (2007) Expression pattern of
prokineticin 1 and its receptors in bovine ovaries during the estrous cycle: involvement in corpus luteum
regression and follicular atresia. Biol Reprod. 76:749-758.

Kisliouk T, Levy N, Hurwitz A and Meidan R. (2003) “Presence and requlation of endocrine gland vascular
endothelial growth factor/prokineticin-1 and its receptors in ovarian cells.” ) Clin Endocrinol Metab
88:3700-3707.

Kisliouk T, Podlovni H, Spanel-Borowski K, Ovadia O, Zhou QY, Meidan R (2005). Prokineticins (endocrine
gland-derived vascular endothelial growth factor and BV8) in the bovine ovary: expression and role as
mitogens and survival factors for corpus luteum-derived endothelial cells. Endocrinology 146:3950-3958.

Kyoraku I, Shiomi K, Kangawa K, Nakazato M. (2009) Ghrelin reverses experimental diabetic neuropathy
in mice. Biochem. Biophys. Res. Commun. 389:405-408.

Konrad RJ, Kudlow JE (2002) The role of O-linked protein glycosylation in beta-cell dysfunction. Int J Mol
Med 10:535-539.

Koyama Y, Kiyo-okaa M, Osakadaa M, Horiguchia N, Shintani N, Ago Y, Kakudac M, Baba A and Matsuda
T. (2006) “Expression of prokineticin receptors in mouse cultured astrocytes and involvement in cell
proliferation.” Brain Res 1112:65-69.

Latremoliere, Woolf. (2009) Central sensitization: a generator of pain hypersensitivity by central neural
plasticity. J. Pain 10 895-926.

Lattanzi R, Sacerdote P, Franchi S, Canestrelli M, Miele R, Barra D, Visentin S, DeNuccio C, Porreca F, De
Felice M, Guida F, Luongo L, de Novellis V, Maione S and Negri L. (2012) “Pharmacological activity of a
Bv8 analog modified in position 24.” Br J Pharmacol 166(3): 950-63.

103


http://www.ncbi.nlm.nih.gov/pubmed?term=Jiang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Abiatari%20I%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Kong%20B%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Erkan%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Oliveira%20T%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Giese%20NA%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Michalski%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Friess%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Kleeff%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19077468
http://www.ncbi.nlm.nih.gov/pubmed/19077468
http://www.ncbi.nlm.nih.gov/pubmed?term=Julius%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11557989
http://www.ncbi.nlm.nih.gov/pubmed?term=Basbaum%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=11557989
http://www.ncbi.nlm.nih.gov/pubmed/11557989

REFERENCES

LeCouter J, Kowalski J, Foster J, Hass P, Zhang Z, Dillard-Telm L, Frantz G, Rangell L, Deguzman L, Keller
G, Peale F, Gurney A, Hillan KJ and Ferrara N. (2001) “Identification of an angiogenic mitogen selective
for endocrine gland endothelium.” Nature 412:876-884.

LeCouter J, Lin R, Frantz G, Zhang Z, Hillan K and Ferrara N. (2003a) “Mouse endocrine gland-derived
vascular endothelial growth factor: a distinct expression pattern from its human ortholog suggests
different roles as a regulator of organ-specific angiogenesis.” Endocrinology 144:2606-2616.

LeCouter J, Lin R, Tejada M, Frantz G, Peale F, Hillan KJ and Ferrara N. (2003b) “The endocrine-gland-
derived VEGF homologue Bv8 promotes angiogenesis in the testis: Localization of Bv8 receptors to
endothelial cells.” PNAS USA 100:2685-2690.

LeCouter J, Zlot C, Tejada M, Peale F and Ferrara N. (2004) “Bv8 and endocrine gland-derived vascular
endothelial growth factor stimulate hematopoiesis and hematopoietic cell mobilization.” Proc. Natl.
Acad. Sci. U. S. A. 101:16813-16818.

Leger T, Grist J, D’Acquisto F, Clark AK, Malcangio M. (2011) Glatiramer acetate attenuates neuropathic
allodynia through modulation of adaptive immune cells. ). Neuroimmunol. 234, 19-26.

Levin ME, Jin JG, Ji RR, Tong J, Pomonis ID, Lavery DJ, Miller SW and Chiang LW. (2008) “Complement
activation in the peripheral nervous system following the spinal nerve ligation model of neuropathic
pain.” Pain 137:182-201.

LenzenS. (2008) The mechanisms of alloxan- and streptozotocin-induced diabetes.
Diabetologia. 51(2):216-26.

Lewis KE. (2004) Prokineticin-2, a potential novel protein therapeutic increases post-operative gastric
and intestinal motility in rats. Gastroenterology. 126(Suppl 2):A641.

Li M, Bullock CM, Knauer DJ, Ehlert FJ and Zhou QY. (2001) “Identification of two prokineticin cDNAs:
recombinant proteins potently contract gastrointestinal smooth muscle.” Mol Pharmacol 59:692-698.

Li JD, Hu WP, Boehmer LN, Cheng MY, Lee AG, lilek A, Siegel JM, Zhou QY. (2006) Attenuated circadian
rhythms in mice lack the prokineticin 2 gene. ) Neurosci. 26:11615-11623.

Lin DCH, Bullock CM, Ehlert FJ, Chen JL, Thian H and Zhou QY.(2002a) “Identification and molecular
characterization of two closely related g-protein coupled receptors activated by prokineticins/eg-vegf.” ).
Biol. Chem 277:19276-19280.

Lin R, LeCouter J, Kowalski J and Ferrara N. (2002b) “Characterization of endocrine gland-derived
vascular endothelial growth factor signaling in adrenal cortex capillary endothelial cells.” ) Biol Chem
277:8724-8729.

Liu T, van Rooijen N, Tracey DJ. (2000). Depletion of macrophages reduces axonal degeneration and
hyperalgesia following nerve injury. Pain. 86(1-2):25-32.

Malcangio M, Tomlinson DR. (1998) A pharmacologic analysis of mechanical hyperalgesia in
streptozotocin/diabetic rats. Pain. 76:151-157.

Maldonado-Perez D, Evans J, Denison F, Millar RP and Jabbour HN. (2007) “Potential roles of the
prokineticins in reproduction.” Trends in Endocrinology and Metabolism 18:66-72.

Maldonado-Pérez D, Brown P, Morgan K, Millar RP, Thompson EA and Jabbour HN. (2009) “Prokineticin
1 modulates IL-8 expression via the calcineurin/NFAT signaling pathway.” Biochim Biophys Acta
1793(7):1315-24.

104


http://www.ncbi.nlm.nih.gov/pubmed?term=Lenzen%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18087688
http://www.ncbi.nlm.nih.gov/pubmed/18087688

REFERENCES

Malin SA, Molliver DC, Koerber HR, Cornuet P, Frye R, Albers KM, Davis BM. (2006) Glial cell line-derived
neurotrophic factor family members sensitize nociceptors in vitro and produce thermal hyperalgesia in
vivo. J. Neurosci. 26:8588-8599.

Martin C, Balasubramanian R, Dwyer AA, Au MG, Sidis Y, Kaiser UB, Seminara SB, Pitteloud N, Zhou
QY, Crowley WF Jr. (2011) The role of the prokineticin 2 pathway in human reproduction: evidence from
the study of human and murine gene mutations. Endocr Rev. 32(2):225-46.

Martucci C, Franchi S, Giannini E, Tian H, Melchiorri P, Negri L and Sacerdote P. (2006) “Bv8, the
amphibian homologue of the mammalian prokineticins, induces a proinflammatory phenotype of mouse
macrophages.” Br J Pharmacol 147:225-234.

Martucci C, Franchi S, Lattuada D, Panerai AE, Sacerdote P. (2007) Differential involvement of RelB in
morphine-induced modulation of chemotaxis, NO, and cytokine production in murine macrophages and
lymphocytes. ) Leukoc Biol. 81(1):344-54.

Martucci C, Trovato AE, Costa B, Borsani E, Franchi S, Magnaghi V, Panerai AE, Rodella LF, Valsecchi AE,
Sacerdote P, Colleoni M. (2008) “The purinergic antagonist PPADS reduces pain related behaviours and
interleukin-1 beta, interleukin-6, iINOS and nNOS overproduction in central and peripheral nervous
system after peripheral neuropathy in mice.” Pain 137:81-95.

Mason P. (1999) Central mechanisms of pain modulation. Curr Opin Neurobiol. 9:436-441.

Masuda Y, Takatsu Y, Terao Y, Kumano S, Ishibashi Y, Suenaga M, Abe M, Fukusumi S, Watanabe T,
Shintani Y, Yamada T, Hinuma S, Inatomi N, Ohtaki T, Onda Hand Fujino M. (2002) “Isolation and
identification of eg-vegf/prokineticins as cognate ligands for two orphan G-protein-coupled receptors.”
Biochem Biophys Res Commun 293:396-402.

Matsumoto S, Yamazaki C, Masumoto KH, Nagano M, Naito M, Soga T, Hiyama H, Matsumoto M,
Takasaki J, Kamohara M, Matsuo A, Ishii H, Kobori M, Katoh M, Matsushime H, Furuichi K, Shigeyoshi Y.
(2006) Abnormal development of the olfactory bulb and reproductive system in mice lacking prokineticin
receptor PKR2. Proc Natl Acad Sci U S A. 103:4140-4145.

Melchiorri D, Bruno V, Besong G, Ngomba RT, Cuomo L, Deblasi A, Copani A, Moschella C, Storto M,
Nicoletti F, Lepperdinger G, Passarelli F. (2001) The mammalian homologue of the novel peptide Bv8 is
expressed in the central nervous system and supports neuronal survival by activating the MAP kinase/PI-
3-kinase pathways. Eur. J. Neurosci. 13:1694-1702.

Merskey H. (1979) “Pain Terms: a list with definitions and notes on usage. Recommanded by the
Subcommittee on Taxonomy.” Pain 6:249-252.

Miele R, Lattanzi R, Bonaccorsi di Patti MC, Paiardini A, Negri L and Barra D. (2010) “Expression of Bv8 in
Pichia pastoris to identify structural features for receptor binding.” Protein Expr Purif 73:10-14.

Millan MJ. (1999) “The induction of pain: An integrative review.” Progress in Neurobiology 57:1-164.

Milligan ED, Watkins LR. (2009) Pathological and protective roles of glia in chronic pain. Nat Rev
Neurosci. 10(1):23-36.

Moayedi M, Davis KD. (2013) Theories of pain: from specificity to gate control. J Neurophysiol. 109(1):5-
12.

Mollay C, Wechselberger C, Mignogna G, Negri L, Melchiorri P, Barra D and Kreil G. (1999) “Bv8, a small
protein from frog skin and its homolog from snake venom induce hyperalgesia in rats.” European Journal
of Pharmacology 374:189-196.

Monnier J and Samson M. (2008) “Cytokine properties of prokineticins.” FEBS) 275:4014-4021.

105


http://www.ncbi.nlm.nih.gov/pubmed?term=Malin%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=16914685
http://www.ncbi.nlm.nih.gov/pubmed?term=Molliver%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=16914685
http://www.ncbi.nlm.nih.gov/pubmed?term=Koerber%20HR%5BAuthor%5D&cauthor=true&cauthor_uid=16914685
http://www.ncbi.nlm.nih.gov/pubmed?term=Cornuet%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16914685
http://www.ncbi.nlm.nih.gov/pubmed?term=Frye%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16914685
http://www.ncbi.nlm.nih.gov/pubmed?term=Albers%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=16914685
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20BM%5BAuthor%5D&cauthor=true&cauthor_uid=16914685
http://www.ncbi.nlm.nih.gov/pubmed?term=Martin%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Balasubramanian%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Dwyer%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Au%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Sidis%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Kaiser%20UB%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Seminara%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Pitteloud%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhou%20QY%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhou%20QY%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed?term=Crowley%20WF%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=21037178
http://www.ncbi.nlm.nih.gov/pubmed/?term=the+role+of+prokineticin+2+pathway+martin
http://www.ncbi.nlm.nih.gov/pubmed/17023558
http://www.ncbi.nlm.nih.gov/pubmed/17023558
http://www.ncbi.nlm.nih.gov/pubmed/17023558
http://www.ncbi.nlm.nih.gov/pubmed?term=Watkins%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=19096368
http://www.ncbi.nlm.nih.gov/pubmed/?term=pathological+and+protective+role+of+glia+in+chronic+pain+milligan+and+watkin
http://www.ncbi.nlm.nih.gov/pubmed/?term=pathological+and+protective+role+of+glia+in+chronic+pain+milligan+and+watkin
http://www.ncbi.nlm.nih.gov/pubmed?term=Moayedi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23034364
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20KD%5BAuthor%5D&cauthor=true&cauthor_uid=23034364
http://www.ncbi.nlm.nih.gov/pubmed/23034364

REFERENCES

Morita K, Motoyama N, Kitayama T, Morioka N, Kifune K, Dohi T. (2008) Spinal antiallodynia action of
glycine transporter inhibitors in neuropathic pain models in mice. J. Pharmacol. Exp. Ther. 326:633-645.

Mueller M, Leonhard C, Wacker K, Ringelstein EB, Okabe M, Hickey WF and Kiefe R. (2001) “Rapid
response of identified resident endoneurial macrophages to nerve injury.” Am J Pathol 159:2187-2197.

Myers RR, Heckman HM, Rodriguez M.(1996) Reduced hyperalgesia in nerve-injured WLD mice:
relationship to nerve fiber phagocytosis, axonal degeneration, and regeneration in normal mice. Exp
Neurol. 141(1):94-101.

Negri L, Lattanzi R. (2011) “Bv8-prokineticins and their receptors: modulators of pain.” Current
pharmaceutical biotechnology 12(10):1720-7.

Negri L, Lattanzi R. (2012) “Bv8/PK2 and prokineticin receptors: a druggable pronociceptive system.” Curr
Opin Pharmacol 12(1):62-6.

Negri L, Lattanzi R, Giannini E, Canestrelli M, Nicotra A and Melchiorri P. (2009) “Bv8/prokineticins and
their receptors .A new pronociceptive system.” Int Rev Neurobiol 85:145-157.

Negri L, Lattanzi R, Giannini E, Colucci M, Margheriti F, Melchiorri P, Vellani V, Tian H, De Felice M and
Porreca F. (2006) “Impaired nociception and inflammatory pain sensation in mice lacking the prokineticin
receptor PKR1: focus on interaction between PKR1 and the capsaicin receptor TRPV1 in pain behavior.” )
Neurosci 26 6716-6727.

Negri L, Lattanzi R, Giannini E, Colucci A, Mignogna G, Barra D, Grohovaz F, Codazzi F, Kaiser A, Kreil G
and Melchiorri P. (2005) “Biological activities of Bv8 analogues.” British Journal of Pharmacology
146:625-632.

Negri L, Lattanzi R, Giannini E, Melchiorri P. (2007) Bv8/Prokineticin proteins and their receptors. Life
Sci. 81(14):1103-16. Review.

Negri L, Lattanzi R, Giannini E, Metere A, Colucci M, Barra D, Kreil G and Melchiorri P. (2002)
“Nociceptive sensitisation by the secretory protein Bv8.” British Journal of Pharmacology 137:1147-1154.

Ng KL, Li JD, Cheng MY, Leslie FM, Lee AG and Zhou QY. (2005) “Dependence of olfactory bulb
neurogenesis on prokineticin 2 signaling.” Science 308: 1923-7.

Ngan ES, Lee KY, Yeung WS, Ngan HY, Ng EH and Ho PC. (2006) “Endocrine glandderived vascular
endothelial growth factor is expressed in human peri-implantation endometrium, but not in endometrial
carcinoma.” Endocrinology 147:88-95.

Ngan ES, Tam PK. (2008) Prokineticin-signaling pathway. Int J Biochem Cell Biol. 40(9):1679-84. Review.

Noh JR, Hwang JH, Kim YH, Kim KS, Gang GT, Kim SW, Kim DK, Shong M, Lee IK, Choi HS, Lee CH. (2013)
The orphan nuclear receptor small heterodimer partner negatively regulates pancreatic beta cell survival
and hyperglycemia in multiple low-dose streptozotocin-induced type 1 diabetic mice._Int J Biochem Cell
Biol. 45(8):1538-45.

Numazaki M, Tominaga T, Toyooka H, Tominaga M (2002) Direct phosphorylation of capsaicin receptor
VR1 by protein kinase Cepsilon and identification of two target serine residues. J Biol Chem 277:13375-
13378.

Nukatsuka M, Yoshimura Y, Nishida M, Kawada J (1990) Importance of the concentration of ATP in rat
pancreatic beta cells in the mechanism of streptozotocin-induced cytotoxicity. ) Endocrinol 127:161-165.

Ossipov MH, Dussor GO, Porreca F. (2010) Central modulation of pain. J Clin Invest. 120(11):3779-87.
Review.

106


http://www.ncbi.nlm.nih.gov/pubmed/8797671
http://www.ncbi.nlm.nih.gov/pubmed/8797671
http://www.ncbi.nlm.nih.gov/pubmed/17881008
http://www.ncbi.nlm.nih.gov/pubmed/18440852
http://www.ncbi.nlm.nih.gov/pubmed/23680671
http://www.ncbi.nlm.nih.gov/pubmed/23680671
http://www.ncbi.nlm.nih.gov/pubmed/21041960

REFERENCES

Padgett LE, Broniowska KA, Hansen PA, Corbett JA, Tse HM. (2013) The role of reactive oxygen species
and proinflammatory cytokines in type 1 diabetes pathogenesis. Ann N'Y Acad Sci. 1281:16-35.

Parker R, Liu M, Eyre HJ, Copeland NG, Gilbert DJ, Crawford J, Sutherland GR, Jenkins NA and Herzog H.
(2000) “Y-receptor-like genes GPR72 and GPR73: molecular cloning, genomic organisation and
assignment to human chromosome 11g21.1 and 2p14 and mouse chromosome 9 and 6.” Biochimica et
Biophisyca Acta 149:369-375.

Perkins NM, Tracey. (2000) Hyperalgesia due to nerve injury: role of neutrophils. Neuroscience 101, 745-
757.

Pietrini G, Matteoli M, Banker G, Caplan MJ. (1992) Isoforms of the Na,K-ATPase are present in both
axons and dendrites of hippocampal neurons in culture. Proc Natl Acad Sci U S A 89, 8414-18.

Ploner M, Gross J, Timmermann L, Schnitzer A. (2002) Cortical representation of first and second pain
sensation in humans. Proc Natl Acad Sci USA. 99(19):12444-8.

Pocock JM, Kettenmann H. (2007) Neurotransmitter receptors on microglia. Trends Neurosci. 30, 527-
535.

Prosser HM, Bradley A, Chesham JE, Ebling FJ, Hastings MH, Maywood ES.(2007) Prokineticin receptor 2
(Prokr2) is essential for the regulation of circadian behavior by the suprachiasmatic nuclei. Proc Natl
Acad Sci USA. 104:648-653.

Proudfit H. (1992) The behavioral pharmacology of the noradrenergic system. In: Guilbaud G, ed.
Towards The Use Of Noradrenergic Agonists For The Treatment Of Pain. Amsterdam, Nederland:
Elsevier; 119-136.

Raouf R, Quick K, Wood JN. (2010) Pain as a channelopathy. J Clin Invest. 120(11):3745-3752.

Ramos KM, Lewis MT, Morgan KN, Crysdale NY, Kroll JL, Taylor FR, Harrison JA, Sloane EM, Maier
SF, Watkins LR. (2010) Spinal upregulation of glutamate transporter GLT-1 by ceftriaxone: therapeutic
efficacy in a range of experimental nervous system disorders. Neuroscience 169:1888-1900.

Ren P, Zhang H, Qiu F, Liu YQ, Gu H, O'Dowd DK, Zhou QY, Hu WP (2011) Prokineticin 2 regulates the
electrical activity of rat suprachiasmatic nuclei neurons. PLoS ONE 6:20263.

Reppert SM, Weaver DR. (2002) Coordination of circadian timing in mammals. Nature. 418:935-941.

Sacerdote P, Franchi S, Moretti S, Castelli M, Procacci P, Magnaghi V, Panerai AE. (2013) Cytokine
modulation is necessary for efficacious treatment of experimental neuropathic pain. J Neuroimmune
Pharmacol. 8(1):202-11. Review.

Sacerdote P, Franchi S, Trovato AE, Valsecchi AE, Panerai AE, Colleoni M. (2008) Transient early
expression of TNF-alpha in sciatic nerve and dorsal root ganglia in a mouse model of painful peripheral
neuropathy. Neurosci Lett. 436(2):210-3.

Sacerdote P, Manfredi B, Gaspani L, Panerai AE. (2000) The opioid antagonist naloxone induces a shift
from type 2 to type 1 cytokine pattern in BALB/cJ mice. Blood. 95(6):2031-6.

Saini AK, Kumar HAS, Sharma SS. (2007). Preventive and curative effect of edaravone on nerve functions
and oxidative stress in experimental diabetic neuropathy. Eur. J. Pharmacol. 568:164-172.

Sandireddy R, Yerra VG, Areti A, Komirishetty P, Kumar A. (2014) Neuroinflammation and oxidative

stress in diabetic neuropathy: futuristic strategies based on these targets. Int J Endocrinol. 2014:674987.
Review.

107


http://www.ncbi.nlm.nih.gov/pubmed?term=Padgett%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=23323860
http://www.ncbi.nlm.nih.gov/pubmed?term=Broniowska%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=23323860
http://www.ncbi.nlm.nih.gov/pubmed?term=Hansen%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=23323860
http://www.ncbi.nlm.nih.gov/pubmed?term=Corbett%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=23323860
http://www.ncbi.nlm.nih.gov/pubmed?term=Tse%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=23323860
http://www.ncbi.nlm.nih.gov/pubmed/23323860
http://www.ncbi.nlm.nih.gov/pubmed?term=Ramos%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Lewis%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Morgan%20KN%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Crysdale%20NY%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Kroll%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Taylor%20FR%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Harrison%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Sloane%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Maier%20SF%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Maier%20SF%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed?term=Watkins%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=20547213
http://www.ncbi.nlm.nih.gov/pubmed/23242694
http://www.ncbi.nlm.nih.gov/pubmed/23242694
http://www.ncbi.nlm.nih.gov/pubmed?term=Sacerdote%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18394803
http://www.ncbi.nlm.nih.gov/pubmed?term=Franchi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18394803
http://www.ncbi.nlm.nih.gov/pubmed?term=Trovato%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=18394803
http://www.ncbi.nlm.nih.gov/pubmed?term=Valsecchi%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=18394803
http://www.ncbi.nlm.nih.gov/pubmed?term=Panerai%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=18394803
http://www.ncbi.nlm.nih.gov/pubmed?term=Colleoni%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18394803
http://www.ncbi.nlm.nih.gov/pubmed/?term=neurosciences+letter+sacerdote+colleoni
http://www.ncbi.nlm.nih.gov/pubmed/10706871
http://www.ncbi.nlm.nih.gov/pubmed/10706871
http://www.ncbi.nlm.nih.gov/pubmed/24883061
http://www.ncbi.nlm.nih.gov/pubmed/24883061

REFERENCES

Sakurada T, Wako K, Sugiyama A, Sakurada C, Tan-no K, Kisara K. (1998) Involvement of spinal NMDA
receptors in capsaicin-induced nociception. Pharmacol. Biochem. Behav. 59:339-345.

Shi X, Chen Y, Nadeem L, Xu G. (2013) Beneficial effect of TNF-a inhibition on diabetic peripheral
neuropathy. Journal of Neuroinflammation. 10:69.

Shojaei F, Wu X, Zhong C, Yu L, Liang XH, Yao J, Blanchard D, Bais C, Peale FV, van Bruggen N, Ho C, Ross
J, Tan M, Carano RA, Meng YG and Ferrara N. (2007) “Bv8 regulates myeloid cell-dependent tumor
angiogenesis.” Nature 450:825-831.

Scholz J, Woolf CJ. (2007) The neuropathic pain triad: neurons, immune cells and glia. Nat Neurosci.
10(11):1361-8. Review.

Shubayev VI, Angert M, Dolkas J, Campana WM, Palenscar K, Myers RR. (2006) TNFalpha-induced MMP-
9 promotes macrophage recruitment into injured peripheral nerve. Mol Cell Neurosci. 31(3):407-15.

Soga T, Matsumoto SI, Oda T, Saito T, Hiyama H, Takasaki J, Kamohara M, Ohishi T, Matsushime H and
Furuichi K. (2002) “Molecular cloning and characterization of prokineticin receptors.” Biochimica et
Biophysica Acta 1579:173-179.

Stellwagen D, Beattie EC, Seo JY, Malenka RC. (2005) Differential regulation of AMPA receptor and GABA
receptor trafficking by tumor necrosis factor-a. ). Neurosci. 25:3219-3228.

Stellwagen D, Malenka RC. (2006) Synaptic scaling mediated by glial TNF-a. Nature 440:1054-1059.

Suzuki R, Rygh LJ, Dickenson AH. (2004) Bad news from the brain: descending 5-HT pathways that
control spinal pain processing. Trends Pharmacol Sci. 25(12):613-617.

Szabo C. (2003) Multiple pathways of peroxynitrite cytotoxicity. Toxicology Letters.140-141:105-112.

Szkudelski T. (2001) The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas.
Physiol Res 50:537-546.

Tan PH, Yang LC, Shih HC, Lan KC, Cheng JT. (2005) Gene knockdown with intrathecal siRNA of NMDA
receptor NR2B subunit reduces formalin-induced nociception in the rat. Gene Ther. 12:59-66.

Taniguchi K, Shinjo K, Mizutani M, Shimada K, Ishikawa T, Menniti FS, Nagahisa A. (1997).
Antinociceptive activity of CP-101,606, an NMDA receptor NR2B subunit antagonist. Br. J. Pharmacol.
122:809-812.

Tesfaye S, Boulton AJ, Dickenson AH. (2013) Mechanisms and management of diabetic painful distal
symmetrical polyneuropathy. Diabetes Care. 36(9):2456-65.

Tracey |, Johns E. (2010) The pain matrix: reloaded or reborn as we image tonic pain using arterial spin
labelling. Pain. 148(3):359-360.

Treede RD, Jensen TS, Campbell JN, Cruccu G, Dostrovsky JO, Griffin JW, Hansson P, Hughes R, Nurmikko
T and Serra J. (2008) “Neuropathic pain.” Neurology 70:1630-1635.

Uceyler N, Tscharke A and Sommer C. (2007) “Early cytokine expression in mouse sciatic nerve after
chronic constriction nerve injury depends on calpain.” Brain Behav Immun. 21:553-560.

Ulugol A, Oltulu C, Gunduz O, Citak C, Carrara R, Shagaqi MR, Sanchez AM, Dogrul A. (2012) 5-HT7
receptor activation attenuates thermal hyperalgesia in streptozocin-induced diabetic mice. Pharmacol
Biochem Behav. 102(2):344-8.

108


http://www.ncbi.nlm.nih.gov/pubmed/17965656
http://www.ncbi.nlm.nih.gov/pubmed?term=Shubayev%20VI%5BAuthor%5D&cauthor=true&cauthor_uid=16297636
http://www.ncbi.nlm.nih.gov/pubmed?term=Angert%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16297636
http://www.ncbi.nlm.nih.gov/pubmed?term=Dolkas%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16297636
http://www.ncbi.nlm.nih.gov/pubmed?term=Campana%20WM%5BAuthor%5D&cauthor=true&cauthor_uid=16297636
http://www.ncbi.nlm.nih.gov/pubmed?term=Palenscar%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16297636
http://www.ncbi.nlm.nih.gov/pubmed?term=Myers%20RR%5BAuthor%5D&cauthor=true&cauthor_uid=16297636
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shubayev%2C+V.I.+et+al.+TNFa-induced+MMP-9+promotes+macrophage+recruitment+into+injured+peripheral+nerve.+Mol.+Cell.+Neurosci.+31%2C+407%E2%80%93415+(2006).
http://www.ncbi.nlm.nih.gov/pubmed?term=Tesfaye%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23970715
http://www.ncbi.nlm.nih.gov/pubmed?term=Boulton%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=23970715
http://www.ncbi.nlm.nih.gov/pubmed?term=Dickenson%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=23970715
http://www.ncbi.nlm.nih.gov/pubmed/23970715
http://www.ncbi.nlm.nih.gov/pubmed?term=Ulugol%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed?term=Oltulu%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed?term=Gunduz%20O%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed?term=Citak%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed?term=Carrara%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed?term=Shaqaqi%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed?term=Sanchez%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed?term=Dogrul%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22609798
http://www.ncbi.nlm.nih.gov/pubmed/?term=ulugol+2012+5-HT7+receptor
http://www.ncbi.nlm.nih.gov/pubmed/?term=ulugol+2012+5-HT7+receptor

REFERENCES

Urayama K, Guilini C, Messaddeq N, Hu K, Steenman M, Kurose H, Ert G and Nebigil CG. (2007) “The
prokineticin receptor-1 (GPR73) promotes cardiomyocyte survival and angiogenesis.” The FASEB Journal
21:2980-2993.

Valsecchi AE, Franchi S, Panerai AE, Rossi A, Sacerdote P, Colleoni M (2011) The soy isoflavone genistein
reverses oxidative and inflammatory state, neuropathic pain, neurotrophic and vasculature deficits in
diabetes mouse model. Eur ) Pharmacol 650:694-702.

Vareniuk |, Pavlov IA, Obrosova IG. (2008) Inducible nitric oxide synthase gene deficiency counteracts
multiple manifestations of peripheral neuropathy in a streptozotocin-induced mouse model of diabetes.
Diabetologia, 51:2126-2133.

Vellani V, Colucci M, Lattanzi R, Giannini E, Negri L, Melchiorri P and McNaughton PA. (2006)
“Sensitization of transient receptor potential vanilloid 1 by the prokineticin receptor agonist Bv8.” ).
Neurosci 26:5109-5116.

Viviani B, Bartesaghi S, Gardoni F, Vezzani A, Behrens MM, Bartfai T, Binaglia M, Corsini E, Di Luca
M, Galli CL, Marinovich M. (2003) Interleukin-18 enhances NMDA receptor-mediated intracellular
calcium increase through activation of the Src family of kinases. ). Neurosci. 23:8692-8700.

Wang LX, Wang ZJ. (2003) Animal and cellular models of chronic pain. Adv Drug Deliv Rev. 55(8):949-65.

Watkins LR, Maier SF. (2003) “Glia: a novel drug discovery target for clinical pain.” Nat Rev Drug Disco.
2:973-985.

Watkins LR, Martin D, Ulrich P, Tracey KJ, Maier SF. (1997) Evidence for the involvement of spinal cord
glia in subcutaneous formalin induced hyperalgesia in the rat. Pain. 71:225-235.

Welsh N, Sandler S. (1994) Protective action by hemin against interleukin-1 beta induced inhibition of rat
pancreatic islet function. Mol Cell Endocrinol 103:109-114.

Wen Y, Gu J, Li SL, Reddy MA, Natarajan R, Nadker JL. (2006).
Elevated glucose and diabetes promote interleukin-12 cytokine gene expression in mouse macrophages.
Endocrinology. 147(5):2518-25.

Wechselberger C, Puglisi R, Engel E, Lepperdinger G, Boitani C and Kreil G. (1999) “The mammalian
homologues of frog Bv8 are mainly expressed in spermatocytes.” FEBS Letters 462:177-181.

Wolf G, Gabay E, Tal M, Yirmiya R, Shavit Y. (2006) Genetic impairment of interleukin-1 signaling
attenuates neuropathic pain, autotomy, and spontaneous ectopic neuronal activity, following nerve
injury in mice. Pain. 120:315-324.

Woolf CJ. (2010) “What is this thing called pain?” ) Clin Invest. 120(11): 3742-3744.

Xin WJ, Weng HR, Dougherty PM. (2009) Plasticity in expression of the glutamate transporters GLT-1 and
GLAST in spinal dorsal horn glial cells following partial sciatic nerve ligation. Mol. Pain. 5:15.

Yan SD, Schmidt AM, Anderson GM, Zhang J, Brett J, Zou YS, Pinsky D, Stern D. (1994) Enhanced cellular
oxidant stress by the interaction of advanced glycation end products with their receptors/binding
proteins. Journal of Biological Chemistry. 269(13):9889-9897.

Yuill EA, Hoyda TD, Ferri CC, Zhou QY, Ferguson AV (2007). Prokineticin 2 depolarizes paraventricular
nucleus magnocellular and parvocellular neurons. Eur ) Neurosci 25:425-434.

Zhang J and DeKoninck Y. (2006) “Spatial and temporal relationship between monocyte chemoattractant

protein-1 expression and spinal glial activation following peripheral nerve injury.” J. Neurochem 97:772-
783.

109


http://www.ncbi.nlm.nih.gov/pubmed?term=Viviani%20B%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartesaghi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Gardoni%20F%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Vezzani%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Behrens%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartfai%20T%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Binaglia%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Corsini%20E%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Di%20Luca%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Di%20Luca%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Galli%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Marinovich%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14507968
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20LX%5BAuthor%5D&cauthor=true&cauthor_uid=12935939
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20ZJ%5BAuthor%5D&cauthor=true&cauthor_uid=12935939
http://www.ncbi.nlm.nih.gov/pubmed/12935939
http://www.ncbi.nlm.nih.gov/pubmed/?term=elevated+glucose+and+diabetes+promote+interleukin+12+wen+et+al.%2C+2006
http://www.ncbi.nlm.nih.gov/pubmed?term=Yan%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=8144582
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmidt%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=8144582
http://www.ncbi.nlm.nih.gov/pubmed?term=Anderson%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=8144582
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=8144582
http://www.ncbi.nlm.nih.gov/pubmed?term=Brett%20J%5BAuthor%5D&cauthor=true&cauthor_uid=8144582
http://www.ncbi.nlm.nih.gov/pubmed?term=Zou%20YS%5BAuthor%5D&cauthor=true&cauthor_uid=8144582
http://www.ncbi.nlm.nih.gov/pubmed?term=Pinsky%20D%5BAuthor%5D&cauthor=true&cauthor_uid=8144582
http://www.ncbi.nlm.nih.gov/pubmed?term=Stern%20D%5BAuthor%5D&cauthor=true&cauthor_uid=8144582

REFERENCES

Zhang RX, Li A, Liu B, Wang L, Ren K, Zhang H, Berman BM, Lao L. (2008) IL-1ra alleviates inflammatory
hyperalgesia through preventing phosphorylation of NMDA receptor NR-1 subunit in rats. Pain. 135:232-
239.

Zhou QY. (2006) The prokineticins: a novel pair of regulatory peptides. Mol Interv. 6(6):330-8.
Zimmermann M (2001) Pathobiology of neuropathic pain. Eur ) Pharmacol 429:23-37.

Zou X, Lin Q, Willis WD. (2002) Role of protein kinase A in phosphorylation of NMDA receptor 1 subunits
in dorsal horn and spinothalamic tract neurons after intradermal injection of capsaicin in rat.
Neuroscience 115:775-786.

110


http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20RX%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Ren%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Berman%20BM%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Lao%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17689191
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhou%20QY%5BAuthor%5D&cauthor=true&cauthor_uid=17200460
http://www.ncbi.nlm.nih.gov/pubmed/?term=prokineticin+a+novel+pair+of+regulatory+peptides+zhou

8. LIST OF PUBLICATIONS

111



LIST OF PUBLICATIONS

LIST OF PUBLICATIONS:

Castelli M, Panerai A, Sacerdote P, Franchi S. (2015) Measurement of macrophage toll-
like receptor 4 expression after morphine treatment. Methods Mol Biol. 1230:263-71.

Franchi S, Castelli M, Moretti S, Panerai A, Sacerdote P. (2015) Evaluation of murine
macrophage cytokine production after in vivo morphine treatment. Methods Mol Biol.
1230:253-61.

Franchi S, Castelli M, Amodeo G, Niada S, Ferrari D, Vescovi A, Brini AT, Panerai
AE, Sacerdote P. (2014) Adult stem cell as new advanced therapy for experimental
neuropathic pain treatment. Biomed Res Int. 2014:470983.

Maftei D, Marconi V, Florenzano F, Giancotti LA, Castelli M, Moretti S, Borsani E,
Rodella LF, Balboni G, Luongo L, Maione S, Sacerdote P, Negri L, Lattanzi R. (2014)
Controlling the activation of the Bv8/prokineticin system reduces neuroinflammation
and abolishes thermal and tactile hyperalgesia in neuropathic animals. Br J Pharmacol.
171(21):4850-65.

Moretti S, Castelli M, Franchi S, Raggi MA, Mercolini L, Protti M, Somaini L, Panerai
AE, Sacerdote P. (2014) A9-Tetrahydrocannabinol-induced anti-inflammatory
responses in adolescent mice switch to proinflammatory in adulthood. J Leukoc Biol.
96(4):523-34.

Vellani V, Franchi S, Prandini M, Moretti S, Castelli M, Giacomoni C, Sacerdote P.
(2013) Effects of NSAIDs and paracetamol (acetaminophen) on protein kinase C epsilon
translocation and on substance P synthesis and release in cultured sensory neurons. )
Pain Res. 6:111-20

Sacerdote P, Franchi S, Moretti S, Castelli M, Procacci P, Magnaghi V, Panerai AE.
(2013) Cytokine modulation is necessary for efficacious treatment of experimental
neuropathic pain. J Neuroimmune Pharmacol. 8(1):202-11. Review.

Franchi S, Moretti S, Castelli M, Lattuada D, Scavullo C, Panerai AE, Sacerdote P.
(2012) Mu opioid receptor activation modulates Toll like receptor 4 in murine
macrophages. Brain Behav Immun. 26(3):480-8.

- PAPER IN PREPARATION

Castelli M, Amodeo G, Negri L, Lattanzi R, Gotti C, Panerai AE, Sacerdote P, Franchi S.
The antagonism of the prokineticin system prevents and reverses the inflammatory
status and neuropathic pain in a mouse model of diabetes. Diabetologia.

112


http://www.ncbi.nlm.nih.gov/pubmed/25293333
http://www.ncbi.nlm.nih.gov/pubmed/25293333
http://www.ncbi.nlm.nih.gov/pubmed/25293332
http://www.ncbi.nlm.nih.gov/pubmed/25293332
http://www.ncbi.nlm.nih.gov/pubmed/25197647
http://www.ncbi.nlm.nih.gov/pubmed/25197647
http://www.ncbi.nlm.nih.gov/pubmed/24902717
http://www.ncbi.nlm.nih.gov/pubmed/24902717
http://www.ncbi.nlm.nih.gov/pubmed/24744434
http://www.ncbi.nlm.nih.gov/pubmed/24744434
http://www.ncbi.nlm.nih.gov/pubmed/23429763
http://www.ncbi.nlm.nih.gov/pubmed/23429763
http://www.ncbi.nlm.nih.gov/pubmed/23242694
http://www.ncbi.nlm.nih.gov/pubmed/23242694
http://www.ncbi.nlm.nih.gov/pubmed/22240038
http://www.ncbi.nlm.nih.gov/pubmed/22240038

LIST OF PUBLICATIONS

ABSTRACTS:

Castelli M, Franchi S, Amodeo G, Lattanzi R, Negri L P. Sacerdote, Panerai AE. The
antagonism of PKs system contrasts neuropathic pain and the inflammatory status in a
mouse model of diabetes.

17" SIF meeting, Rimini September 16-18 2014

Castelli M, Moretti S, Franchi S, Balboni G, Lattanzi R, Negri L, Panerai AE, Sacerdote P.
Role of a new family of chemokines, the prokineticins, in experimental neuropathic
pain.

6" SIMPAR meeting, Roma March 28-29 2014

Castelli M, Moretti S, Franchi S, Balboni G, Lattanzi R, Negri L, Panerai AE, Sacerdote P.
Precocious involvement of prokineticin system in diabetic neuropathic pain in mice.
36" SIF meeting, Torino October 23-26 2013

Castelli M, Moretti S, Franchi S, Lattanzi R, Negri L, Panerai AE, Sacerdote P. Role of the
prokineticin system in different models of neuropathic pain.
Next Step 4:la giovane ricerca avanzata, Milan July 17 2013

Castelli M, Moretti S, Franchi S, Balboni G, Lattanzi R, Negri L, Panerai AE, Sacerdote P.
The antagonism of the prokineticin system reverses diabetic neuropathic pain and
restores cytokine balance in mice.

SIF monothematic meeting, Bologna November 30 2012

16" SIF meeting, Rimini September 16-19 2012

14" |ASP meeting, Milan August 27-31 2012

Next Step 3:la giovane ricerca avanzata, Milan June 26 2012

Franchi S, Castelli M, Moretti S, Balboni G, Lattanzi R, Negri L, Panerai AE, Sacerdote P.
Prokineticin system: a role in experimental diabetic neuropathic pain.
15" SINS meeting, Rome October 3-5 2013

Franchi S, Castelli M, Moretti S, Panerai AE, Sacerdote P. Stem cells as advanced
therapy of neuropathic pain.
SIF monothematic meeting, Varese November 15-16 2013

Moretti S, Franchi S, Castelli M, Panerai AE, Sacerdote P. Exposure of adolescent mice to
THC shapes immune response in adulthood.

SIF monothematic meeting, Varese November 15-16 2013

SIF meeting, Rimini September 16-19 2012

113



LIST OF PUBLICATIONS

Sacerdote P, Franchi S, Moretti S, Castelli M, Lattuada D, Panerai AE. Mor activation
modulates tir4d on murine macrophages.
18" PNIRS meeting, Chicago June 8-11 2011

114



