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ABSTRACT

Chronic pain affects approximately one in five aslutesulting in a greatly reduced
quality of life and a higher risk of developing nwrbidities such as depression.
Among different forms of persistent pain, neuropagain represents a difficult task
for therapy and basic research. Despite recend grelopment of neuroscience and
modern techniques related to drug discovery, effeairugs based on clear basic
mechanisms are still lacking. A deepened undersigndf the molecular
mechanisms underlying chronic pain states is neéalethe discovery of new and
improved therapies.

Neuropathic pain is triggered by lesions to the atmsensory nervous system that
alter its structure and function so that pain oscgpontaneously and responses to
noxious and innocuous stimuli are pathologically pified. The pain is an
expression of maladaptive plasticity within the iceptive system, a series of
changes that constitute a neural disease stateipMuhlterations distributed widely
across the nervous system contribute to complax jplaénotypes. These alterations
include ectopic generation of action potentialssilitation and disinhibition of
synaptic transmission, loss of synaptic connegtigitd formation of new synaptic
circuits, and neuroimmune interactions.

The endogenous Opioid System is probably the nmpbitant system involved in
control of nociceptive transmission. Both the dyfon and nociceptin systems have
suggested as key mediators of some aspects of ichmemropathic pain. Beside
these system, an important role for the brain @erineurotrophic factor (BDNF) has
been recently suggested since its involvement i@ geripheral and central
sensitization phenomena is known.

Based on these evidences, here we studied neurop#ierations occurring in
chronic pain conditions, in mice subjected to thghtr chronic constriction injury
(CCI). First we investigated the gene expressioaraions of the both BDNF and
Opioid System in spinal cord (SC) and dorsal raotgiia (DRGS) of injured mice at
different intervals of time. A transient up-regudat of pBDNF and pDYN was
observed in SC, while increasing up-regulation glfDFQ was found in the DRGs

of injured mice compred to controle ones.



Based on the growing importance attributed to taelaral neuroplastic alterations
we also investigated in the same experimental ¢tomdi gene expression changes of
these systems in different brain areas fourteers ddtgr surgery. We found gene
expression alterations in several areas of CCl mi¢e observed up-regulation of
pBDNF mRNA levels in the amygdala and in the prefab and anterior cingulate
cortices, while a down-regulation of its gene egpien in the thalamus. Moreover,
an up-regulation of pDYN gene expression in therprgal and anterior cingulate
cortices, and a dow-regulation of its mMRNA in theaibstem was determined.
Concerning nociceptin system, we found ppN/OFQ doggulation in the
brainstem, hippocampus, amygdala, nucleus accundrehsaudate putamen, and a
down-regulation of NOP receptor in the brainstem eaudate putamen. In the same
brain regions we also determined bioactive nocinepeptide levels, and elevated
N/OFQ levels were observed in the amygdale ofésehed mice.

Recently, an increasing interest has been givethéoelucidation of epigenetic
mechanisms regulating gene expression change#fanedit pathological conditions,
including pain states. Hence, we studied alteratiohhistone modification in the
BDNF and DYN gene promoters, in the SC of CCI aténsaven days after surgery.
In particolar, our study revealed a significantréase of H3K27me3 and H3K9me?2,
repressive marks, and of H3K4me3, activating markshe pDYN gene promoter
region. No changes of histone modifications werseoled in the pBDNF gene
promoter region. In parallel, we also investigaBfNF involvement in neuropathic
pain through the analysis of the behavioral sighkyperalgesia and allodynia in a
strain of mice partially lacking for BDNF, subjedteo CCI. A similar development
of hyperalgesia was observed in ICR/CD-1 and BDNF (wild type) mice. In
contrast, a later onset of hyperalgesia was obdenweBDNF +/- mice (BDNF
lacking mice). In addition, BDNF +/- animals exhéa significantly lower signs of
allodynia than BDNF +/+, in both the cold plate dhd acetone tests.

In the last part of the present study, in ordepriavide a unique approach to explore
receptor localization and function in vivo of théONFQ-NOPTr system, | performed a
preliminary characterization and validation of amavative knock-in mouse strain
NOP-EGFP mice where enhanced Green Fluorescergiiistattached on the C-

terminal of the NOP receptor. We observed that \g@Bmministration was able to



induce NOP receptor internalization in primary s Analysis on brain slices
showed that the receptors signalappear to be kbaeatbrain regions that have been
previously demonstrated to contain NOP receptor mRNd NOP receptor binding
sites. This model can be useful for a better atar&ation of pathophysiological
role of this system in neuropathic pain. The ch@razation of the NOP-EGFP mice
could provide a unique technology useful to ans@iferent questions concerning
the involvement of N/OFQ-NOPr system in chroniapeondition.

Overall, our results could be important to pamidill the lack of knowledge of
which and how neuropeptidergic systems are invoiwedeuroplastic mechanism
occurring in neuropathic pain that lead to estalti®e chronic condition and suggest
the possibility of using drugs acting on these eyt for the treatment of this

invalidating disease.
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1. INTRODUCTION

1.1 Neurobiological bases and types of pain

According to the definition of IASP (Internationdksociation for the Study
of Pain - 1986) and according to the associatio®@®.S, "Pain is an unpleasant
sensory and emotional experience associated witlalagr potential tissue damage,

or described in terms of such damage.”

The pain consists of several components: the iplogscal-discriminative, the
emotional-affective and the cognitive-evaluativelthAugh the emotional and
cognitive mechanisms influence the pain perceptiom physiological-discriminative
component is the most important especially forgharmacological therapy.

The nociceptive stimuli are collected in the peeiphfrom specialized free synaptic
terminals, the nociceptors. The nociceptors repriethe distal part of the nerve
fibers that are classified according to their vajoof conduction and the type of
stimulus that activates them. There are two tygdier: Ad fibers, fast-conducting
(6-30 m/s), myelinated, activated by mechanical sretmal stimuli and C fibers,
unmyelinated, slow-conducting (<2m / s), whose fierninals are represented by
polymodal nociceptors. These fibers have the nalrgoma in the dorsal root
ganglia (DRG) and represent the first-order nesiroimeir anatomical structure (T-
cells) allows the impulse transmission to a secomat®r neuron located in the dorsal
horn of the spinal cord. The afferent fibers ofsth@eurons intersect and run along
the entire spinal cord ascending through the ctaténaal portion of the medulla;
these fibers convey information to specific thalamuclei where they synapse with
the third order neurons which project to corticabas such as somatosensory,
anterior cingulate and insular cortices. This sgimlamic tract is defined as the

ascending pathway of pain control (Fig. 1).
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Figure 1. Schematic representation of the ascending pathiofimpulses transmission.



The functional activity of the ascending pathwagisove described is
modulated by the descending control system (FigTBjs system is influenced by
higher brain structures (such as thalamus, amygaladaanterior cingulate cortex)
and originates from the periaqueductal gray (PA&B)he midbrain level, and the
raphe medullary and pontine nuclei. Monoaminertjers from these nuclei (5-HT,
NA) run along the dorsal-lateral tracts of thengpicord and terminate in the
laminae of the spinal cord. These fibers contrelfilst-order neuron activity, either
directly or through the activation of an inhibitoiryterneuron, and are also able to
modulate the second order neurons activity thrquagisynaptic receptors activation
by reducing the excitability. Overall, the pain t@h descending patways is able to

produce a reduction of the peripheral nociceptiyait(Carbone E. et al. 2009).
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Figure 2. Schematic representation of the descending pathiofimpulses transmission.



Concerning type of pain, there are four main caiegoof pain more or less
similar to each other.
Nociceptive pain is a type of pain which all peopleve experienced. It is an alarm
mediated by high-threshold unmyelinated C or thimlyelinated A primary sensory
neurons that feed into nociceptive pathways ofdéetral nervous system (CNS).
These nociceptor neurons express specialized tweesdon channel receptors,
mainly transient recep- tor potential (TRP) chaanélined to respond to intense
thermal or mechanical stimuli as well as exogenand endogenous chemical
mediators. For nociceptive pain to subserve itdegotove function, the sensation
must be so unpleasant that it cannot be ignoredicptive pain occurs in response
to noxious stimuli and continues only in the maimea presence of noxious stimuli.
It alerts us to external stimuli, such as pinprimk excessive heat, and internal
stimuli, such as myocardial ischemia in patienthworonary artery disease. Certain
diseases may generate recurrent or ongoing noxstioauli to produce chronic
nociceptive pain as osteoarthriti€ostigan M. et al. 2009).
Inflammatory pain occurs in response to tissue rynjand the subsequent
inflammatory response. Here the imperative shifisnfprotecting the body against a
potentially damaging noxious stimulus to addressh®y consequences of damage.
To aid healing and repair of the injured body p#nmg sensory nervous system
undergoes a profound change in its responsivenessially innocuous stimuli now
produce pain and responses to noxious stimuli atle éxaggerated and prolonged.
Heightened sensitivity occurs within the inflamedea and in contiguous
noninflamed areas as a result of plasticity in oggiors and central nociceptive
pathwaygqCostigan M. et al. 2009).
Dysfunctional pain is caused by a malfunction ¢ Homatosensory apparatus and
this malfunction can be considered a disease iowis right. Dysfunctional pain
occurs in situations in which there is no idenkifea noxious stimulus nor any
detectable inflammation or damage to the nervostesy. It is unclear in most cases
what causes the manifestation or persistence dbdgstional pain. This syndrome
share some features of neuropathic g@ostigan M. et al. 2009).
Neuropathic pain is a chronic pain state caused Bsion or disease affecting the

somatosensory system alters nociceptive signalepsitg so that pain is felt in the



absence of a stimulus, and responses to innocumbaaious stimuli are enhanced
(Costigan M. et al. 2009)t can be divided into central or peripheral ngatbic
pain based on the anatomical location of the injrydisease: peripheral nervous
system (PNS, eg. Peripheral nerves, dorsal roajliga(DRG) and dorsal root) and
central nervous system (CNS, eg . spinal cord halhmus).

1.2  Neuropathic Pain

Neuropathic pain is caused by pathology involvitrgatly or indirectly the
nervous system. The pathology can be due to diseilise involve the nervous
system (e.g., AIDS and diabetes), to dysfunctiontled nervous system (e.g.,
following stroke), or to a traumatic injury of timervous system. The pathology can
involve the peripheral nervous system, the cenalous system, or both.

Nerve trauma can occur in the peripheral or thetraemervous system.
Peripheral lesions can be caused by nerve comprgs$iimb amputation, or
traumatic injuries and commonly result in dysestesparesthesias, or chronic
neuropathic pain. After limb amputation, painfuhsations may be perceived as
originating in the missing part of the bo@@asale R. et al. 2009Pain of central
origin may occur following spinal cord or braindraa due to injury, compression
(by tumors or cysts), or hemorrhagic or ischemrok&. Not all central nervous
system traumas result in central pain, but a nacgssondition is damage to the
spinothalamic tract. Moreover, it appears that @poord injury induces pain only if
the gray matter is damaged.

Various disease states can lead to the developwfeneuropathic pain.
Diabetes can often lead to a painful peripherakowgathy. Diabetic neuropathy is a
length-dependent neuropathy because it most conynadfects the extremities and
progresses from more distal to proximal levels.rHigtracellular glucose levels can
lead to pathological changes, such as vasocomsiriendothelial hyperplasia, and
increased oxidative stress. These changes in ttomgie neuronal dysfunction
through decreased nerve blood flow and consequemahhypoxia. Chronic alcohol

abuse may also result in a peripheral neuropaththenlower extremities due to



direct degenerative effects on both myelinated andyelinated nerve fibers,
disruption of axonal transport, and enhancementglatamate neurotoxicity in
neurons.

Painful neuropathies can also develop as a redultiral infections. For
example, after an acute infection of chicken pbg,reurotropic human herpes virus,
varicella-zoster, remains dormant in the dorsakggnor cranial nerve ganglia. A
localized reoccurrence of the varicella-zoster vifbherpes zoster or shingles) can
occur particularly when the immunesystem is sumgae@sas is common in older
adults or individuals with other immunosuppressoamditions such as Hodgkin’s
disease or HIV. This is most likely to occur in ttiermatomes that had been most
severely affected by the primary disease. The aaste and pain are restricted to the
area of one or several dermatomes and mos commooly in the chest and trunk.
After the acute viral infection subsides, approxiehaone-third of patients develop a
chronic pain condition known as postherpetic ngi@aalPHN). The pain is described
as burning, tingling, deep aching, itching, or bia. The pain in a subset of PHN
patients is thought to be due to ‘irritable nocicep.” These patients report severe
mechanical hyperalgesia but have minimal sens@y il the painful area and their
responses to thermal stimulation remain normal.

HIV infection commonly leads to the developmentefiropathy either by immune
system and macrophage-mediated axonal degeneaatimntoxic effects of antiviral
treatment medications on mitochondria. Similar t@abdtic neuropathy and
amyloidosis, HIV-induced neuropathy characteridycarogresses by first affecting
the most distal portions of axons. Activation obipflammatory mediators such as
tumor necrosis factor-a (TNé&), interleukin (IL)-6, and nitric oxide in the dails
root ganglia (DRG) is thought to contribute to taronal damage and to the
development of a painful neuropathy frequently abtarized by bilateral painful
paresthesias, dysesthesias, or numbness. Autoimuisaases such as Guillaine—
Barre” syndrome and multiple sclerosis (MS) causenyélination and sensory
deficits including pain. Approximately 80% of Guailhe—Barre” and 50% of MS
patients report pain. The etiology of MS is not Ivkglown, although it is believed
that the onset of the disease involves pathologh®@fimmune system, particularly

disruption of myelin proteins. Guillaine—Barre” sijome has several subtypes based



on the suggested etiology of the disease, nameite anflammatory demyelinating
polyradiculoneuropathy, acute motor axonal neutppatand acute motor and
sensory axonal neuropathy. T cell disruption of Imyproteins is indicative of the

first subtype, whereas antibodies to gangliosides &ought to promote

demyelination and injury in the other two subtypes.

At the end chemotherapeutic drugs such as vinoeistr paclitaxel promote
microtubule stabilization, thus inhibiting tumor licg@roliferation. However, the

effectiveness of chemotherapy agents is often ddniby severe neurotoxic side
effects. Many patients undergoing paclitaxel chdmaapy develop peripheral
neuropathie¢Borzan J., Meyer R.A. 2009).

Once neuropathic pain is generated, the sensorgrbgpsitivity typically
persists for prolonged periods, even though thgirmal cause may have long since
disappeared, as after nerve trauma. The syndromen@eertheless progress if the
primary disease, such as diabetes mellitus or neomapression, continues to
damage the nervous system. Neuropathic pain isamahevitable consequence of
neural lesions, though. On the contrary, the pagsoeiated with acute neural damage
usually transitions to chronic neuropathic pairaiminority of patientgCostigan M.
et al. 2009).

For damage of a relatively small nerve, such aslithieguinal nerve during hernia

repair, the risk of persistent (more than two yeg@ain is on the order of ~5%

(Kalliomaki M.L. et al. 2008)whereas sectioning a large nerve, such as tladcsci

nerve or multiple intercostal nerves during thotaooy, produces sustained
neuropathic pain in 30%—-60% of patierfisetz A.K. 2008, Maguire M.F. et al.

2006) Understanding why one individual develops chrgram and another with an

effectively identical lesion is spared is obviouslhycial to developing strategies to
abort such transition€ostigan M. et al. 2009).

Epidemiological studies on the prevalence of neattup pain indicate a high

incidence (~5%})Bouhassira D. et al. 2008Associated risk factors include gender,
age, and anatomical site of the injury. Emotionadl @ognitive factors can also
influence how patients react to chronic pain, bdutsimuch less certain if these
factors contribute to the risk of developing pgdostigan M. et al. 2009).



1.2.1 Neuropathic Pain symptoms

Patients typically have paradoxical sensory peroept with pain as a
dominating positive symptom combined with lesiodtned reduced sensations.
These perceptions are usually unique and have een lexperienced before by
patients. This coexistence of signs of hypersenisitand hyposensitivity is quite
common in neurological disorders; for example, wparkinsonian tremor develops
after degeneration of the substantia nigra or wasticity develops after spinal
cord injury. However, by contrast with these matmturbances, pain as a subjective
sensory symptom is not visible, is diffi cult to aserre, and involves not only
physical aspects, but also psychological and emaltiocomponents. The
characteristic sensory abnormalities are cruciadifigs to correctly diagnose
neuropathic pain and to distinguish this from otben types.

A lesion to a sensory or mixed peripheral nervehwaitcutaneous branch, or
damage to a central somatosensory pathway, chasticaly leads to an area of
sensory defi cit in the related innervation tergtorhese negative sensory signs can
include a defi cit in the perception of mechanical vibratory stimuli, which
indicates damage to large diameter afferent fibrase the dorsal column tract, and a
loss of noxious and thermal percerption, which ¢éatks damage to small diameter
afferent fibres or to central pain processing patyswsuch as the spinothalamic tract.
Electrophysiological techniques and nerve biopsyas can be useful to help
assess the attenuation of neuronal function add¢ament the extent of neuropathy.
The important question in the management of patiesth chronic pain is, however,
whether their pain is caused by the neuronal lesiowhether other pain disorders
dominate the clinical picture and coexist with ano@athy. To diagnose neuropathic
pain and distinguish it from nociceptive pain itislpful to analyse the exact quality
of somatosensory abnormalities. Patients with rgatioc pain almost always have
areas of abnormal sensation or hypersensitivitthen affected area, which can be
adjacent to or combined with skin areas of senskficit (tab. 1). These positive
symptoms are paraesthesias (ie, skin crawling sensar tingling), spontaneous
(not stimulus-induced) ongoing pain, and shootielgctric shock-like sensations.

Many patients with neuropathic pain also have esdogain (ie, stimulus-induced



pain and hypersensitivity). Patients usually reponechanical and thermal
hypersensitivity. Two types of hypersensitivity daa distinguished. First, allodynia
is defi ned as pain in response to a nonnocicegtiveulus. In cases of mechanical
allodynia, even gentle mechanical stimuli such abght bending of hairs can evoke
severe pain. Second, hyperalgesia is defined asceased pain sensitivity to a
nociceptive stimulus. Another evoked feature is mation, which is the progressive
worsening of pain evoked by slow repetitive stintiolawith mildly noxious stimuli,
for example, pin pricks. In terms of clinical priaetand research, the term allodynia
is mainly reserved for pain induced by light movisigmuli (mechanical dynamic
allodynia), whereas the term hyperalgesia is usedther forms of mechanically
induced pain (Tab. Baron R. et al. 2010).

10



Definiti Bedsid, t = d pathological

v

Negative symptoms and signs
Hypoaesthesia Reduced sensation to Touch skinwith painter’s brush, cotton  Reduced perception, numbness
non-painful stimuli swab, or gawze
Pall-hypoaesthesia Reduced sensation tovibration  Apply tuning fork on bone or joint Reduced perception threshold
Hypoalgesia Reduced sensation to painful Prick skin with single pin stimulus Reduced perception, numbness
stimuli
Thermal hypoaesthesia Reduced sensation to cold or Contact skin with objects of 10°C(metal Reduced perception
warm stimuli rolleg, glass with water, coolants such as
acetone); contact skin with objects of
45°C (metal roller, glass with water)
Spontaneous sensations or pain
Paraesthesia Non-painful ongoing d Grade i ity (0-10); area in cm?
(skin crawling sensation)
Paraxysmal pain Shooting electrical attacks for ~ Number per time; grade intensity
seconds (0-10); threshold for evocation
Superficial pain Painful ongoing sensation, Grade intensity (0-10); area in cm?
often a burning sensation
Evoked pain
Mechanicaldynamic  Pain from normally non-painful ~ Stroke skin with painter’s brush, cotton  Sharp buming superficial pain; present in the primary
allodynia light moving stimuli on skin swab, or gawze affected zone but spreads beyond into unaffected skin
areas (secondary zone)
Mechanical static Pain from normally non-painful  Apply manual gentle mechanical Dull pain; present in the area of affected (damaged or
hyperalgesia gentle static pressure stimulion  pressure to skin itised) primary aff nerve endings (primary
skin zone)
Mechanical punctate,  Pain from normally stinging Prick skin with a safety pin, sharpstick, ~ Sharp superfical pain; present in the primary affected
pin-prick hyperalgesia  but non-painful stimuli or stiff von Frey hair zone but spreads beyond into unaffected skin areas
(secondary zone)
Temporal summation  Increasing pain sensation Prick skin with safety pin atintervalsof ~ Sharp superfical pain of increasing intensity
(wind-up-like pain) from <3sfor30s
repetitive application of
identical single noxious stimuli
Cold hyperalgesia Pain from normally non-painful  Contact skin with objects of 20°C (metal  Painful, often burning, temp jon; present
cold stimuli rolleg, glass with water, coolants suchas  in the area of affected (damaged or sensitised) primary
acetone); control: contact skinwith afferent nerve endings (primary zone)
objects of skin temperature
Heat hyperalgesia Pain from normally non-painful  Contact skin with objects of 40°C (metal Painful burning temperat ion; present in the
heat stimuli roller, glass with water); control: contact  area of affected (damaged or sensitised) primary
skin with objects of skin temp e nerve endings (primary zone)
Mechanical deep Pain from normally non-painful  Apply manual light pressure at jointsor  Deep pain at joints or muscles
somatic hyperalgesia  pressure on deep somatic muscles
tissues

~=not applicable. Reproduced from Baron," with permission from Nature Publishing Group.

Table 1. Definition and assessment of negative and pos#resory symptoms and signs in
patients with neuropathic pajBaron R. et al. 2010)
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1.2.2 Neuropathic Pain models

Animal models provide pivotal systems for preclalistudies of neuropathic
pain and serve as an experimental basis for mesti@mvestigations and testing
new therapeutic interventiof€olleoni M., Sacerdote P. 2010).

The ideal models should result in reproducible sgmeficits such as
allodynia, hyperalgesia and spontaneous pain ogastined period. Different types
of animal models have been established to meet diverse etiology and
consequently the diverse manifestations of theapathy JaggiA.S. et al. 2008).

Most of animal models of neuropathic pain were gateel starting from the
late 1980, using rat as preferred species. Morentgc pain models originally
developed in rats have been transposed for usece & strong motive for the use
of mice is the availability of genetically chara@ed or manipulated inbred strains,
particularly transgenic mouse lines in which spegiroteins or signal transduction
component have been altered throughout genetic kinibctechnology. In pain
studies more than in other animal models of disgaaicular care has to be given
to the strains used, since a strong influence pnége background on pain sensitivity
exists(Colleoni M., Sacerdote P. 2010).

A common pitfall of all rodent models of neuropathpain is the
inappropriateness of the outcome measures utilirethct they focus on stimulus-
evoked pain and hyperreflexia at a particular mdnmiantime, whereas a high
proportion of patients with neuropathic pain havgang, spontaneous pain and
sensory loss. The recognition of spontaneous pairexperimental animals is
particularly difficult. Weight loss, sleep disturi@es, reduced movement,
spontaneous paw lifting, scratching or shaking hallebeen accepted to reflect
spontaneous paiZimmermann M. 2001).

The numerous models of neuropathic pain in micdo (B can be classified
five gross categorig€olleoni M., Sacerdote P. 2010)

- central pain models

- peripheral nerve injury models

- models of disease-induced neuropathic pain

- iatrogenic (drug-induced) neuropathic pain, anceiited neuropathies
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S.na.  Name of model Panaple of nuy Species
1 Axnmy (complete sciatc neve ramecton)  Complete rarsecton of saatic nene Rats
2 Chront comstacton njury four bawe igatumes around sciatic newe Rats, mce
3 Partial sciatic nerve higation (Seftar Mode) Tight igaton of ane-thind to hal of sciatc nene Rats, mice
4 Spinal newve igaton () Tght igaton of LS, L6 spinal nenes Rats,
(®) tight igaton of L7 pinal newe Macacs
fasciculars
5 Spamd nene inpury Axatomy of thal and commaon pemneal nernes Rats, mce
6 Tibal and suml nenve taansecton Axatomy of thal and suml nerves Rats
7 Ligation of commaon peroneal nerve Lgaton of common peraneal neve Mice
a Sciatc cryonewrayss freezng of fhe sciatc nene Rats
9 Caudal trurk resection Resecton of aaudal trunk Rats, mce
10 Sciate inflammatory newrits Ijection of zymasan, HMG, TNFaipha anund Rats, mce
saatic nerve
" Cuffingnduced scatc nerve inpury implantation of palyethylene cuff amund scatic Rats, mice
nene
12 Phatochemical-induced scistc nerve inpury Thvomboss in smalll vessels supplying sciatic newve by Rats, mice
phatasenstiang dye and laser
13 Laserenduced sciatc neve inury Radiastion medisted reduction in blood supply to scistic nerve Rats
14 Weight drap or contusive spinal cord npry Drapping 8 wesight over the exposed spinal cord Rats, mce
15 Exciotanc pinal cord inry Intzepinal npctons of exitstory amino acds Rats, mce
16 Phatochemical spnal cord njury Thvomboss in biood vessels sgplpng tie pnal cord Rats
by photsensitaing dye and lser
17 Spinal hemsecton Laminectomy of T11-T12 segments. Rats
18 Drugwinduced
(@ Anticancer agents (wncratine, csplatn, Direct inury of drugs to the nerves of peripheral Rats, mie,
oxsiplatn, pacitane) nenouws sysem Qunes pigs
®) AntiHV agents (2 3 ddeamycytdine, Rabbits, ats
didanosine)
19 Dabetesanduced neumpathy Pesstent hyperglycemisenduced changes n Rats, mce
(a) Streptazatocn-nduced fhe nenes
®) Genetc modek
20 Bone cancer pan models
@ Femuwr, calcanews thal, humesus bane Inoculaton of aandaerous aells into respectve bones Rats, mece
cancer pan
®) Newapathc cancer pan Gmwang a umor in vcinity of sdatc nene M
) Skin cancer pan Injection of melanama el in plantsr mgion Ve
af hind paw
3 HV-induced neumpathy Defvery of HV-1 pratein g1 20 to sciatc neve Rats
22 Pasthepetc newalga
(@ Varicella Zoster vinus Injection of vral infected celis in the footpad Rats, mce
®) Hepes smplex virus Depletion of capraian<enstive
3] Nonwisal model Afferents with sesinferataxin Rats
23 Chront efanol comumptonfwithdrawal Adminstastion of ethanal over edtended period Rats
(around 70 days)
24 Pyrdanine-nduced Adminstastion of high dose pyridoxne for bng Dags, rats
period
25 Trigeminal Newalga Compession of trigeminal ganglion Rats
chmnic constriction inury 1 inka-orbital nerve Rats
26 Orofacal pan Inyection of formalin, caragenan into Rats, mece
emparomandbular jonts and manila
27 Acylmide-induced Adminstastion of acylamide for praonged pesod Rats

Table 2 List of different animal models of neuropathicrp@liaggi A.S. et al. 2008)



Central pain models mimic neuropathic pain resglfiom CNS pathologies
and represent a form of neuropathic pain thass®aated with lesions of the brain
or the spinal cord after a stroke or other traueniajury (Colleoni M., Sacerdote P.
2010). Different models have been developed suchthalamic syndromeesulting
from stroke, based on a small hemorrhagic strokerheinduced by collagenase
injection in the ventral posterolateral nucleusheaf rat thalamu@/VNasserman J. et al.
2009) spinal cord injury and contusive model caused doytusion or weight
dropping, spinal cord compression, excitatory neios, photochemically induced
ischemia, spinal cord hemisection, crushing of @lpoord(Starkey M.S. et al. 20Q9)
excitotoxic model based on intraspinal or intratilgcinjection of some excitoxins,
such as quisqualic acid or other excitatory amimtsa@airbanks C.A. et al. 200)
photochemical model based on intravenous injectibthe photosensitising dye
(Gaviria M. et al 2002)

Regarding peripheral nerve injury model nerve mjar induce hyperalgesia
and allodynia in rodents, which are similar to #ygnptoms of neuropathic pain in
humans. numerous models have been developed intsoittat generate a mixture of
intact and injured fibres within a peripheral nerusually the sciatic, for ease of
access and its relatively large size. Neuropatlain gehaviour is thought to be
attributable to altered properties in the intacthea than the damaged fibres.
Numerous types of nerve lesions have been emplagelliding transection,
resection, crush, complete or partial tight ligatioryoneurolysis, and loose ligation
with inflammatory materials (Fig. Colleoni M., Sacerdote P. 2010).

The type of nerve lesion can clearly influence tharacter of the ensuing
neuropathic behaviou(€olburn R.W. et al. 1999).

Various partial nerve lesions have been developederementally to study
neuropathic pain. Such models include chronic eatisin injury of the sciatic nerve
(CClI) (Bennet G.J, Xie Y.K. 198&)artial sciatic nerve ligation (PSL) (Seltzeret.
al. 1990) and spinal nerve ligation (SNL L5/L@&m S.H., Chung J.M. 1992 hich
represent three of the best-characterized rodedelmof peripheral neuropathy (Fig.
3). These classic models produce similar pain hebhay with some variation in the
magnitude(Bennet G.J. 1993, Kim S.H. et al. 199Me model of CCl is one of the

most commonly used models because it is reliabieeasily reproducible, and due
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to the presence of the constrictive ligatures,oitnbines nerve compression with
Wallerian degeneration and an epineurial inflammakesion. This model in mice is
produced by three loose ligatures that are tiedirmtathe common sciatic nerve
exposed at the level of the mid-thigh, proximathe trifurcation of the nerve. This
procedure results in intraneural oedema, whichngtriates the nerve, effectively
axotomizing many but not all of the nerve axonsielults in the development of
hyperalgesia to thermal stimulus and allodynia teclhanical stimuli. In contrast
with CCI model that consists in the ligation of timéal sciatic nerve, partial sciatic
nerve injury that consists in the tight ligationasfly 1/3 to 1/2 of the common sciatic
diameter. Spinal nerve ligation consists of liggtimnilaterally and tightly spinal

nerves L5 and/or L6 of rodents at a location distathe dorsal root ganglia and
results in allodynia and hyperalgesia that develaipkly after ligation and last for at
least 4 monthgColleoni M., Sacerdote P. 2010).
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Dorsal root ganglion

«— Spinal cord

1
\Tighl ligatures around
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Sephaneous nerve . . i
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Figure 3 Representation of different peripheral nerve ijonodels (1) spinal nerve ligation
by tightly ligating L5 and L6 spinal nerves; (2)rohic constriction injury by placing four
loose ligatures around the sciatic nerve; (3) lagabf common peroneal nerve; (4) axotomy
model by sciatic nerve transection; (5) partiahicinerve ligation by tight ligation of one-
third to half of sciatic nerve; (6) tibial and surerve transection model by transaction of
tibial and sural nerve; (7) spared nerve injury eidoly transaction of peroneal and tibial

nerve(Jaggi A.S. et al. 2008)
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Regarding disease-induced neuropathic pain modgisgtto induce the
disease that will thereafter cause the neuropaldunage, such as painful peripheral
diabetic neuropathy, post-herpetic neuralgia, daassociated neuropathic pain,
multiple sclerosis neuropathic pain, complex reglopain syndrome type |, HIV
(and antiretroviral)-induced painful neuropathy. trdgenic (drug-induced)
neuropathic pain models are obtained through asin@iemotherapy treatment.
Finally, in recent years have been created inleritduced neuropathies models due
to the use of molecular clones of many membranéim® localized in the axons

myelinated junctions and gl{&olleoni M., Sacerdote P. 2010).

1.2.3 Mechanisms of Neuropathic Pain

Neuropathic pain is associated with pathologicaingies at many sites along
the neural axis. For the spinal nerve ligation nhadeneuropathic pain, numerous
abnormalities that may account for neuropathic bawve been identified in both the
peripheral and the central nervous systéBorzan J., Meyer R.A. 2009)
Spontaneous neural activity and ectopic sensitiatgnechanical stimuli develops at
the site of nerve injury. The expression of différenolecules in the dorsal root
ganglion of the injured nerve is up- or downregetdatreflecting the loss of trophic
support from the periphery. Spontaneous neuravigctievelops in the DRGs. The
distal part of the injured nerve undergoes Wallerdegeneration, exposing the
surviving nerve fibers from uninjured portions bktnerve to a milieu of cytokines
and growth factors. Partial denervation of the gdeeral tissues leads to an excess of
trophic factors from the partly denervated tisshbat tcan lead to sensitization of
primary afferent nociceptors. The expression dedént molecules in the dorsal root
ganglion of the uninjured nerve is up- or downreged, reflecting the enhanced
trophic support from the periphery. Sensitizatiéthe postsynaptic dorsal horn cell
develops, leading to an augmentation of the resptmsutaneous stimuli. Activated
microglial cells contribute to the development bist dorsal horn sensitization.
Changes in descending modulation of dorsal hormomsualso may contribute to the

enhanced responsiveness of dorsal horn ne@arapbell J.N., Meyer R.A. 2006)
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1.2.3.1 Peripheral Nervous System and Ectopic agty

The importance of the peripheral nervous systenmearopathic pain is
supported by the observation that peripherallyngctirugs alter neuropathic pain
behavior. For example, the cannabinoid receptd®@B22] is selectively expressed in
the peripheral nervous system, and selective CBRisty were effective in reversing
mechanical and heat hyperalgesia in an animal mo@leheuropathic pain. In
addition, peripherally acting opiates have beemshitm ameliorate neuropathic pain
behavior(Borzan J., Meyer R.A. 2009).

An important feature of neuropathic pain is painthe absence of an
identifiable stimulus. Spontaneous pain arises eessalt of ectopic action potential
generation within the nociceptive pathways and doets originate in peripheral
terminals in response to a stimulus. Theoreticaityopic activity could be generated
at any anatomical level proximal to those brainiaeg that mediate the sensory
experience. Compelling evidence for peripheral apathic pain, however, points to
substantial ectopic activity arising in primary sery neurons. After peripheral nerve
damage, spontaneous activity is generated at reultifes, including in the neuroma
(the site of injury with aborted axon growth), imetcell body of injured dorsal root
ganglia (DRG) neurons, and in neighboring intatérehts. Spontaneous pain may
arise both from ectopic activity in nociceptors afrom low-threshold large
myelinated afferents due to central sensitizathoil altered connectivity in the
spinal cord. After spinal cord injury, spontane@asn may result from increases in
the intrinsic excitability of second-order neurdi@ostigan M. et al. 2009)Under
physiological conditions, activation of unmyelingt€C-fibre) and thinly myelinated
(Ao-fi bre) nociceptive afferent fibres indicates puial tissue damage, which is
reflected in the high thresholds of nociceptorsrf@chanical, thermal, and chemical
stimuli. These conditions change dramatically iuropathic pain states. After a
peripheral nerve lesion, spontaneous activity isdeswt in both injured and

neighbouring uninjured nociceptive affere(Baron R. et al. 201Q)Fig. 4).
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Figure 4 Stimulus-response relations and generation apécimpulsegCostigan M. et al.
2009)

Voltage-gated sodium channels contribute largelythe generation of ectopic
activity as indicated by the robust inhibitory effe of local anesthetics, which are
nonselective sodium channel block€gheets P.L. et al. 20Q8ncreasing levels of
MRNA for voltage-gated sodium channels seem toetate with ectopic activity,
and increased expression of sodium channels iorledi and intact fibres might
lower action potential threshold until ectopic wityi takes placgBaron R et al.
2010) DRG neurons express several sodium channels leswexhich of these
channels is responsible for the abnormal generatibraction potentials is not
entirely cleafCostigan M. et al. 2009)

Further evidence for the crucial role of voltageegasodium channels in chronic
pain states comes from patients with erythromedaémd paroxysmal extreme pain
disorder who have severe ongoing pain at differgit#s of the body. These
hereditary disorders are caused by gain-of-functianiations in the SCN9A gene
that encodes subunit of the Nav1.7 voltage-gated sodium cha(iiains B.C. et al.
2007) This channel is expressed predominantly in theallsdlameter primary
afferents and is believed to participate in theioactpotential initiation at the
peripheral nerve terminals.

Whereas the TTX-resistant, sensory neuronspedtfanmels, Nav1.8 and Nav1.9,
are reportedly downregulated in injured affereigyv1.8 is upregulated in the

uninjured neighboring fiber®orzan J., Meyer R.A. 2009)
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In addition to voltage-gated sodium channels, sdvether ion channels probably
undergo alterations after a nerve lesion, suchodtaige-gated potassium channels,
calcium channel and hyperpolarization-activated licynucleotide-modulated
channel, which might also contribute to changesmembrane excitability of
nociceptive nerves.

The hyperpolarization-activated cyclic nucleotidedulated channel (HCN), which
contributes to the pacemaker current I(h), alsoegaes ectopic activity in DRG
neurons after nerve injurf.uo L. et al. 2007)Opening the neuronal voltage-gated
potassium channel subfamily Q (KCNQ), which is adrawr of the M current,
selectively reduces activity in axotomized but npninjured axongRoza C., Lopez-
Garcia J.A. 2008and in human C-fiber axor{tang P.M. et al. 2008)suggesting
that this channel may be involved in regulatingpit activity.

Mice with a deletion of Cav2.2 (the N-type calciuohannel) show reduced
neuropathic pain-like behavior (Saegusa et al. RO0trathecal delivery ofw-
conopeptide MVIIA, which blocks Cav2.2 in a non-spendent fashion, decreases
neuropathic pain in preclinical models and patiemsesumably by reducing
transmitter release from nociceptdqidcGivern J.C. 2006) The calcium channel
auxiliary a261 subunit helps stabilize the poreformingubunit of these channels in
the membrane. Gabapentin and pregabalin, amondfirstdine treatments for
neuropathic paifiDworkin R.H. et al. 2007)bind to then251 protein, interfere with
the interaction between the auxiliary subunit drebtsubunit, and impair membrane
insertion of the channé¢Hendrich J. et al. 2008 Both Cav2.2 and261 subunits are
upregulated in DRG neurons following nerve injyMcGivern J.C. 2006)which
suggests that an N-type calcium channel complex play a dominant role in
pathological nociceptive signal transmission frdra periphery(Costigan M. et al.
2009)

Moreover, nerve injury also induces upregulationarious receptor proteins such as
the transient receptor potential V1 (TRPV1). TRPMllocated on subtypes of
peripheral nocicepive endings and is physiologycalttivated by noxious heat at
about 41°C Caterina M.J. et al. 2001 After a nerve lesion, TRPV1 is
downregulated on injured nerve fibres but upregaain uninjured C-fibresMa W.

et al. 2003. This novel expression of TRPV1 and additionaissitsation to heat by
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intracellular signal transduction might lead to sfameous nerve activity induced by
normal body temperature, if the threshold of TRR¥/deduced to below 38°®igss
J.E. et al. 2008)Clinically, patients with such underlying pain chanisms can also
be characterised by the presence of heat hyperaligeaddition to ongoing burning
pain. Similarly, ongoing ectopic discharges of weptive afferent fibres have been
recently identifyed in a patient with painful nepathy in combination with cold
allodynia. Abnormal responses to cold and topiqgdliaation of menthol indicated
that a nerve lesion triggered abnormal functiorexpression of TRPM8, a cold-
sensitive receptor of the TRP familgdrra J. et al. 2009

1.2.3.2 Low-Threshold A Fiber-Mediated Pain

Neuropathic pain involves a profound switch in ##ng/ such that low-
intensity input can generate pain, a disruptiontled normal pattern of pain
specificity (Perl E.R. 2007) The hypersensitivity occurs largely in the absent
peripheral sensitization; includes areas outsideinfifired nerve territories; is
typically associated with a loss of C-fiber perigleterminals, and sensitivity
(Devigili G. et al. 2008)and disappears when conduction in large myelthabers
is blocked(Campbell J.N. et al. 1988Furthermore, ablation of the vast majority of
nociceptor neurons does not alter the developmahtn@anifestation of neuropathic
pain (Abrahamsen B, et al. 20Q8\hereas selective pharmacological blockade of
large neurofilament-200-positive fAfibers abolishes dynamic tactile allodynia in
nerve injury model{Yamamoto W. et al. 2008lrig. 5). The obvious conclusion
from these data is that low-threshol@ Aibers, which normally signal innocuous
sensations, begin after neural lesions to prodage(lihan G.M. et al. 2002; Witting
N. et al. 2006) In keeping with this finding, loss of the PiK@terneurons in the
ventral part of the superficial dorsal horn (lamilfathat are driven only by BAfiber
innocuous inpufNeumann S. et al. 200B)ads to reduced neuropathic but preserved
nociceptive pain(Malmberg A.B. et al. 1997)Furthermore, after nerve injury
polysynaptic and monosynapticfAfiber input to neurons increases in the most
superficial laminae of the dorsal hof@kamoto M. et al. 2001)an area that
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normally only receives input from&and C fibergLu Y., Perl E.R. 2005Although
noxious stimuli activate ERK MAP kinase in supadicdorsal horn neurons in
noninjured animalgJi R.R. et al. 1999)after peripheral nerve injury pAfiber
stimulation acquires this capaci{iylatsumoto M.et al. 2008Y actile stimulation also
begins to induce c-Fos in these nociceptive neu(Bester H. et al. 2000)These
structural changes may be an anatomical substratbé entry of low-threshold (A
fiber input into nociceptive pathways after neragiry. Somehow, as a consequence
of peripheral nerve injury, low-threshold input fmolarge myelinated fibers is
transferred from nonnociceptive to nociceptive wi in the spinal cordCostigan

M et al. 2009) This means that normally innocuous tactile stinsuich as light
brushing or pricking the skin become painful. Saninechanisms might take place
not only within the spinal cord, but also at supraal levels, as has been reported in

patients with central paifBaron R. et al. 2010)
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Figure 5 Pathophysiological mechanisms of neuropathic pain

Primary aff erent pathways and their connectionhénspinal cord dorsal horn. Note that nociceptive
C-fi bres (ed) terminate at spinothalamic projection neuronapper laminae ). Non-
nociceptive myelinated A-fi bres project to deefaninae. The second-order projection neuron is a
WDR type—it receives direct synaptic input from meptive terminals and also multisynaptic input
from myelinated A-fi bres (non noxions informatidriye neurorsystem). Interaction with microglia
(grey cel) facilitates synaptic transmission. GABAergic imeurons ( )normally exert
inhibitory synaptic input on the WDR neuron. Furthere, descending modulatory systems synapse

at the WDR neuron (only the inhibitory projectigneen descending terming@Baron R. et al. 2010)
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1.2.3.3 Peripheral sensitization

Following many types of tissue injury, including ree injury, primary
afferents develop lower activation threshold, beeomore responsive to natural
stimuli, and develop larger receptive fields. lhetwords, they become sensitized.
A change occurs in the transduction mechanismscthratert external stimuli (heat,
touch, etc.) to electrical signals of neurons. Afitgury, proteins and ion channels in
the primary afferents can undergo structural chan@eg., phosphorylation) or
primary afferents can develop altered gene exmedbiat signals the production of
new molecules. Consequently, previously nonnoxgiumsuli may now be sufficient
to activate a given channel or receptor, they neayain active for a longer period of
time, or new channels may become activated by réiftefactors within the injury
site. These changes are responsible for peripkerditization. It is well known that
cyclo-oxygenase enzymes play a role in inflammag@iyn conditions by converting
arachidonic acid into proinflammatory factors suah prostaglandin E2 (PGEZ2).
Prostaglandins have also been shown to contriltutgetipheral sensitiza- tion in
neuropathic pain by shifting the activation thrddhaf tetrodotoxin-resistant sodium
channels (TTX-R Nap) Navl1.8 and Nav1.9. PGE2 bitwsG-protein-coupled
receptors and increases cyclic AMP, which can seasi TX-R Nap channels by
activating protein kinases A and C.

Following peripheral nerve lesion, peripheral sgraiion occurs in the
uninjured fibers innervating the same territory.n§gzation of uninjured fibers
occurs partly because Wallerian degeneration ofmjloeed nerve results in a release
of a number of proinflammatory factors, includingakines and growth factors, that
can alter the activation threshold of the survivimgurons. These changes drive to
sensitivity of uninjured afferents to chemical (TN); mechanical, and heat stimuli

following peripheral nerve injur{Borzan J., Meyer R.A. 20d%)g. 6).
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Figure 6 Peripheral changes at primary aff erent neurotes afpartial nerve lesion, leading
to peripheral sensitisation.

Some axons are damaged and degenerate (axons3) and some are still intact and connected to
the peripheral end organ (skin; axons 2 and 4).r&sgion of sodium channels is increased on
damaged neurons (axon 3), triggered as a consegjuédrtbe lesion. Furthermore, products such as
nerve growth factor, associated with Wallerian aegation and released in the vicinity of spared fi
bres (arrow), trigger expression of channels amgptors (eg, sodium channels, TRPV1 receptors,
adrenoreceptors) on uninjured fi b(@aron R. et al. 2010)
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1.2.3.4 Central nervous system and central sengdtion

Peripherally directed treatments do not always helgleviating neuropathic
pain, indicating that changes also occur in thdraénervous system. Nerve injury
can lead to sensitization of central pain-signaheg- rons as well as changes in the
properties of the inhibi- tory interneurons and agesling inhibition(Borzan J.,
Meyer R.A. 2009)

Central sensitisation might develop as a conseguen@ctopic activity in
primary nociceptive afferent fibres and structudalmage within the CNS itself
might not be necessarily involved. Ongoing dischargf peripheral afferent fibres
that release excitatory aminoacids and neuropeptidthin the dorsal horn of the
spinal cord lead to pre- and postsynaptic changek adtered response of these
central of second neurorfBaron R. et al. 2010)Presynaptic functional changes
include alterations in the synthesis of transnstend neuromodulato(®bata K. et
al. 2003) and in calcium channel densitiiendrich J. et al. 2008)Postsynaptic
changes involve phosphorylation of N-methyl-D-asgt@r (NMDA) subunits and
AMPA receptor (Ultenius C. et al. 2006and increased receptor density due to
trafficking and enhanced synthesis of ion chanagts scaffold protein€Cheng H.T.
et al. 2008)

Wind-up is a single synapse phenomenon of enharesggbnsiveness of a
central neuron following continuous low-frequenayciteptor activation from the
periphery. Central sensitization can result fromtispp and temporal summation of
wind- up. Wind-up is a short-lasting phenomenongtef seconds) largely mediated
by glutamatergic activation of NMDA receptors. Henblocking NMDA recep- tors
abolishes wind-up to various stimuli in healthyiinduals and reduces neuropathic
pain in select con- ditions, such as painful phanonb and PHNBorzan J., Meyer
R.A. 2009)

Drugs that attenuate central sensitization by gctn calcium chan- nel
subunits to decrease transmitter release and on Albtiannels to reduce transmitter
action are effective treatment options in neuropatain (Costigan M. et al. 2009)
even if secondary hyperalgesia (pain in the are@snding the injury and attributed
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to central sensiti- zation) is generally not altet®y inhibiting NMDA receptors
(Borzan J., Meyer R.A. 2009)

Enhanced responsiveness of dorsal horn neuronscaiftéral sensitization lasts for
prolonged periods of time, suggesting additionablbernative mechanisms to the
wind-up phenomenon. Specifically, the release dktance P from primary afferent
neu- rons can facilitate depolarization of dorsalnhneurons by directly activating
NK-1 receptors and by subsequent modulation of NMBéeptor activatiofBorzan
J., Meyer R.A. 2009)

Although central sensi- tization was first desadib@ the dorsal horn, similar
synaptic changes occur in structures involved endémotional aspects of pain such
as the amygdala, anterior cingulate gyrus, andqmedl cortex(Pedersen L.H. et al.
2007) and these may represent a substrate for longdegmitive and mood changes
that are learned and retained, for example, cawditd fear and addictive behavior.
Central sensitization is different from centrali@at which hypothesizes that, after
pe- ripheral nerve injury, changes intrinsic to tBS develop and maintain pain
independent of any ongoing peripheral indixevor M. 2006) These changes
potentially include increased ex- citabilifBalasubramanyan S. et al. 2006)
structural alterations in synaptic circuitfWoolf C.J. et al. 1992)degeneration of
inhibitory in- terneurongScholz J. et al. 2005and alterations in the brain stem

regulation of nociceptive transmissi@vera-Portocarrero L.P. et al. 2006)

1.2.3.5 Disinhibition

Some of the spinal cord interneurons rich in GABf\ycine, or opioid
peptides have an inhibitory influ- ence on synaptmsmissionBorzan J., Meyer
R.A. 2009) Pharmacological removal of GABAergic or glyciniergontrol provokes
tactile allodynia and increases synaptic currdrdsn AB fibers to nociceptive
lamina | neurongCostigan M. et a. 2009)Peripheral nerve injury can lead to
impaired tonic inhibitory function of these intetmens by reducing the synthesis or
release of inhibitory neurotransmitters or to aps® of these interneurons due to
glutamate neurotoxicit{fBorzan J., Meyer R.A. 2009)
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Descending pathways that modulate the spinal tresssom of nociceptive
input orig- inate in the anterior cingulate gyraspyg- dala, and hypothalamus and
are relayed to the spinal cord through brain stewlen in the periaqueductal gray
and rostroven- tral medulla. The inhibitory tranders in these pathways include
norepinephrine, 5-hydroxytryptamine, and endogenmpisids. After nerve injury,
this intricate system of inhibitory control shiffSonic noradrenergic inhibition that
acts ono2-adrenoceptors appears to be suspef@atiman W. et al. 2008and the
net effect of descending serotoniner- gic inpuingjeg from inhibition to facilitation
(Bee L.A., Dickenson A.H. 2008, Vera-PortocarrerB.let al. 2006)Amine uptake
inhibitors like tricylic antidepressants or seratbomore- pinephrine reuptake
inhibitors (SNRIs) boost endogenous inhibition biycreasing the levels of
norepinephrindMatsuzawa-Yanagida K. et al. 2008)

Some studies indicate that endogenous opioids seramti- nociceptive role
following nerve injury. Mice lacking the m opioigaeeptors show enhanced nerve
injury-induced behavioral hyperalgesia and windeompared to wild-type animals.
Intrathecal administration of delta opioid ago-tnieversed mechanical and cold
hyperalgesia following spinal nerve ligati(Borzan J., Meyer R.A. 2008pllowing
nerve injury, primary afferents reduce their expi@s of u opioid receptors, and
dorsal horn neurons are less sensitive to inhibitipp opioid agonistgKohno T. et
al. 2005)

Furthermore, several different mechanisms contibtd a loss of pre- and
postsynaptic GABAergic inhibition in the spinal dorin nociceptive lamina |
neurons, the transmem- brane gradient for chloaods changes after nerve injury so
that activation of GABA receptors no longer leads to hyperpolarizatiostelad, it
may induce depolarization, provoking paradoxicakigtion and spontaneous
activity (Keller A.F. et al. 2007)BDNF released from active microglia causes this
disturbance by inducing a downregulation of theapsium chloride cotransporter
isoform 2(Coull J.A. et al. 2005{(Fig. 7).
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Figure 7 A pathway of pain. Microglial neuronal signaling dieted by BDNF disrupts

inhibition of rat lamina | spinal-cord neurons andintains neuropathic pain.

a) Activation of GABA, receptors (GABAR) normally leads to an influx of anions (princigal
chloride, CI), causing hyperpolarization (inhibition), becadke potential at which the anion flux
switches from inward to outward {f,) is negative with respect to the resting membizotential of
the neuron (Ms).

b) Following peripheral nerve injury, activated noiglia (with ATP-stimulated P2X4 receptors)
release BDNF, which acts on the TrkB receptor talifyoE,.,, probably by reducing levels of the
potassium-chloride co-transporter KCC2. As Eanmmaow positive with respect to,, GABAa-
receptor activation leads to an efflux of aniorspalarizing the lamina | neurons. Blockade of this
microglial-neuronal signalling pathway alleviatédsanic neuropathic pain in the rat mo@d€brsney
C., Macdermott A.B. 2005).
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Independently, inhibition in the superficial dordadrn of the spinal cord is
compromised by a loss of GABAergic interneur¢8sholz J. et al. 2005)educing
afferent stimulation-evoked GABAergic inhibitory sieynaptic currents (IPSCs)
(Moore K.A. et al. 2002)Preventing apoptotic cell death fully restoresBa&rgic
IPSCs and attenuates mechanical allodynia, hypesi@gand cold allodynia after
nerve injury (Scholz J. et al. 2005)Loss of spinal inhibitory interneurons may
contribute to the persistence of neuropathic paltmough pain-like behavior after
sciatic nerve injury in the absence of neuronal dehth has been reporté@éolgar
E. et al. 2005)Despite the apparent role of GABAergic disinhdntin neuropathic
pain, GABA. receptor modulators such as benzodiazepines or AgAigceptor
agonists are rarely used to treat neuropathic pa&icause they have a narrow
therapeutic window. Specific GABA agonists thatdiio thea2 or a3 but notal
subunits of spinal GABA receptors may allow analgesia without sedatiomotor
impairment(Knabl J. et al. 2008)

1.2.3.6 Neurodegenerazione

Both primary sensory and dorsal horn neurons dier gieripheral nerve
injury. Primary afferents degenerate after tranenaitf their peripheral axons, with a
much greater loss of small-diameter neurons, inctuchociceptors, than large
myelinated neurongOkamoto M. et al. 2001, Tandrup T. et al. 2008@)loss of
~20% of superficial dorsal horn neurons occursraftetial peripheral nerve injury.
The degeneration of spinal neurons occurs proulamter several weeks and is most
likely a consequence of sustained ectopic actieftprimary sensory afferents and
glutamate-mediated excitotoxicityScholz J. et al. 2005)Magnetic resonance
imaging (MRI) investigations in patients with chromeuropathic pain hint that
neurodegeneration may also occur in the brain. Woased morphometry shows
decreases in gray matter volume and density in MRIghe brain of patients with
chronic back pain, phantom pain, migraine, tensyge headache, and fiboromyalgia,
although with varying degree and regional distitu{May A. 2008) The nature of

these structural changes remains to be determiraed, well as whether
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neurodegeneration is a cause and if analgesiartessitcan prevent the changes.
These findings raise the possibility that neurojgarain may have elements that
resemble neurodegenerative diseases and requirasopnaective treatment
strategiegCostigan M. et al. 2009)

1.2.3.7 Role of the Sympathetic Nervous System

In some patients, blockade of the sympathetic nengystem leads to pain
relief. This sympathetically maintained pain (SMiB)thought to depend on the
peripheral release of norepinephrine from sympathedterent fibers that activates
and sensitizes primary afferents. Animal studiegehshown that peripheral nerve
injury can result in de novo expression of al aergic receptors in adjacent
uninjured afferents and sensitization to adrenewmggonists, indicating that the
coupling site between the sympathetic and painesystmay be in the primary
afferent fibers. In human studies, intradermal porephrine injections caused pain
in patients with SMP but not in healthy controlong& patients with complex
regional pain syndrome have SMP and gain pain frébBowing sympathetic
ganglion block or after intravenous administratadrphentolamine, an a-adrenergic
antagonist. The sympathetic nervous system has imeplicated in central pain
mechanisms as well. Neuropathic pain patients witlokeinduced central pain
frequently complain of exacerbated pain under stasd have areas of abnormal
blood flow and sweatin(Borzan J., Meyer R.A. 2009)

1.2.3.8 Influence of the Immune system

In addition to the obvious role of the immune syst@ inflammatory pain,
there is accumulating evidence that immune faadoesof importance in neuropathic
pain(Borzan J., Meyer R.A. 2009)

In the PNS, immune surveillance is performed by nmaltcages, which

identify and clear cellular debris and present aef antigens to activate T-
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lymphoctyes. Both macrophages and T-lymphocytesnmonicate via cytokines and
chemokines with neurons, Schwann cells, and DR@Illgat cells. Macrophage
activation is a central component of the Wallerdegeneration distal to axonal
injury, and immune activation in the injured neared DRG appears to contribute to
pain hypersensitivityScholz J., Woolf C.J. 2007)

Damaged or denervated Schwann cells secrete leakathibitory factor
(LIF) and monocyte chemoattractant protein-1 (MQP-Upregulation of LIF
following injury results in increased release obstance P and other molecules that
contribute to nociceptor sensitization. MCP-1 ishe@mokine cytokine that binds to
chemokine receptor CCR2 and has been shown ta#etinonocytes and depolarize
nocicep- tors following nerve injury either dirgctbr by promoting the release of
proinflammatory factors from surrounding nonneutomalls. Cytokine IL-B
promotes expression and release of NGF that cahttesensitization of primary
afferents. Deletion of IL{1 or overexpression of ILfantagonist largely diminished
the development of neuropathic pain following spinarve ligation or axotomy.
These results complement previous evidence thettion of IL-18 or TNF- in the
sciatic nerve causes mechanical and heat hyperalggBorzan J., Meyer R.A.
2009)

Microglia, the macrophages of the CNS, are masgietivated in the dorsal
horn soon after peripheral nerve injury. Microgliaktivation occurs in a
topographically organized fashion close to the r@nerminals of injured afferents
(Beggs S., Salter M.W. 2007, Scholz J. et al. 2@0®) microglial cells release many
immune modulators that contribute to the inductma maintenance of neuropathic
pain by altering neuronal functig®aab C.Y. et al. 2008, Suter M.R. et al. 20a)
example, painful peripheral neuropathy due to Hiféction may also be caused in
part by spinal cord microglia activation. Variougpeoaches to inhibit microglial
activation provide direct support that immune @adtivation in the central nervous
system contributes to neuropathic pain, especiallits developmen{Borzan J.,
Meyer R.A. 2009)

Immune cells may influence neuronal activation @edsitization through
upregulation of purinergic receptors and chemokiagsivation of various kinases,

and release of various cytokines. Microglia expeessimber of purinergic receptors.
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Two have been demonstrated as important in neurgpptin: P2X4 and P2X7;
these receptor, activated through AflRoue K. 2006)eads to BDNF release and
ILLB synthesis, respectively. Inhibition of P2X4 afteerve injury alleviates
mechanical allodynia and prevents upregulation2{4in the dorsal horn. Genetic
deletion of the P2X7 receptor resulted in decreasadopathic pain, but it is not
clear whether this effect is mediated specificaly microglia or includes
involvement of other central or peripheral cellégpBorzan J., Meyer R.A. 2009)

Fractalkine (CX3CL1), for example, is expressednbyrons and astrocytes,
whereas its receptor CX3CR3 is expressed on miesagliggesting a signaling role
by the chemokine between these c@\illigan F.D. et al. 2008) CCL2 (MCP-1)
and its receptor CCR2 are both up-regulated irdiR& and distributed to the spinal
cord after nerve injuryyWhite F.A. et al. 2007)Intrathecal administration of
CX3CL1 or CCL2 produces pain in naive animals, whiheir neutralization
prevents neuropathic pain hypersensitiiibbadie C.2005, Watkins L.H. et al.
2007)

Neuronal release of chemokine fractalkine activagpsal microglia via
CX3CR1 receptor and causes activation of the MABR pathway. Nerve injury
also leads to activation of Src kinase in microddi# not neurons or astrocytes.
Spinal inhibition of Src kinase attenuates mechaniallodynia by inhibiting
extracellular signal-regulated protein kinase. ¢ased levels of proinflammatory
cytokines have been observed in the spinal cosigigollowing peripheral nerve
injury. Additionally, intrathecal delivery of cytake inhibitors can lead to the
reduction of neuropathic pa{Borzan J., Meyer R.A. 2009)

Another example for neuronglia interactions conitithg to neuropathic pain
are the matrix metalloproteinases MMP2 and MMP9eyThre produced by both
neurons and glia and mediate pain hypersensitbytynitiating IL13 cleavage and
microglial and astrocytic activatiofiKawasaki Y. et al. 2008)nhibition of immune

function represents a major avenue for therapéunitrvention for neuropathic pain
(Fig. 8)
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Figure 8 Immune cells present or recruited in the centrilagad peripheral (b) nervous
system following nerve injury influence the excitap of primary afferents and second-
order neurons.

TNF-0, tumor necrosis factor-a; IL-1b, interleukin-1b:8, interleukin-6; NO, nitric oxide; PGs, ATP

and prostaglandins; AMPA, a amino-3-hydroxy-5-mé#ysoxazole propionic acid; CCR2, CCL2

receptor (CX3CR1), fractalkine receptor; EAA, eatity amino acids; ERK, extracellular signal-
regulated kinase; FPRL1, formyl peptide receptke-Ii; MHC, major histocompatibility complex;

NGF, nerve growth factor; NK1R, neurokinin-1 reea@ptNMDA, N methyl-Daspartate; P2X4 and

P2X7, ionotropic purinoceptors; p38 MAPK, p38 miogactivated protein kinase; TLR4, toll-like

receptor 4; CCL2, chemokine (C—C motif) ligand 2epRnted by permission from Macmillan

Publishers Ltd: Nature Reviews Neuroscience (Mardhg, Perretti M, and McMahon SB (2005)
Role of the immune system in chronic pain. NatueviBwvs Neuroscience 6: 521-532), copyright
2005
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1.2.4 Affective component of neuropathic pain

Pain is a complex sensory and emotional experi¢ginae can vary widely
between people and even within an individual depgndn the context and meaning
of the pain and the psychological state of theger€ognitive and emotional factors
have a surprisingly important influence on paincpetion. A negative expectation
can completely reverse the analgesic effect ofiracal dose of the opioid agonist
remifentanil (Bingel U. et al 2001)whereas the expectation of pain relief is an
important component of placebo analgg8ianedetti F. et al. 20050ur emotional
state has an enormous influence on pain; a negatha@ional state increases pain,
whereas a positive state lowers p@fillemure C., Bushnell, M.C. 2009).

Imaging studies show that psychological factotsszate intrinsic modulatory
systems in the brain, including those involved ipiod-related pain relief.
Furthermore, multiple descending pain modulatorgteays are implicated in pain
relief, with attentional states and emotions atingadifferent systems in the brain.
In parallel with increased understanding of thewiry underlying the psychological
modulation of pain, recent evidence shows thatrmhrpain can lead to anatomical
and functional alterations in this same circuitgsulting not only in pain but also in
altered cognition and affect. The wealth of newdss showing alterations in the
brains of patients with chronic pain can now beegnated with our increased
understanding of the brain circuitry involved iretipsychological modulation of
pain, allowing us to hypothesize a negative-feekldaop between impaired pain
modulatory circuitry and pain processing, leadiog only to increased chronic pain
but also to cognitive and emotional deficits tha eomorbid with the pain (Fig. 9)
(Bushnell M.C. et al. 2013)
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Figure 9 Feedback loops between pain, emotions and cogniain can have a

negative effect on emotions and on cognitive funrctiConversely, a negative emotional state can lead
to increased pain, whereas a positive state carceggiain. Similarly, cognitive states such as &tian
and memory can either increase or decrease paincoOfse, emotions and cognition can also
reciprocally interact. The minus sign refers toegative effect and the plus sign refers to a pasiti
effect(Bushnell M.C. et al. 2013)

Neuroimaging studies have now identified severalica regions in humans
that are considered to be important for the peroepof pain. The primary and
secondary somatosensory cortices (insular andiant@ngulate) and the prefrontal
cortices (PFCx) are commonly activated, often biaty, and during painful
experiences. Furthermore, altered activity in suiicad areas (e.g. brainstem
periaqueductal grey (PAG), hypothalamus, amygdapmocampus, and cerebellum)
is also observed during pain. Thus, activity witlsieveral diverse regions of the
brain seem to be necessary for the multidimensiaxaerience that is pain
(Apkarian A.V. et al 2009, Apkarian A.V. et al 2P0Some of these regions
comprise the so-called ‘pain neuromatfMelzack R. 2001)jn which multiple
inputs are processed to produce an output (neunatsige) that is bespoke for an
individual depending on context, mood and cognititate Tracey I., Mantyh P.W.
2007) Hence, pain is the product of a widely distributetd variably accessible
neural network in the brain, rather than an indékgaconsequence of noxious
stimulation.

Perception is singular psychological constructhvatcomplex physiological
phenomenon in the brain, as that of consciousfidesmode of pain perception can
be defined in three distinct conceptual stageseaelto different functional neuraxis

areas: (1) sensory transmission at the brainsteza, also acting in descending
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regulation, and the thalamic relay nuclei, whilens®y discrimination of
spatial/temporal features in primary somatosensornex; (2) affect transaction at
the secondary somatosensamyftex, insular cortex, amygdala and hippocampus
cortices for aversive learning, visceral nocicepti@and autonomic effect; (3)
cognitive attention at the anterior cingukate cartprefrontal cortex, as well in
response selection or action planning. Transmissi@ensory nociception is largely
considered as serial processing from brainstentarthes , primary somatosensory
cortex and secondary somatosensapytex. This sensory-perceptual system
participates in the cerebral functions of detectitotalization, timing, learning,
relay, integration, ascending transmission and efeding regulation of pain. The
transaction of painful emotion is probably consetkrs parallel processing at sites
of insular cortex , amygdala , hippocampus , hygletimus and cingular cortex . This
affective-motivational system participates in thendtions of affective reaction,
visceral activation, multi-sensory integration, hewstasis regulation, fear and
memory. Translation of painful cognition is assumedbe carried out by the
integration of several cortical areas in prefrontaitex, primary motor cortex,
supplementary motor cortex and posterior parietalex. This cognitive evaluation
system participates in the functions of executiventol, coordination of
action/intention and spatial/bodily attenti@hen A.C. 2008)

Neuropathic pain has been described as the “mgiléeof all tortureswhich
a nerve wound may inflict{Jaggi A.S., Singh N. 2001)

Chronic pain induces mood disorders, including dsgpion and anxiety. In
addition, the adverseness of pain is amplifiededuced depending on the emotional
environment, and conditions of increased anxietyl aepression are usually
associated with decreased pain tolerance. Thisusctircle may trigger, or even
result from, neuronal changé@Soncalves L. et al. 2008)

Different work in both human patients and laborataanimals has
demonstrated that the presence of chronic neurgpablain causes gross
reorganization and functional changes in both caftand subcortical structures,
including the medial prefrontal cortéRaliki M.N. et al. 2006, 2008; Metz A.E. et al.
2009) thalamus(Apkarian A.V. et al. 2004apmygdala(Han V., Neugebauer J.S.
2005; Ji G. et al., 2010)and anterior cingulate cortéki X.Y. et al. 2010)These
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areas are associated with functions including legrrmemory, fear, and emotional
responses and map on to cognitive and emotionalgrs suffered by chronic pain
patients, such as elevated anxiety and depre¢Giore M. et al. 2011)problems in
emotional decision makin¢Apkarian A.V. et al. 2004pworking memory(Dick
B.D., Rashig S. 2007and difficulty in classical conditioning taskBlor H. et al.
2002)(Mutso A.A. et al. 2012)

1.3 Endogenous Opioid System

Opioid receptors and their endogenous peptide digamne largely distributed
through the CNS and peripheral tissues. This widriblution is related to the
important role that the opioid system plays in tomtrol of several physiological
responses including nociception, emotional behaviearning and memory and
regulation of reward circuits.

The existence of membrane receptors in the braing@te drugs was shown
for the first time in 1973 by three independentups(Pert C.B., Snyder S.H. 1973;
Simon E.J. et al. 1973; Terenius L. 1978)few years later, different opioid binding
sites were identified, confirming that opioid retmp did not constitute a
homogenous populatiofLord J.A. et al. 1977; Martin W.R. et al. 1976)he
knowledge of the Endogenous Opioid System was Ilargeproved since the
molecular characterization and cloning in the m@Bds of the different opioid
receptors o andk (Chen Y. et al. 1993; Evans C.J. et al. 1992; KieB.L. et al.,
1992; Meng F. et al. 1993; Thompson R.C. et al31%&suda K. et al. 1993)

In addition to the well-established three type®pioid receptors, an orphan
opioid-like receptor (ORL1) was cloned in 1994. Sheceptor has nearly 70%
sequence homology with the opioid receptors. Thiwganous ligand for the ORL1
receptor was isolated and named nociceptin or oWiphBQ (Meunier J.C. 1995;
Reinscheid R.K. et al. 1995)
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1.3.1 Opioid Peptides

Three families of endogenous peptides enkephaliysorphins andp-
endorphin derive from proenkephalin (PENK), prodyiin (PDYN) and
proopiomelanocortin  (POMC), respectively. PENKthe source of [Met5]- and
[Leu5]-enkephalins and several longer peptides.o§adous opioid peptides such as
dynorphin A, dynorphin B and- andp-neoendorphin and several larger molecules
can be generated from PDYN. POMC is the precuré@endorphin,a-endorphin
and several non opioid peptides. The endogenowsdopeptide-containing neurons
have been found in the regions involved in the cegiive response, e.g. the
thalamus, periaqueductal grey, limbic system, coréad in the spinal cord.
Similarly, the autonomic nervous system centersHasen shown to be innervated
by central and peripheral opioidergic neurgRszewtocki R., Przewtocka B. 200
novel group of peptides has been discovered irbthm and named endomorphins,
endomorphin-1 (Tyr—Pro—Trp—Phe—NH2) and endomorghiTyr—Pro—Phe—Phe—
NH2). They are unique in comparison with other apipeptides, having a
characteristic atypical structure and high selégtitowards the p-opioid receptor
(Zadina J.E. et al. 1997)Anatomical studies demonstrated a distinct ani@m
distribution of endomorphins (e.g. endomorphin-prgsent mainly in the brain and
endomorphin-2 in the spinal cord) and their synthé@s separate cellular systems.
Another system which has joined the endogenousidmpeptide family is the
pronociceptin system comprising the peptides ddrivem this prohormone, acting
at ORL1 receptor@Meunier J.C. 1995; Reinscheid R.K. et al. 195(.10).
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Figure 10 Proopiomelanocortin,

preproenkephalin A, preprephialin B, and

preproorphanin FQ (prepronociceptin) precursor owks and their related cleavage
products: ACTH, B-lipotropin (B-LPH), a-melanocyte-stimulating hormoneon-f#1SH),
corticotropin-like intermediate lobe peptide (CLIRILPH, B-endorphin, met-enkephalin,
leu-enkephalin, dynorphin A, neoendorphin, and arph FQ (nociceptinyJames H. Liu and
John L. Mershon, Neurosecretory Peptides).
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1.3.2 Opioid Receptors

Opioid receptors belong to the superfamily of setransmembrane domain
receptors and produce their cellular effects viapting with toxin-sensitive GTP-
binding proteins Gi/Go (Fig 11). Activation of ojdareceptors leads to inhibition of
cAMP production and voltage gated Ca2+ channelsyelk as the stimulation of
inwardly rectifying K+ channels and activation dfet MAP kinase pathway. At
cellular level, all these actions induce inhibitiohneuronal activity and a reduction
in neurotransmitter releageaw P.Y. et al. 2000).

The cloned p-opioid receptor is a morphine-likeepgor, and endomorphins may be
its endogenous ligands. The enkephalins bind todtbpioid receptor with great
affinity, and therefore, are considered to be eedogss-opioid receptor agonists.
The affinity of p-endorphin binding to p- and-opioid receptors was found to be
similar. Dynorphins bind to k-opioid receptors ahdrefore appear to function as its
endogenous ligands. Opioid peptides do not bintiskely to one specific receptor
type but have some affinity for other opioid receptas well (Przewtocki R.,
Przewtocka B. 2001)Several subtypes of the opioid receptors (u1,0032; 1, k2,
k3) have been postulated on the basis of pharmgicalostudies. Cloning of all
opioid receptors to date yielded a single receptpe, and the suggested subtypes
are possibly alternative splicing products. In &ddi oligomerization of various
opioid receptors generates unique functional ptagee Jordan B.A.,Devi L.A.
1999)
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Coon

Figure 11 Representation of the opioid receptor structurenstituted by seven
transmembrane domains, an extracellular site feerastion with the ligand and an

intracellular site for interaction with the G prist®f inhibitory (G i/ 0).
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1.3.3 Nociceptin — NOPr system

1.3.3.1 NOP receptor

The NOP receptor was first cloned as an orphanicpézeptor-like receptor
from human(Mollereau C. et al. 1994)rat (Bunzow J.R. et al. 1994)and mouse
(Nishi M. et al. 1994prain, and human lymphocytégalford W.P. et al. 1995; Wick
M.J. et al. 1994)NOP is a typical G-protein-coupled receptor vadven predicted
transmembrane domains (Fig. 12).

Figure 12 The NOP receptor.
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Alignment of the cDNA-deduced amino acid sequerafethe human NOP,
d-, M-, and x-opioid receptors reveals conserved regions, nytabl the
transmembrane helices and cytoplasmic loops (F8). $equence conservation
among the four receptors is highest (>70%) in tkeosd, third, and seventh
transmembrane helices, and approximately 50% infiteg fifth, and sixth, but
significantly lower (24%) in the fourth. Amino acgkquence identity is also high
(56—86%) in the four intracellular loops. All othexgions, the C-terminal half of the
first exofacial loop excepted, display little amiaoid sequence conservation. While
the e2 loops of the ORL1, m-, and d-opioid receptoe all of the same length, the
highly acidic content of the ORL1 e2 loop is re&dmonly in the k-opioid receptor
loop, which contains two insertion sites and ise¢hresidues longer. It is also
apparent that the charge distributions as a lifveaation of residue position in the k-
opioid and ORL1 receptor e2 loop sequences are dissimilar(Meunier J.C. et al.
2000) Despite their close homology to the other opi@deptors, only few opioids
bind these novel clones, and their affinities asgkadly lower than those seen with

the other opioid receptors.
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Figure 13 Sequence alignment of the putative opioid receptth three other opioid
receptorsThe ammo acids identical to the putative opioidepor are marked by a dash (-). The
seven putative hydrophobic transmembrane domamsiaderlined and labeled from TM1 to TM7.
Gaps are introduced for alignment. Other symb@#3; the conserved cysteine residues possibly
involved with disulfide bond formation; (*), the eserved aspartic acid residues that may interact
with the primary amine group found in ligands; (e potential N-linked glycosylation sites; (S)et
putative protein kinase C sites; (0), the poténflAMP dependent protein kinase site; (#), the
potential pahnitoylation sité€Chen Y. et al. 1994)
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The receptor has three coding exons, similar toother opioid receptors. The first
coding exon yields the amino terminus and the firashsmembrane domain. The
second coding exon is responsible for the nexttir@nsmembrane domains. The
splice site between the second and third codingh®xe located in the second
extracellular loop, and the third coding exon ispansible for the remainder of the
protein, including the last three transmembrane alpos and the intracellular
carboxyl tail. The binding pocket has been proposeadomprise several of the
transmembrane domairf$opham et al. 1998; Mouledous et al. 2000he initial
gene structure identified five exons, with a nonagdexon preceding and following
the three coding exons; other work has identifigd mini-exons between the first
and second coding exons that are alternativelgesplior a total of sevefMogil J.S.,
Pasternak G.W. 2001)

The regional distribution of NOP receptor haverbeell describedBunzow J.R. et
al. 1994; Fukuda K. et al. 1994; Mollereau et d1994; Wick et al. 1994; Lachowicz
J.E. et al. 1995) Regions with NOP1 receptor binding typically eegs NOP1
MRNA as well, although the levels of mMRNA and bigldo not always match very
closely. Regions with high levels of NOP1 bindin@NA include the cortex,
anterior olfactory nucleus, lateral septum, hyplatimas, hippocampus, amygdala,
central gray, pontine nuclei, interpeduncular nusle substantia nigra, raphe

complex, locus coeruleus, and spinal c@ibgil J.S., Pasternak G.W. 2001)

1.3.3.2 Nociceptin

N/OFQ is a heptadecapeptide with some interestiugtsiral homologies to
the classical opioid peptide dynorphin A (Fig 1Bdth peptides are comprised of 17
amino acids bounded by pairs of basic amino acigsortant in their production
from their precursors. Furthermore, both have md#kepairs of basic amino acids,
raising the possibility of further processing. Topioid peptides share a YGGF
motif, where the fifth amino acid is either leucimemethionine. The amino terminus
of N/OFQ is a phenylalanine instead of a tyrosiiodpwed by GGF. Finally, both
peptides contain the same last two amino acidfietcarboxyl terminus. Despite
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these similarities, the peptides are functionallyitey distinct. N/OFQ has no
appreciable affinity for any of the opioid receptdMogil J.S., Pasternak G.W.,
2001)

Dynorphin A 1-17  Tyr-Gly-Gly-Phe-Leu-Ang-Arg-Tle-Arg-Pro-Lys-Leu-Lys-Trp- Arg-A=sn-Gln

y-Endorphin Tyr-Gly -Gy -Phe-Met-Thr-S er-Glu-Lys-Ser Gln-Thr-Pro-Leu-Val-Thr-Leu

Met-enkephalin Tyr-Gly-Gly -Fhe-Met

Leu-enkephalin Tyz-Gly-Gly-Phe-Leu

o PR A
Endomorphin

Figure 14 a)Three-dimensional representation of the nociceptin.
b) Structure of Nociceptine compared with some OpRegtides
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Like all bioactive peptides, N/OFQ is generatednifra larger precursor peptide,
prepro N/OFQ (ppN/OFQ) that has been cloned fronuseprat, and human (Fig.
15) (Meunier et al. 1995; Pan Y-X et al. 1996a; ReimsdhR.K. et al. 2000)

Overall, there is high interspecies homology, w80P6 identity among the three

organisms.
Mouse QCEEKVFPRPLWTVCTEVM
Kat EEKVFPRPLWTLCTKAM
Human ILECEEKVFPSPLWTPCTKVM
Nocistatin
Mouge QHLEKRMPRVRSLVQVRDAEPCADAEPGADAEPGADDAE
Rat QHLKRMPRVRSVVQARDAEFEA- - - - - - DAEPVADEAD
Human ARSSWOLSPAAPEHVAAALYCPRASEMQHLRRMPRVRSLFQEQEE-PEP - GMEEAG
OFQ/N OFQ2/Nocll
Mouse EVEQKQLOKRFGGFTGARKSARKLANQKRFSEFMROYLVLSMQOSSQRRRTLHQNGNV 187
Rat C FTGARKSARKLANQKRFSEFM = CRRRTLHONGNV 181
Human EMEQKQLOKRFGGFTGARKSARKLANQKRFSEFMRQYLVI QRRRTLHONGNV 176

OFQ/Nig.157

Figure 15 Schematic of the prepro-OFQ/N ggiMagil J.S., Pasternak G.W., 2001)

The primary structure of the precursor protein aor# the typical structural
elements of a neuropeptide precursor. It startls ait amino terminal signal peptide
necessary for its secretion. The N/OFQ sequendinged by pairs of Lys-Arg
residues, indicating that its maturation requiregdin-like cleavages. The C-
terminus of the precursor protein downstream ofNF@FQ sequence is conserved
among the different species genes and could geneitlier a 28- residue long
peptide or, after cleavage at the Arg triplet, ardsidue long peptide, whose
terminal amino acids are the same as these of N/OF@se two peptides were
synthesized but were unable to either bind or atdithe NOP receptdCivelli O.
2008) It has been reported that the 17-amino acid getermed Nocll or OFQ II)
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exhibits some effect on locomotion and pain peioedFlorin S. et al. 1997; Rossi
G.C. et al. 1998)

The bovine precursor harbors an additional paibasic amino acids N-
terminal to the N/OFQ sequence that could give ts@ 19-amino acid peptide
(Okuda-Ashitaka E. et al. 1998)his putative was isolated from bovine bran aasl h
been reported to possess an anti-N/OFQ activitgumee it was able to block N/OFQ
induced allodynia and hyperalgegi@kuda-Ashitaka E. et al. 1998Jhis peptide
was named nocistatin and acts via a receptor diiteirom the NOP receptor. The
active part of nocistatin was found to reside snGtterminal hexapeptide that is also
the only conserved structure between all mammai®FQ precursors. The bovine
form of nocistatin appears to be species-specédabse the human, rat, mouse, and
porcine precursor lack the pair of basic amino st is used for processing in the
bovine precursor protein. The fact that OFQ Il acistatin require their own
receptors but that none have been identified tlatldvexhibit selectivity for these
two peptides indicate that these peptides may eatduropeptides that act through a
traditional GPCR systelrfCivelli O. 2008)

The localization of N/OFQ corresponds reasonablyl weth the NOP1
receptor. As with the receptor, NJOFQ immunoreaistisnd mRNA levels detected
using in situ hybridization are closely correlatBdOFQ is found in lateral septum,
hypothalamus, ventral forebrain, claustrum, mananjill bodies, amygdala,
hippocampus, thalamus, medial habenula, ventranéegum, substantia nigra,
central gray, interpeduncular nucleus, locus ceesyl raphe complex, solitary
nucleus, nucleus ambiguous, caudal spinal trigdgmmacleus, and reticular
formation, as well the ventral and dorsal hornghef spinal cordNeal C.R. et al.
1999)
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1.3.3.3 Pharmacological Effects of Nociceptin/Oh@anin FQ

The N/OFQ receptor was shown to induce a varietinwécellular effects.
First N/JOFQ receptor was shown to induce an intwbibf adenylyl cyclase in CHO
cells transfected with the NOP recep{ddeunier et al. 1995; Reinscheid et al.
1995) Next, N/OFQ was found to modulate cellular exuitty increasing inwardly
rectifying K-conductance in dorsal raphe nucleusroes (Vaughan C.W., Christie
M.J. 1996)and in the arcuate nucle@®/agner E.J. et al. 1998}0 increase K-
conductance in periaqueductal gray neurfvisughan et al. 1996and in locus
coeruleus neurons; to couple to G protein-activédechannels; to inhibit voltage-
gated calcium channels in freshly dissociated Cpdcampal neu- rons; to inhibit
T-type Ca channels in sensory neurons; and to iinNitype Ca channels in SH-
SY5Y cells. Also, the N/OFQ receptor appears topt®tio K channels in Xenopus
oocytes. Furthermore, N/JOFQ has been shown toiirthi& release of glutamate and
GABA from nerve terminals, to block acetylcholinelease from retina and
parasympathetic nerve terminals, to inhibit symaptansmission and long-term
potentiation in the hippocampus, to suppress dopamelease in the nucleus
accumbens, and to inhibit tachykinin and calcitay@me-related peptide release from
sensory nerves. N/OFQ was demonstrated to activategen-activated protein
kinase in re- ceptor transfected CHO cells. Togetimese results show that N/OFQ
is able to modulate the biochemical propertiesetiscalter the electrophysiological
properties of neurons and to affect their trangnittease. Importantly, none of the
effects of N/OFQ described were inhibited by opiateagonists, emphasizing the
pharmacological difference between the opioid dreN/OFQ systemgivelli O.
2008)
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1.3.3.4 Nociceptin and pain

There is a wealth of evidence showing that N/OF® @nociceptive and
antinociceptive effects depending on the drug dtes#, and route/side of injection
used. N/OFQ at low doses in the pmol and fmol randisplays pronociceptive
action, whereas N/OFQ exhibits antinociceptive ptia¢ when administered at
higher doses in the nmol rand®jogil J.S., Pasternak G.W. 2001; Yamamoto T. et
al. 1999;Tab, 3 Prezwloka). Both effects induced by N/OF@®ehlbeen suggested to
be mediated by the NOP receptor.

Rout of injection Nociceptin Dynorphin

pmal [fmol nmol pmol/fmol fnmol <nmol
Sub cutaneous « ND « No changes in pain sensitivity e Analgesia (Ko « No changes in pain sensitivity
Obara et al, 2005) et al,2000) (Koet al. 2000)
Intraplantar o Hyperalgesia (Inoue et al_, 1998) e No changes in pain sensitivity e Analgesia « ND
e ltch (Andoh et al 2004) (Obara et al, 2005) Beyer et al
1997)
Intrathecal o Hyperalgesia  No changes in pain sensitivity o Analgesia « Hyperalgesia

(Courtelx et al, 2004; Vanderah Jhamandas « Allodynia
et al 1986;
Przewlocki

et al, 1983ab)

« Allodynia

o Decreased locomotor activity (Hara
397. Reinscheid et al, 1995;
L 1997 w et al, 1998;

Bertorelli et al, 1999)

et al_ 1998; Obara et al, 2005)
e Analgesia (Jhamandas
1998; Tian et al, 1997a; Wang

« Nociceptive behavior

e Motor dysfunction (Tan-No
et al 20@; Laughlin et al
1997, Vanderah et al 1996;

Intracerebroventricular

« Hyperalgesia
o Decreased locomotor activity (Meuw

nier, 1997, Suaudeau et al, 1998,
Reinscheid et al, 1995)

et al, 1999a; Xu et al, 1996,

* No changes in pain sensitivity
Zhu et al, 1998; Vanderah
et al, 1998, Darland et al
1998; Grisel et al, 1996)

o Analgesia (Kuz

min et al, 2006)

Stevens and Yaksh 1986)
« Motor dysfunction
o (Nakazawa et al 1985)

et al

Into periaqueductal o Hyperalgesia (Wang et al_, 1998) e No changes in « No changes in pain sensitivity

ey pain sensitivity (Han and Xie, 1984)
Han and Xie
1984)
Receptor involvement e NOP receptor (Inoue et al, 1998, o NOP receptor (Inoue et al e KOP receptor o NMDA receptor (Laughlin
1999) 1998, 1999) Chavkin et al et al, 1997, Vanderah et al
1982) 1996)

o Bradykinin receptor (Lai et al

2008)

Table 3 A comparison of the effects induced by appliaatd nociceptin and dynorphin on
acute pain sensitivity and motor function/actiitdika J. et al. 2011)

In behavioral studies, intracerebroventricular.yi)cadministration of N/OFQ was
found to display hyperalgesic effects that are nkeskas reduced latencies in the hot
plate test(Meunier et al. 1995; Suaudeau C. et al. 19984 the tail-flick test
(Suaudeau C. et al., 1998; Reinscheid R.K. et@5)and as decreased locomotor
activity in mice(Reinscheid et al., 1995AIso, N/OFQ that was microinjected into

the periaqueductal gray increased pain sensitinityats (Wang H. et al., 1998)
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These effects were likely mediated by the NOP rerepased on the results of a
study that has shown that the pronociceptive aafdd/OFQ is not present in NOP
knockout mice and that antisense oligonucleotidegeting the NOP receptors
prevent the N/OFQ effec{Calo G. et al. 2000) On the other hand, it was
demonstrated that N/OFQ administered i.c.v. inrthm| dose range was ineffective
in significantly altering the response to noxiousnsli (Zhu C.B. et al. 1998;
Vanderah T.W. et al. 1998Although a consensus on the precise function/QHQ

in the modulation of nociception has not been redcla large body of evidence
indicates that supraspinal injection of N/OFQ doesaffect pain sensitivityGrisel
J.E. et al. 1996)Interestingly, it has also been suggested thatpttonociceptive
effects produced by i.c.v. administration of N/OR@y provide an explanation for
the anti-opioid action of N/OFQMogil et al., 1996) This phenomenon was
confirmed by experiments demonstrating that N/OF£3 able to alter the analgesic
effectiveness of morphine and other opioids.

In contrast to the pronociceptive effects inducgd.@.v. injection of N/OFQ, at the
spinal level, i.t. administered N/OFQ generally hbsen found to produce
antinociceptive responses that are similar to maksopioid receptor agonists
without inducing signs of sedation or motor impamh (tab. 3). However, i.t.
N/OFQ at doses lower than those exhibiting anatgegotential induced
hyperalgesia, allodynia and impaired locomotorvatgti Thus, N/OFQ at low doses
in the pmol and fmol ranges displayed pronociceptaction resulting from the
activation of NOP receptors at the spinal level axkibited antinociceptive potential
at higher, nmol doses. However, it should also dted that some authors reported
that N/OFQ applied i.t. at nmol doses had no eflgcitself. Interspecies and even
interstrain differences, disparate doses and eiffietesting procedures may ac- count
for the conflicting results reported with N/OFQ aotther NOP receptor ligands in
the spinal corgMika J. et al. 2011)

It has been clearly documented that the induatioohronic pain states, especially
neuropathy, is associated with an upregulation /@RQ synthesis, as indicated by
enhanced expression of pN/OFQ protein and/or mRRAbfer and Ruda, 1992;
Kajander et al., 1990; Malan et al., 2000; Mikalet2010; Fig. 16).
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SPINAL CORD

= NOC Briscini et ol 202; B DYN Kajter e, 100:

Mika et al. 2004 Draisci et al. 1991
Mika et al. 2010

'NOP RECEPTOR =KOP RECEPTOR

Briscini et al. 2002 Obara et al. 2003; 29
DORSAL ROOT GANGLIA

'NOC Chen and Sommer 2006; ' DYN Herradon et al 2008;
Herradon et al. 2008; Mika et al. 2010
Mika et al. 2010

'NOP RECEPTOR l KOP RECEPTOR
Obara et al. 2009 Briscini et al. 2002; Xie et al. 1999

<

ALLODYNIA & HYPERALGESIA

» antiserum to DYN

* NOC Malan et al. 2000; Nichols et al. 1997; Obara et @003
Briscini ef al. 2002; Courteix et al. 2004, *KO of PDYN
Obara et al. 2005; Yamamoto et al. 1997, 2000 Wang et al. 2001
Xu et al 2000 * KO of DYN
° NOP ) ein Sharifi et al. 2001
receplor agont + NMDAR antagonists
Abd-ln::d;tsl.:...lﬂ: - Vanderah et al. 1996; Lughlin et al. 1997; Obara et al. 2003
o S R * Bradykinin receptor antagonist
Lai et al. 2007, 2088

Figure 16 A comparison of the changes in the levels of mRawl/or protein for nociceptin
(N/OFQ), dynorphin (DYN), nociceptin-opioid peptid®lOP) receptor and kappa-opioid
peptide (KOP) receptor in the ipsilateral partloé torsal spinal cord and ipsilateral dorsal

root ganglia under neuropathic pain conditi¢vi&a J. et al. 2011)
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Many studies have supported the suggestion thaarh&gesic effectiveness of the
N/OFQ and NOP receptor ligands is increased inapathic conditions and that this
effect is associated with upregulation of NOP ré@emRNA in the spinal cord and

DRG after nerve injury. Moreover, at the spinaldiut is well-documented that

N/OFQ produces antinociception through presynagdRG) and postsynaptic

(spinal cord) mechanisms. The increase in N/OFQR®G neurons after axotomy as
well as after sciatic nerve ligation is potentiatklated to the enhanced spinal
N/OFQ release from afferent neurons and, therefoeg; be an additional factor in

this regulatory circuit. This effect is in contrast the classical opioid receptor
agonists, such as morphine, which are less effeatineuropathy than in acute pain
conditions. Behavioral experiments have demonstridtat N/OFQ administered i.t.

alleviates allodynia and hyperalgesia resultingnfiajury of the sciatic nervéMika

J. etal. 2011).

1.3.3.5 Anxiety, stress and depression

The observation that N/OFQ is able to reverse stretuced analgesia
(Mogil J.S. et al. 1996and that the NOP receptor is expressed in branere
known to modulate anxiety prompted investigation® ithe effects of N/OFQ on
stress as it relates to anxiety. Central administrtaof N/OFQ was found to exert
profound anxiolytic effect comparable to classiialytic drugs such as diazepam
(Jenck F. et al. 1997)Low nanomolar doses of N/OFQ decreased behavioral
measures of anxiety in rats using the light-dark lamd elevated plus maze
paradigms. Similar to the biphasic effect of diaap higher doses of N/OFQ also
showed motor impairment. These findings were latarfirmed with mice in the
elevated plus maze paradid@avioli E.C. et al. 2002pr the hole-board exploration
test(Kamei J. et al. 2004and in the defense test battéGriebel G. et al. 1999)
although in the latter paradigm, the effects wdrseoved only after very high stress.
Altogether, these experiments provided evidence ttiea N/OFQ system might be
involved in modulation of stress as it relatesngiaty. The mechanism by which the

N/OFQ system modulates stress is not fully undetstaut implicates regulation of
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the hypothalamic—pituitary—adrenal (HPA) axis. N(@KO mice exhibit elevated
plasma corticosterone levels under both resting gudt-stress conditions
(Reinscheid R.K., Civelli O. 20Q2and N/OFQ administrations reverse transient
increases in plasma corticosterone precipitated btyessors such as
intracerebroventricular injections.

The first indication that the N/OFQ system may beolved in modulating
depressive states of behavior came from the obsemvéhat rat pups who were
separated from their mothers exhibit elevated tevel N/OFQ expression in
adolescence. That the N/OFQ system may have anrdiepression-like symptoms is
further indicated by the finding that N/OFQ levedse elevated in postpartum
depressive women but, more importantly, by studlest showed that N/OFQ
antagonists could produce antidepressant effaath, &s reduced immobility time in
the mouse forced-swim test, which reflects behavidespair. Moreover, NOP KO
mice also display reduced immobility time in thengaassay. The mechanism for the
antidepressive effects of N/OFQ antagonists is ankn N/OFQ is able to attenuate
serotonin release from dorsal raphe neurons andoréital serotonergic terminals,
thus acting to reduce serotonin levels. ConverdelFQ antagonists are able to
block the N/OFQ-induced inhibition of noradrenaliaad serotonin release from
cortical synaptosomgg€ivelli O. 2008)
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1.3.4 Dynorphin system

Dynorphin system is part of Endogenous Opioid Swstecluding the
dynorphin (DYN) peptide and his receptor KOP. Téystem is widely involved in

neuropathic pain, but its role is complex and rmohpletely clear yet.

1.3.4.1 Dynorphin

In 1979, Goldstein A. et al. 197%escribed the opioid properties of a
tridecapeptide, which they had first isolated frporcine pituitary four years earlier
(Cox B.M. et al. 1975; Teschemacher H. et al. 19T&g first five amino acids of
this peptide (Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle- ArBro-Lys-Leu-Lys) represent
Leu-enkephalin. To denote its extraordinary potericy natural peptide was named
“dynorphin” from the Greek dynamis=power and theliag orphin indicating its
opioid nature. Two years later, the complete secgienf 17 amino acids was
identified (Goldstein A. et al. 1981Jig. 17) This peptide was renamed to dynorphin
A after the isolation of the larger form dynorpl88-which consists of the original
17 amino acids at its amino-terminus and a novel-émkephalin containing
tridecapeptide now termed dynorphin B (=rimorpham)the carboxy-terminus. The
two peptides are linked by a pair of basic amindsaéLys-Arg), which indicate a
potential processing sité-ischli W. et al. 1982a,b)A smaller bioactive form of
dynoprhin A, dynorphin 1-8, was described in 1gBOnamino N. et al. 1980)The
first five amino acids (i.e. those representing Jeekephalin) were proposed as
essential for binding to opioid receptof€havkin C., Goldstein A. 1981)
Characterization of the precursor of dynorphins r(Ryrodynorphin (pDyn, also
termed proenkephalin B) at the mRNKakidani H. et al.1982pand protein level
(Watson S.J. et al. 1983)Iso revealed the presence wf and p-neoendorphin
(Minamino N. et al. 1981)leumorphin (=dynorphin B 1-29; assembled from
dynorphin B and the C-terminal C-peptide) as wallaanumber of biologically

inactive fragments, which do not contain the Lekegrmalin motif.
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DYN have increasingly been thought to play a reguiarole in numerous
functional pathways of the brain. In line with thicalization in the hippocampus,
amygdala, hypothalamus, striatum and spinal cdrese functions are related to
learning and memory, emotional control, stress amse and pain.
Pathophysiological mechanisms that may involve DRAgpa opioid receptors
(DYN/KOP) include epilepsy, addiction, depressischizophrenia, and chronic pain
(Schwarzer C. 2009)

Figure 17 3D structure of DYN A (1-17)
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1.3.4.2 Dynorphin gene and mRNA

The pDYN gene contains four exons (1-4) and threeons (A,B,C) in
humans and roden{slorikawa S. et al. 1983; Douglass J. et al. 198®arifi N. et
al. 1999) While exons 1 and 2 encode for the majority @f Bauntranslated region,
exons 3 and 4 contain the entire coding sequenice (B) (Schwarzer C. 2009)
Several promoter elements have been identifiedinvttre rat pDYN promoter. The
four CRE sites observed in the rat promoter weoaight to be the most important,
perhaps being responsible for the excitation-dependegulation of pDYN
expressionDouglass J. et al. 1994)n terms of suppression of pDYN expression,
the downstream regulatory element (DRE) and its+dagulated transcriptional
repressor DREAM was suggested to be impoii@atrion A.M. et al. 1999; Campos
D. et al. 2003) DREAM appears to play a crucial role in the regioh of pDYN
expression in neuropathic and inflammatory pairnw looncentrations of DYN acting
on KOP located on spinal projection neurons produsdgesic effects. In contrast, a
single intrathecal injection of a higher dose of \Droduces long-lasting allodynia
in mice and rats. This puzzle was solved by ideatifon of NMDA receptors as
target of high concentrations of DY{Wanderah T.W. et al. 1996; Laughlin T.M. et
al. 1997) Noteworthy, knockout of DREAM, leading to incredsexpression of
pDyn markedly reduces a broad spectrum of acute @mdnic pain related
behaviour{Cheng H.Y. et al. 2002)

Seven pDYN mRNA splice variants have been isoldteth human brain
(Horikawa S. et al. 1983; Telkov M. et al. 1998kdshkov A. et al. 2005Two of
the transcripts, termed FL1 and FL2, contain thiéreerroding sequence of pDYN
(Fig. 18). The predominant form FL1 is highly exgsed in limbic structures such as
the nucleus accumbens and amygdala, while the ssipreof FL2 is restricted to a
few brain areas including the claustrum and hydathas(Nikoshkov et al., 2005)
These two transcripts differ in their-Bon-coding region. FL1 transcripts are
initiated somewhat upstream of the proposed trgstgan initiation site(Douglass J.
et al. 1994) FL2 contains a novel second exon, which exters driginally
described exon 2 and is initiated within intron lAse to a site previously detected in
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embryonic brain(Telkov M. et al. 1998)The exons comprising FL1 and FL2 are
highly conserved in human, mouse and rat gendBwsvarzer C. 2009)

1.3.4.3 Processing of Dynorphin

Like all other neuropeptides, DYN are processednfi@ large biologically
inactive precursor protein. The first evidence d@fferential processing of pDYN
was observed in the lobes of the pituitary. Praogs®f pDYN requires the
endopeptidases, termed prohormone convertases (PC)J, and PC2 and
carboxypeptidase E (Fig.18). PC1 was proposedttatdine carboxy side of three of
the seven pairs of basic amino acids. The primarget is the Lys-Arg pair N-
terminal toa- neoendorphin, yielding a 10 kDa C-terminal fragteontaining all
known pDYN-derived peptides (Fig. 18). A minor aftiative pathway may be the
proteolytic cleavage at the Lys-Arg pair C-termit@b-neoendorphin. In a second
step, a carboxyterminal fragment of about 2 kDelesved at a single Arg, yielding
an 8 kDa intermediate produ@@upuy A. et al. 1994)Further processing requires
PC2, producing biologically active peptides inchglo-neoendorphin, big- DYN,
leumorphin, DYN A 1-17 and 1-8 and DYN B (Fig.13his processing is enhanced
by the presence of carboxypeptidas@By R. et al. 1998)

In vitro studies on the ability of different pDyreived peptides to activate kappa
opioid receptors suggested a rank order of potenityDyn A1-17 > (10-20 times)
big- DYN=DYN B=DYN B 1-29=n-neo-endorphin>(10-20 times) Dyn A 1-8p=
neo-endorphinJames I.F. et al. 1984Differential processing of pDyn was also
observed in the brain. Electron microscopy showedcbexistence of pDyn and Dyn
within the same axon and even individual vesi¢¥éakovleva T. et al. 2006\Vhile
the classical model suggests initiation of processaf pDYN in the trans-Golgi
network, a newly hypothesized model suggests tahsp pDYN to the synapse and
initiation of processing in response to externahsli. Such a regional regulation of
trafficking and processing at synapses may provwbal regulation of synaptic
transmissior{Yakovleva T. et al. 20063¢hwarzer C. 2009)
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e
translation ,f-/‘/ Start Stop
-/_/__,_,_,-f-— KR KR PROTEIN
26kDa Met 1[ Signal | N-tarminal peptide Bndge [C-pep| A 264
1-20 175-1B4 207-238

processing by signal peptidase and PC1

16 + 10 kDa [ N-termiral pepbde

8 kDa
processing by PC2

= Dynorphin-like peptides derived from the prodynorphin precursor,
Peptide Amino acid sequence

*Dynorphin Ag g Tyr"-Gly-Gy-Phe-Lew-Arg-ArgTle"

“Dynorphin Ap g TV -Gly-Gy-Phe Lew-ArgArgTle-Arg Pro-Tys-Leu-Lys"?

“Dynorphin Ap-an Tyr'-Gly-Qy-Phe-Lew-Arg-ArgTle-Arg-Pro-Lys-Leu- Lys-Trp-Asp- Asn-Gln™

DynomphinAg sy  Tye-Gy Gy Phe Leu-Arg ArgTle-Arg-Pro-Lys Leu Lys Trp-fep-Asn-Glo-Lys-Arg Tyr-Gly-Gly-Phe Teu-Arg Arg Gln-Phe Lys- Val- Val-The™
nymorphin By TVE-Gly-Gy-Phe Leu-Arg-Arg Gln-Phe-Lys-Val-Val The™

“Leumarphin Tyr'-Gly-Gy-Phe Leu-Arg- ArgGln-Phe-Lys-Val-Val Thr-Arg -Ser-Gln-Ghe- Asp-Pro-Asn-Ala- Tyr-Tyr-Ghe- Glu-Leu-Phe Asp-Val™

fa -necendorphin Tyr*-Gly-Gy-Phe Lew-Arg Lys-Tyr-Pro-Ly=""

%-neoendorphin  Tyr'-Gly-Gly-Phe Leu-Arg Lys-Tyr-Pro®

Citationa: a, (Minamino et al , 1980); b, (Goldsteinet al, 1979); ¢, (Goldstein et al,, 1981); d, (Fischli et al,, 183); e, (Kakidani et al., 1983); f, (Kangawa
et al., 1981); g, (Minamino et al., 1981).

Figure 18 Biosynthesis of pDYN derived peptides. The entding sequence of pDYN is
contained in exons 3 and 4 (dark grey shadingh@pDYN gene.

Several differentially spliced transcripts are ded from this single gene, however only the twa-ful
length mRNAs FL1 and FL2 are found in humans amigmnts. These two splice variants differ only in
the 5°- non-coding region with FL2 being transcdbeom an extended exon 2 (light grey). An
identical 254-amino acid preprodynorphin is tratesdafrom both mRNAs. The first 20 amino acids
represent the signal peptide, responsible for taergé¢he protein towards the endoplasmatic reticulu
This peptide is immediately cleaved by the sigredtislase, resulting in pDYN. Further processing is
differentially regulated in distinct brain regiomesulting in pDYN as well as mature peptides inrax
terminals. Maturation is dependent on prohormonevedases PC1 and PC2. Processing of the
mature peptides at the paired arginine residuddsylseu enkephalin frorfi-neoendorphin, DYN A
and DYN B(Schwarzer C. 2009)
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1.3.4.4 KOP receptor

The kappa-opioid receptor is a G protein-coupleckpeor (Fig. 19) and
stimulation of the kappa-opioid receptor leadshe inhibition of adenylyl cyclase
(Attali B. et al. 1989; Konkoy C.S., Childers S1IR89; Prather P.L. et al. 1995).
The kappa-opioid receptor also plays a role inrégilation of calcium currents. The
kappa-opioid receptor is coupled to an N-type cahcchannel and stimulation of the
kappa-opioid receptor inhibits calcium currerff@llent M. et al. 1994)N-type
calcium channels are expressed on presynapticrialsnand play a critical role in
the release of neurotransmittéEvans R.M., Zamponi G.W. 2006)

Therefore, dynorphin-like peptides may inhibit ttedease of neurotransmitters by
inhibiting N-type calcium channels. Furthermorepa-opioid receptor agonists
have been shown to stimulate inwardly rectifying.(iion conductance depends on
membrane potential) potassium chann@lenry D.J. et al. 1995; Lewin B. et al.
2007) The inward rectifying potassium current is a flolyotassium ions from the
outside to the inside of the céllu Z. 2004) The potassium conductance increases
when the membrane potential becomes mor enegatihe the potassium
conductance decreases when the membrane depalafiresinward rectifying
potassium channels play an important role in maimtg the resting potential of
neurongLu Z. 2004).

Pharmacological studies have provided some evidémcéhe existence of
multiple kappa-opioid receptor subtypes, however,fa only one kappa-opioid
receptor has been cloneBruijnzeel A.W. 2009)The kappa-opioid receptor has
been cloned from many species including rat, mogseea pig, and humaiveng
F. et al. 1993; Simonin F.et al. 1995; Xie G.Xaet1994; Yasuda K. et al. 1993;
Zhu J. et al. 1995)Attali B. et al. (1982)described two types of kappa-opioid
receptors in the spinal cord of guinea-pigs. Evagenas been provided for U-69593
sensitive high-affinity binding siteskl) and U-69593 insensitive low affinity
binding sites €2) (Zukin R.S. et al., 1988)High levels of kappa-opioid
receptormRNA have been detected in the ventral éegah area, substantia nigra,
nucleus accumbens, caudate putamen, claustrumperiidom nucleus, various

hypothalamic nuclei, and the amygdala of the rairb(Meng F. et al. 1993)A
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similar expression profile has been detected inhiln@an brainSimonin F. et al.
1995; Zhu J. et al. 1995)

Figure 19 3D structure of the KOP receptor complexed wia IDTic selective ligand.
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1.3.4.5 Dynorphin and neuropathic pain

Unlike the other two classes of known endogenousidppeptides, the
enkephalins and endorphins, intrathecal administrabf dynorphin — whose N-
terminal sequence is identical to [Leu]enkephalin dees not elicit robust
antinociception. Rather, dynorphin and those dériga that lack the crucial N-
terminal tyrosine residue necessary for interactioth opioid receptors produce
motor impairment and paralysiddy J. et al. 200 Intrathecally administered
dynorphin and its non-opioid derivatives produasdiimb paralysigStevens C.W. et
al. 1986; Faden A.l., Jacobs T.P. 19&Hd enhanced sensitivity to sensory stimuli;
at paralytic doses, these peptides are neurotdejgleting sensory neurons, motor
neurons, and interneurons in the spinal caxh@ J.B. et al. 1988 and potentiating
excitatory neurotransmitter releadéaflen A.l. 1992; Skilling S.R. et al. 1992t
non-paralytic doses, dynorphin elicits long-lastingperresponsiveness to innocuous
mechanical and noxious thermal stimWafderah T.W. et al. 1996; Laughlin T.M.
et al. 1997. The essentially equivalent actions of dynorphimd its non-opioid
derivatives strongly suggest that the effects afadghin are non-opioid. Increased
responsiveness to innocuous and noxious sensanylsare reminiscent of signs of
experimental and clinical neuropathic pain, sugggshat endogenous dynorphin is
a key mediator of some aspects of neuropathicgiates l(ay J. et al. 20011

Peripheral nerve injuries are accompanied by are@se in spinal dynorphin
(Draisci G. et al. 1991 especially in spinal interneurorBdticelli L.J. et al. 198)L
Within five days subsequent to nerve injury, dyrionpconcentrations are elevated
in the dorsal horn (i.e., where afferent axons teate), peaking at day ten and
persisting past day twenty post injutgajander K.C. et al. 1990 levels of mRNA
for preprodynorphin correspondingly risBréisci G. et al. 1991 Complete nerve
transection or nerve crush injury, however, produoaly minimal changes in
preprodynorphin mRNA levelsDfaisci G. et al. 199}, suggesting that sustained
afferent discharge is important for initiating theregulation of spinal dynorphin. A
study have indicated significant increases in dpdéymorphin-like content in the
ipsilateral dorsal quadrant of the spinal cord raitgury to the L5 and L6 spinal

nerves(Malan T.P. et al. 2000)A bilateral increase in immunologically detected
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dynorphin content is also observed in a sciatiomeyrolysis model of neuropathic
pain (Wagner R. et al. 1993Yhese studies suggest that the enhanced syntresis
release of spinal dynorphin after nerve injury rhaycommon in chronic pain.

In accordance with its classification as an endogsropioid it has generally been
concluded that elevated concentrations of spinadogyhin function to dampen
chronic nociceptive input after nerve injuréisci G. et al. 1991; Kajander K.C. et
al. 1990. Nevertheless, considerable evidence reveals digabrphin is actually
pronociceptive in chronic pain states. For instatice spinal administration of anti-
dynorphin antiserum reduces neurological impairnadter nerve injury Cox B.M.

et al. 198%. Even the intrathecal injection of anti-dynorplantiserum blocks the
increased sensitivity to noxious thermal and inmasu mechanical stimuli that
commonly accompanies injury to spinal nerves, bhat the antiserum does not alter
normal sensory thresholds in non-injured animbli€t{ols M.L. et al. 1997 These
findings support the hypothesis that the upregutatof spinal dynorphin is
pronociceptive and important in the maintenancehef experimental neuropathic
pain state l(ay J. et al. 200l Further confirmation comes from experiments gsin
prodynorphin knockout mice . These mice generalgws normal responses to
innocuous and noxious stimuli, thereby suggestingt tbasal levels of spinal
dynorphin do not substantially participate in sepdbresholds. They also develop,
as do their wild-type litter mates, neuropathicnpwiithin two to three days after
nerve injury, manifesting the typical increase émstivity to innocuous mechanical
and noxious thermal stimuli. Unlike their wild-tygéter mates, however, the
prodynorphin knockout mice fail to sustain the mgathic pain state for extended
periods. By ten days after injury, the knockout enéze no more sensitive than they
were prior to injury. In contrast, wild-type animalisplay neuropathic pain past day
fourteen Wang Z. et al. 2001 These data suggest that spinal dynorphin does no
contribute to initial pain onset, but rather istical for the maintenance of
neuropathic painL@y J. et al. 200 Correspondingly, early after nerve injury (ca
two days), anti-dynorphin antiserum is ineffectbdecking neuropathic pain while it
becames effective ten days post injury, when sglgabrphin levels are at their peak
(Wang Z. et al. 2001
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1.3.4.6 Dynorphin and non-opioid systems

Several investigators have demonstrated that dynipduced neurological
damage, such as hindlimb paralysis, loss of takfteflex, and loss of neuronal cell
bodies, can be prevented by antagonists and modsilaf the NMDA receptor,
which is known to be an important mediator of ngatbic pain stateBakshi R.,
Faden A.l. 1990; Woolf C.J., Thompson S.W.N. 198ipilarly, the long-lasting
hyperresponsiveness to both innocuous and noxitiowuls that is elicited by
intrathecal dynorphin is not blocked by the opicedeptor antagonist naloxone, but
is prevented by pretreatment with the NMDA recepiiotagonis{Vanderah T.W. et
al.1996; Laughlin T.M. et al. 1997)

The interaction of endogenous dynorphin and NMDAepors in promoting
neuropathic pain may be either direct or indireStudies conducted through
displacement of highly-selective NMDA-channel rddjand, showed that
Dynorphin is a positive allosteric modulator of thending of the competitive
NMDA receptor antagonist to the glutamate bindiitg €Oumont M., Lemaire S.
1994) Thus, both direct and indirect binding analysedicate that dynorphin A
associates more strongly with NMDA receptors tha¢ in the closed channel state.
shortening the mean open time and decreasing tizapility of channel opening,
but does not seem to affect single channel condoeta Thus, although we cannot
entirely rule out a direct, excitatory interactitsetween dynorphin and NMDA
receptors, most evidence argues against directractten as a predominant
mechanism for the excitatory actions of dynorplmnplying that non-opioid actions
of dynorphin arise from interactions not involvidMDA receptors(Lay J. et al.
2001)

The hypothesis that the biological roles of dynampbxtend beyond opioid and
NMDA receptors is supported by the finding that éipplication of dynorphin to the
rat hippocampus results in a localized, dose dep@ncelease of glutamate and
aspartate(Faden A.l. 1992) Thus, dynorphin may indirectly potentiate NMDA
receptor activity by enhancing the release of etaiy neurotransmitters, thereby
resulting, for example, in hindlimb paralysis angluronal cell losgLay J. et al.

2001). It is feasible that dynorphin presynaptically paias the release of these
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neuropeptides by facilitating the rise in intragkl calcium concentration that
would accompany activation of NMDA receptors. Indleeeurotransmitter release
depends on the transient increase in calcium #udithtes the interaction of proteins
that mediate the docking and fusion of synaptidckes to the plasma membrane at
the axon terming|Catterall W.A. 1998)The novel mechanism of dynorphin-induced
increase in [Ca2+]i is currently under investigatioMany potential calcium
dependent mechanisms could facilitate neurotratesmiélease by dynorphin (Fig.
20). For example, NMDA receptor mediated currents otentiated by protein
kinase C and its activato(€hen L., Huang L.Y. 1992n addition, many voltage-
gated calcium and potassium conductances are ntedulay calcium through
calmodulin, which also regulates the activity ofiiamber of kinases that have been
implicated in the regulation of neurotransmittefease (Llinas R. et al. 1991;
Nichols R.A. et al. 199@nd in the phosphorylation of synaptic protgiNayak A.S.
et al. 1996) A recent study of cultured embryonic spinal caglirons shows that
dynorphin A(1-13) stimulates an acute, transientease in [Ca2+]jHauser K.F. et
al. 1999) The excitatory effects of dynorphin are theref@gparent in both
presynaptic (dorsal root ganglion) and postsyngspmal cord) neurons. Prolonged
exposure of these cells to dynorphin not only leesn elevated basal level of
[Ca2+]i, but also a significant loss of neuronsthbof these effects are prevented by
NMDA antagonists, suggesting that the neurotoxieat$ of dynorphin are calcium
dependent and mediated by NMDA receptors. Thesa sigbport the notion that
continuous exposure to dynorphin potentiates NM@RA&eptor activity, in accord
with the neurotoxicity of intrathecal dynorphin $pinal cord neurons as mentioned
above [ong J.B. et al. 1988)

Concluding, under normal physiological conditiosginal dynorphin plays a
minimal role in the regulation of sensory thresisold conclusion that is supported
by prodynorphin knockout mic@Vang Z. et al. 2001) Rather, the opioid action of
dynorphin is to suppress noxious inputs. Howevedeun pathological conditions
resulting from injury to peripheral nerves, the egulation of spinal dynorphin
accompanies the development of chronic pain sthi@scan be blocked by anti-
dynorphin antiserum, suggesting that elevated &pityaorphin is required for

maintaining neuropathic pain (Fig. 20). The mechas that mediate the
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upregulation of spinal dynorphin are unknown. Ewck from many laboratories
consistently shows that neuronal excitation by dghm is mediated by an increase
in intracellular calcium, which may act to enhartlce release of transmitters from
sensory primary afferent neurons or to potentiatdD)X receptor activity in spinal

cord cells. The former possibility might representfeedforwvard mechanism by
which spinal dynorphin could maintain an elevatesiel of sensory excitation,
whereas the potentiation of NMDA receptors wouldeagly facilitate the

responsiveness of spinal thalamic neurons to @rcitinput(Lay J. et al. 2001)
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Figure 20 Possible mechanisms of dynorphin in maintainingropathic pain.

Under normal conditions (left panel), dynorphinsaat opioid receptors (OR) to limit noxious input
from a primary afferent: Specifically, dynorphintizates potassium efflux (through a G protein—
coupled inwardly rectifying potassium channel; G)Rid inhibits calcium influx (through a voltage-
sensitive calcium channel; VSCC) in primary afférand spinal thalamic neurons. Thus, excitatory
neurotransmitter (glutamate) release is inhibitednfthe primary afferent terminal. After nerve inju
(right panel), sustained input from the injured veedrives the upregulation of spinal dynorphin
through an unknown mechanism. The enhanced relehsi/norphin stimulates the activity of
molecules such as protein kinase C (PKC) and VSC@eaprimary afferent to facilitate release of
excitatory neurotransmitter and neuropeptides ,(spstance P [SP] and CGRP). The binding site
that mediates the effects of dynorphin is unkno®nhanced neurotransmission potentiates the
activity of postsynaptic glutamate receptors (AMRPKRIR) and NMDA receptors (NMDAR) by
calcium/PKC dependent receptor phosphorylation.sTiki in part due to the activation of the
substance P receptor (NK1R)/phospholipase C (Pe@jvay(Lay J. et al. 2001)
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1.4 Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is a 27&polypeptide that
belongs to the neurotrophin family binding with Imgffinity protein kinase
receptors (Trk), especially TrkB, and the unseleci75NGFR receptor. The BDNF
gene has a complex structure with multiple regujagements and four promoters
that are differentially expressed in central onegral tissugTapia-Arancibia L. et
al. 2004) 1t is well known to play an important role in tearvival, differentiation,
and outgrowth of select peripheral and central oreirduring development and in
adulthoodMcAllister A.K. et al. 1999; Sohrabiji F., LewisK2.2006)

BDNF supports the survival and maintenance of sgnseurons, retinal
ganglia, certain cholinergic neurons, spinal mateurons and some dopaminergic
neurons. In the brain, the synthesis of BDNF, &sstigated in the hippocampus and
cortex, is affected by neuronal activity and hasnajue role in synaptic plasticity.
The use or disuse of synaptic pathways resultsrengthening or weakening of
connections between neurons, resulting in increasedlecreased formation of
synapses at axon collaterals and dendritic sgidbsn S.J. et al. 2013)The BDNF
gene is one of the most tightly regulated gene#h Wil exons and 9 functional
promoters(Pruunsild P. et al 2007and gives rise to approximately 34 transcripts
(Gabriele B., TongiorgiE. 2009 response to various stimuli. Importantly, wreese
the other neurotrophins are released via the ¢atigé pathway, BDNF can also be
secreted via an activity-dependent regulated smgrgiathway in neuronal cells.
Processing by proBDNF or proNGF to themature foraymccur inside or outside
the cell. Intracellular processing is via furin;tmcellular processing occurs via
plasmin, generated following the activation of pi@asogen by tissue plasminogen
activator (tPA), which is co-released with proBDRHFang P.T. et al. 2004Puring
regulated secretion, BDNF (the mature domain) aasexc with a sorting receptor
carboxypeptidase E (CPE), whilst the pro domaindsirthe sortilin receptor
ectodomainZhang C.F. et al. 1999ProBDNF also associates with the huntingtin-
associated protein-1 (HAP1); sortilin stabilises tomplex of proBDNF and HAP1,
thus reducing proBDNF degradation. This also asisthe intracellular cleavage of

proBDNF by furin to produce mature BDNF, and re¢ely the secretory pathway
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(Yang M. et al. 2011)A common polymorphism (proBDNFVal66Met) precludiee
binding of proBDNF to sortilin which is thus notlalio undergo regulated secretion.
There are a number of consequences to this, onéhich may be impairment of

memory functioEgan M.F. et al. 2003)

1.4.1 Trk receptors

The Trk family of receptors includes TrkA, TrkB andkC which are
instrumental in carrying out the cellular effectsieurotrophins. P75NTR, a member
of the tumour necrosis receptor superfamily exkilsibme structural similarities to
Trk family of receptors and interacts with membafr¢ghe Trk family including TrkB
receptor and influences its signalling. The Trkepgors are a major class of
neurotrophin receptors, as they promote cell safvand inhibit apoptosis in the
specific populations of CNS neurons. Trk recepignaling is activated in response
to neurotrophin binding; each neurotrophin has fifjimity for a particular receptor,
Nerve Growth Factor (NGF) binds to TrkA, Brain-Dexil Neurotrophic Factor
(BDNF) and NT-4/5 bind to TrkB and NT-3 binds TrKSkaper S.D. 2012)Fig.
21)

70



cleavage
Unprocessed ligands Processed ligands
BDNF NT4 NT3 NGF BDNF NT4 NT3

® v TE 4 T

Vg

P75 TrkA TrkB TrkC

Figure 21 Neurotrophins and their receptors.

Neurotrophins are synthesized then processed liggee cleavage to generate the mature, processed
ligands. All the unprocessed neurotrophins binchwitgh affinity to the p75NTR; the processed
isoforms also bind to p75NTR, albeit with loweriaiffy. The processed ligands bind to the Trk
receptors, NGF binds TrkA and BDNF, NT4 binds TrieBd NT3 preferentially binds to TrkC but
can activate all the TrkSegal R.A. 2003)



The three Trk receptors exist as monomers and thierization is induced by the
binding of their respective dimeric neurotrophifag( 22). Specifically, BDNF
associates with the extracellular domain of TrkBirigracting with the third leucine
rich motif, the cysteine cluster-2 domain and tmenunoglobin-2 domain, thereby
stimulating receptor dimerization. Upon BDNF binglin TrkB receptor is
autophosphorylated in the activation loop, of ggplasmic tyrosine kinase domain,
at Tyr702, 706 and 707 (TrkA-Tyr670, 674 and 67%&hjch enhances subsequent
phosphorylation at two additional residues, whicll wct as docking sites for
downstream effectors. Phosphorylation of TrkB-TWSbr TrkA Tyr490) induces
an interaction between the receptor and the PTBadlowf Shc, which initiates Ras-
MAPK and PI3K signaling pathways and subsequendlgtivates Aktl/PKB.
Similarly, phosphorylation of TrkB-Tyr817 (or TrkAyr785) facilitates association
between the receptor and P{IC which stimulates the release of “Caand
upregulates PK&(Hubbard S.R. 2007).
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Figure 22 The binding of neurotrophins produces dimerizatibrach receptor.
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1.4.2 BDNF and neuropathic pain

In experimental animals, peripheral nerve damageh sis that generated by
chronic constriction injury (CCI) of the sciaticrme, induces pain-related behaviours
that are accepted as a model for human neurogaimc Seven or more days of CCI
promotes release of cytokines, chemokines and treptons at the site of nerve
injury. These interact with first order primary efént neurons to produce an
enduring increase in their excitability. The cehttrarminals of these damaged
afferents exhibit spontaneous activity and relesdditional cytokines, chemokines,
neuropeptides, as well as ATP and brain derivedotephic factor (BDNF) into the
dorsal horn. These exert long term effects on ddrsian excitability and/or alter the
state of activation of spinal microglial cells. Wbglia stimulated in this way release
of a further set of mediators, again including BDNfat promote a slowly
developing increase in excitability of second orslemsory neurons in the dorsal horn
of the spinal cord (Fig. 23). This ‘central serzsition’ which develops progressively
during CCI, is responsible for the allodynia, hyggesia and causalgia that
characterize human neuropathic p@rggs J.E. et al 2010)

In CCI model, NGF is produced abundantly aroundedegating Ab and Ad fibers
by Schwann cells and macrophages. This NGF isgetdely transported by intact C
fibers to the DRG, leading to an increased prodactif BDNF in small-to-medium
neurons. Corroborating the hypothesis of changegktalerived NGF as cause of
altered BDNF expressiorQbata K. et al. 2004administered recombinant NGF
intrathecally (i.t.) in Sprague—Dawley rats andrfdwan increased BDNF expression
in small and medium DRG neurons. An increasing nremdf studies indicate that
pain is not solely mediated by neurons but thatl glells and astrocytes have an
active role in the initiation and maintenance otinopathic pain. A way in which
microglia may contribute to neuropathic pain isotigh the activation of their P2X4
receptor by ATP. This leads to an influx of exttadar calcium and subsequent
activation of p38 MAPK resulting in an increasedtfesis and release of BDNF
through soluble N-ethylmaleimide-sensitive factataehment protein receptor
dependent exocytosf¥anelderen P. et al. 2010).
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Whereas microglial activation triggers pain onsatduring activation of
astrocytes is thought to be responsible for thentemance of central sensitization.
Changes in thalamic and cortical physiology, loagr sensitization of peripheral
nociceptors and changes in descending inhibitimmfrthe rostral ventromedial
medulla and periaqueductal grey and are also ieeblv

Despite the documented importance of interleukfin (IL-18) and tumor
necrosis factor a (TNE)}, MCP-1/CCL-2, ATP, BDNF and fractalkine in certra
sensitization, findings to be reviewed below pdmtthe possibility that BDNF is
alone capable of bringing about one critical stie; interaction between activated
microglia and neurons. It may therefore serve aBnal common path for a
convergence of perturbations that culminate indhaeration of neuropathic pain
(Fig. 23). Several lines of evidence are consistetit the central role for BDNF in
the initiation of central sensitization. BDNF reded by ATP stimulated microglia
causes a depolarising shift in the anion reverséérgial of lamina | neurons by
ways of a reduction in the expression of the patasshloride exporter KCC2. The
resultant perturbation of the chloride gradiendke#o attenuation of the inhibitory
actions of GABA/glycine. In some neurons, the cidergradient may actually
reverse so that inhibition is converted to exaa(Biggs J.E. et al 2010, Coull J.A.
et al. 2005)

Another possible mechanism by which BDNF inducetre¢ hypersensitivity is by
enhancing NMDA receptor-mediated responses in tHetbe ventral root potential
Is routinely used as an indirect but accurate meastispinal excitability. NMDA
evoked ventral root depolarization amplitudes iasesl significantly after BDNF
superinfusion in isolated hemisected spinal cqdanelderen P. et al. 2010All
these observations suggest a pro-nociceptive effeBDNF, at least at the level of
the spinal cord. Although it has been reported Wval vector-driven expression of
BDNF and grafting BDNF-expressing cells into thenapcord reduces signs of pain
associated with CCI this may reflect analgesicoastiwithin the midbrain.

These and other observations raise the possitiidy BDNF is alone capable of
conveying many aspects of the communication betwasseivated microglia and
neurons during the onset of central sensitizatidns appears to occur despite the

presence and potential participation of mediatachsas IL-B, TNF-u, fractalkine,
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chemotaxic cytokine ligand 2 also known as mono@temoattractant protein 1
(CCL-2/MCP-1). These may exert their actions ateotipoints in the central
sensitization process (Fig. 23) or perhaps funditoa parallel fashion to BDNF in

microglial - neuron interaction®iggs J.E. et al 2010).

2 Microglia

MCP- TNF-a

1/CCL-2 # i’K
IL-1B A
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y
e / 1" BONF
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o CCL-2/MCP-1

Primary Afferent Fibire

Dorsal Horn Neurons

CCL-2MCP-1

Figure 23 Scheme to show interactions between primary aiferedorsal horn neurons
microglia and astrocytes in the context of chrqram.

Literature citations supporting the illustratedeirgictions include; IL{1, MCP-1/CCL-2 and TNF-a in
acute and chronic excitation of primary afferedCP-1/CCL-2, ATP, BDNF and fractalkine in
microglial activation; autocrine actions of TNFn microglia; IL-13 release from microglia and its
actions on neurons; BDNF release from microgliaigsméctions on neurons; role of MCP-1/CCL-2 in
astrocyte-neuron interactions, actions of T&Fen astrocytes and neurons. To the best of our
knowledge actions of ILfl on astrocytes in spinal cord has not been demmastaut there is

evidence for this interaction in other neuronateys(Biggs J.E. et al 2010).
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1.5 Epigenetics

1.5.1 General consideration

Epigenetics (from the Greek, eptsi- over, above; and -genetics) correspond
to the study of heritable changes in gene expressioin the cellular phenotype
caused by mechanisms other than changes in the BddgfencgFeinberg A.P.,
Tycko B. 2004)Cellular differentiation is a well know examplé @levance of
epigenetic mechanism. If all cells within an orgamihave the same DN@®estler
E.J 2009)then the ability to have different cells with @ifént functions must be due
to a selective activation or silencing of particuj@nes within genom@rewal S.1.,
Moazed D. 2003) Actually, it has been demonstrated that epigenetrents,
altogether with genetic events, plays a cruciat tial tumor progressiofdorda M.,
Peinado M.A. 2010)

Three epigenetic mechanisms are considered the mmpsirtant ones: genomic
imprinting, histone modifications and DNA Methylati (Feinberg A.P., Tycko B.
2004) (Fig. 24). Genomic Imprinting refers to the relatisilencing of one parental
allele compared with the other parental allele assequence of differentially
methylated regions within or near imprinted genes.

Histone modifications, principally acetylation, rgation and phosphorylation, are
important in transcriptional regulation due theligpto induce chromatin structure
modification, altering DNA accessibilityFeinberg A.P., Tycko B. 2004PNA
methylation is the most common epigenetic mechar{iisnda M., Peinado M.A.
2010) and consists in a covalent modification of DNA,which a methyl group is
transferred from S-adenosylmethionine to the Citfmm of cytosine by a family of
cytosine (DNA-5)-methyltransferasé€geinberg A.P., Tycko B. 2004nd occurs
predominantly in the cytosines that precede guan{@pG)(Bird A.P. 1986)(Fig.
25).
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Figure 24. Schematic Representation of Epigenetic Proceasels General Chromatin

Structure
(A) DNA methylation. (B) Histone variants and madétions. (C) Chromatin remodeling complexes.

(D) Nucleosomes.

78



1.5.2 Histone modifications

Gene expression can also be modulated by the chirostate. DNA is packed in the
nucleus of eukaryotic cells through its chromatigamization. The nucleosome, the
fundamental unit of chromatin structure, consists1d6 base pairs of DNA

wrappped around an octamer of histone made up @fctypies of each of the core
histone (H2A, H2B, H3 and H4Kouzarides T. 2007Fig. 25).

2 molecules each of
H2A, H2B, H3, and H4
A,

e || i ——

Figure 25. DNA wrapped around histone octamers to form nudees

Each core histone is composed of a structured domrad an unstructured amino-
terminal tail of varying lengths from 16 amino acesidues for H2A, 32 for H2B, 44
for H3 and 26 for H4, protruding outward from thecleosomegTaniura H. et al.
2007) These proteins provide not only a solid structudeterminal regions of
histones which protrude from the nucleosome areegible to interactions with
other proteins. Chromatin can exist either in aoddensated, active arrangement,
termed euchromatin, or in a condensated, inactate,s.e. heterochromatin.

The post-translational modification of the residagegistone tails are: methylation of
lysines and arginines, acetylation, phosphorylatidnquitination, sumoylation, and
ADP-ribosylation. Two widely studied histone modédtions are histone acetylation

and phosphorylation.
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Histone acetylation is linked with transcriptioretivation, while deacetylation is
related to transcriptional repressi@erger S.L. 2007)

Histone acetylation is a reversible modificationlysine residues within the amino-
terminal tail domain of core histone; histone alteiysferase (HATS) transfers an
acetyl-group from acetylcoenzyme A to themino group of the lysine residue,
while histone deacetylase (HDACSs) acts in the r®ve¢o remove the acetyl group.
Also histone can be methylated by histone methydfierases, inducing changes in
the chromatin structure.

Methylation may create binding sites for other tatpry proteins thus influencing
the chromatin structure, either condensating axiefy the structur¢Chouliaras L.

et al. 2010)

Although DNA methylation and histone modificatiooan act independently, they
can also interact with each other. DNA methylatisnassociated with histone
modifications through methyl CpG binding proteinsteraction with dynamic
complexes containing histone-modifying enzymes firatnote gene repression and
DNA replication and repaiKlose J., Bird A.P. 2006)

The binding of some deoxy-methylcytosine bindingtpins to methylated sequences
attracts complexes containing co-repressors artdn@sdeacetylases, leading to a
change in the chromatin structure from an opemctrptionally active form to a
more compact, inactive form, inaccessible to thandcription machinery
(Richardson B. 2003)

1.5.3 DNA Methylation

DNA methylation appears to be one of the most ingrdrepigenetic mechanisms
used by the cell, for the establishment and maate@ of the correct patterns of
gene expressiofEgger G. et al. 2004)

DNA methylation patterns are stablished duringedtéhtiation, and serve to suppress
genes unnecessary for the function of the matdre@&A methylation in mammals
occurs in the cytosin of the CpG dinucleotide vieeaction catalysed by enzymes

named DNA methyltransferases (DNMTs) and the rettiogn of methylated
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cytosines is done by proteins that posses a spduifiding domain, the so-called
methyl-CpG binding domain. DNMTs are expressedubhmut neural development,
and in the adult brain in selective regional anésgecific patterns including mature
stem cell generative zones mediating ongoing neumegjgFeng J. et al. 2007)
Moreover, DNMTs are actively regulated by physiabad) and pathological states
and interactions, and they promote neuronal sukvplasticity and stress responses
(Ooi S.K. et al, 2007)

The methylation of CG sequences can affect nearl®ne g expression.
Hypomethylation of regulatory sequences usuallyetates with gene expression,
while methylation results in transcriptional sugs@r. In general, the more CpG
islands located in the promoter of a gene, the rii@drancription level is dependent
on DNA methylation(Graff J. Mansuy .M. 2008)

Methylation of CpG units disrupts the binding cérscription factors and attracts
proteins known as methyl-CpG binding domain prateihat are associated with
gene silencing and chromatin compactiéntequera F., Bird A. 1993)

The CpG islands, regions with more than 500 bp @il + C content larger than
55%, are localized in the promoter regions of 4(%llbthe genes in mammals and
are normaly maintaind in the non-methylated f¢Bmwd A.P., Wolffe A.P. 1999hut
the CpGs located outside the CpG islands are ysothylatedUrdinguio R.G. et
al, 2009)

The importance of DNA methylation in the functiohnmrmal cells is evidenced by
its role in differentiation, X chromosome inactiat, genomic imprinting
maintenance of chromatine structure, and suppmesditparasitic* DNA.

It has been observed that multiple exogenous agemsaffect DNA methylation,
and it is possible that transient exposure to a DiNéthylation inhibitor can have

long term effects on DNA methylation.
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1.5.4 Epigenetc and Pain

Evidence suggests that more than 1,000 genes imalsgorsal horn neurons are
epigenetically regulated within the first minuteshours following a peripheral nerve
injury (Price D.D. et al. 2006; Tajerian M. et al. 2011;cRall C.E. et al. 2011)
Often, these early modifications are followed byrensustained epigenetic processes
shaping synaptic connectivity and formation of péthic long-term pain.

Several critical “first responder” transcriptionctars, including NF-kB (nuclear
factor k light-chain-enhancer of activated B celtspun, c-Fos, and several hormone
activated receptor proteins, serve as drivers fdewanging epigenetic responses to
cellular stress. Present but inactive in many Vascuaerve, and immune cells, these
transcription factors become activated in respadieseell insult and are able to
rapidly access chromosomal DNA as demethylatioppools chromatin structure to
initiate production of a reparative cascade ofaimimatory cytokines including TNF-
a as well as T-cell and Bcell regulating interlewkinThe nearly simultaneous
dynamic remodeling of chromatin through the addiid methyl groups toDNA and
the removal of acetyl groups from histone protesgulates production of immune
suppressing glucocorticoids, providing a criticakéck and balance to overactivation
of immune responses. Epigenetic changes to chromtaticture are similarly linked
to suppression of pain inhibiting GABA synthesisaoges in expression patterns of
sodium and potassium channels driving afferent tinpto the spinal cord, and
activity-dependent upregulation of pronociceptivail-derived neurotrophin factor
(BDNF) in the spinal cord, as well as functionagukation of mu opioid receptors,
the principle receptor for endogenous endorphinsgghalin and as well as opioid
analgesics.

Sustained DNA methylation downstream from earlgefbr transcription factors, for
example, has been linked to an accelerated dedemerd vertebral disks in low-
back pain in both animal models and human subje@&sstained histone
deacetylation has been identified as a factor nigivong-lived C-fiber dysfunction,
decreased responsiveness to morphine analgesia, aandupregulation of
pronociceptive metabotropic glutamine receptorsaimimal nerve injury models.

Epigenetics processes also provide a mechanistierstanding of the phenomenon
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of opioid-induced hyperalgesia, with chronic opiaise reported to stimulate DNA
methylation leading to upregulation pfopioid receptors and increased pain with

continued opioid us@Lessans S., Dorsey G. 2013).
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2. AIM OF RESEARCH

The research project conducted during these y&aifecused on the neuroplastic
alterations occurring in chronic pain conditions.

Within this context, our attention has focused be study of pathophysiological
phenomena associated with nerve-injured neuropptiit

Chronic pain is an enormous medical-health problémis associated with a
significantly reduced quality of life and a highresk of depression and other mental
health disorders. It was estimated that approxip®6% of the adult population
have chronic pain, and separate to the physicaleamational burden it brings, the
financial cost to society is huge, currently estiedaat over €200 billion per annum
in Europe, and $150 billion per annum in the USAacey I., Bushnell M.C. 2009)
Treatment options are limited with many patienthesi not responding or having
incomplete pain reduction.

Neuropathic pain is not a single entity; it is aenegeneous group of conditions that
differs not only in aetiology but also in locati@amd symptoms do neither respect
cause nor anatomical site. Diabetes, immune defi@s, malignant diseases,
traumatic and ischemic disorders may all give rise neuropathic pain. The
anatomical sites of lesions causing neuropathic pee multiple: they can be located
from the peripheral receptor to the highest coltimenters. The most common
locations are the peripheral nerves, the plexusallmerve roots, the spinal cord and
the brain. In spite of the diverse aetiology angography, the clinical picture is in
many cases surprisingly similar suggesting thah paithese many disorders share
common mechanisms. Different studies have showh @heascade of temporally
related biological changes follow damage to thevoes system, which eventually
results in a sensitization of neural elements wedlin the processing of noxious
information (Costigan M., Woolf C.J. 2000; Woolf C.J., Salter\W\\ 2000.)
Therefore pain is an expression of maladaptivetiplas within the nociceptive
system, a series of structural and functional chartgat constitute a neural disease
state Costigan M. et al. 2009Although the significance of these molecular cjem
following nerve damage still are under exploratithey may represent a link that

ties different neuropathic conditions togetli@¢ensen T.S. et al. 2001jlence, an
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understanding of the dynamic events after nerveag@nmay be a key to understand
hyperexcitability and to move treatments from memalippressing symptoms to a
disease modifying strategy aimed at preventingrtatadaptive plasticity.

Animal models provide pivotal systems for preclatistudies of neuropathic pain
and serve as an experimental basis for mechammst@stigations and testing new
therapeutic interventions. Over time, various testd models were developed in
rodents to provide tools for fundamental and tratshal research on the topic.

The ideal models should result in reproducible sgnsleficits such as allodynia,
hyperalgesia and over a sustained period. Aninsgareh must always be evaluated
by three general criteria: the generation of knogke the ability of the study to be
reproduced, the relevance of the study and theigtiesl validity of clinical pain
states. One of the most widely used experimentafletso which more closely
resembles behavior of peripheral neuropathy inmtgjas the chronic constriction
injury to the sciatic nerve (CCl). It is reliabladaeasily reproducible model, able to
induce hyperalgesia and allodyn@ofleoni M., Sacerdote P. 20110

Through the use of this model it is possible tagtmolecular changes of different
endogenous systems widely recognized to be invatvedciception.

The endogenous opioid system is probably the mmopbitant system involved in
control of nociceptive transmission and it is there an important target of
investigation in pain research. In this contexg tlreuropeptide dynorphin, though
representing the endogenous ligand ofdlopioid receptofChavkin C. et al. 1982)
has been also suggested as a key mediator of sgpeeta of chronic/neuropathic
pain by numerous studiéisai J. et al. 2001)

Beside these system, an important role for cert@eurotransmitters /
neuromodulators such as BDNF has also been recentigested. In fact, its
involvement in the peripheral and central senditraphenomena is known. At this
regard, its involvement in the disinhibition caudsd an alteration of the Ctell
gradient followed by the inversion of GABAergic ibhory activity (Kohno T. et al.
2005) and by an increase in the NMDA receptors-mediaggditatory activity

(Vanelderen P. et al. 2010ps been already reported in the Introduction.
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Moreover, a possible link between BDNF and dynargdias been recently proposed
with a role of a downstream effector played by dwhin in some actions involving
BDNF (Logrip M.L. et al. 2008).

Beside the classical opioid receptors, a new GP&Reptor, initially called ORL-1
(opioid receptor like 1) and now known as NOP, Iasn identified, followed by the
identification of its endogenous ligand: the newmide nociceptin. This
endogenous system, although structurally very amd the classical opioid system,
represent an independent system. It is well estaddi that the nociceptin and all
exogenous NOP receptor ligands have pronocicetng antinociceptive effects
depending on the drug dose and site of administratif administered at a
supraspinal level, the nociceptin induces hypegidgelntrathecal and peripheral
administrations cause hyperalgesia at low dosesnalfjesia at high dos@dika J.

et al. 2010).

Based on these evidences, the primary aim was atuae the effects on gene
expression of precursors of opioid peptides andptrs (ppN/OFQ, pDYN, pENK,
pNOP) and pBDNF at spinal level (SC and DRGSs) Hiemint intervals after nerve
injury and to understand the physiological functioh these systems in the
development of neuropathic pain.

Based on results derived from studies at spinalseand even more on the growing
importance conferred on the cerebral neuropla$tiizadions we investigated in the
same experimental conditions gene expression ceatgaipraspinal level, focusing
our attention on N/OFQ-NOPr system, DYN-KOPr systerd BDNF.

Recently, an increasing number of experimental endeé suggest that changes in
gene expression induced by pain condition may bealiated by epigenetic
mechanismgMcMahon S.B., Denk F. 2012There are two types of chromatin
modifications involved in the regulation of genanscription: histone modifications
and DNA methylation. Increasing evidences on tha&timnships between changes in
methylation of lysine on histone 3, and alterat@ingene expression are evident
(Boggs B.A. et al. 2002)

Epigenetic mechanisms seem to play a role in ngliasticity resulting from chronic
pain(Chwang W.B. et al. 2007; Koshibu K. et al. 2009bin F.D. et al. 2008).
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With this purpose, studies have been performedyuspigenetic Chromatin Immuno
Precipitation assays (ChIP) in order to observéediht changes in the promoter
regions of DYN and BDNF genes, related to the atiens in gene expression,
observed at spinal level.

We also investigated BDNF involvement in neuropaghain through the analysis of
the behavioral signs of hyperalgesia and allodyniaa strain of mice partially
lacking for BDNF, subjected to CCI.

The interest on the N/OFQ-NOPr system has beehdugdnalyzed, in the constant
experimental context, evaluating if levels of bibae N/OFQ peptide could be
related to gene expression changes observed sathe cerebral areas.

Simirarly, in the last part of the present stuayprder to provide a unique approach
to explore receptor localization and functianvivo of the N/OFQ-NOPr system, |
focused my study on the characterization and vitideof an innovative knock-in
mouse strain. This model can be useful for a bettbaracterization of
pathophysiological role of this system in neurogagain.

In 2005, Kieffer and colleagues produced the firansgenic mice containing a
GPCR, thed opioid receptor, with enhanced Green Fluoresceonten (EGFP)
fused on the C-termindlScherrer G. et al. 2006)According to this strategy the
fusion of EGFP to NOP receptors could provide agueitechnology useful to
answer different questions concerning the involvamed N/OFQ-NOPr system in
chronic pain condition. NOP-EGFP mice will allownetliisualization of receptors in
the brain, spinal cord and DRGs. In addition, timarine model will permit to
guantify changes in NOP receptor levels causedflsreint experimental conditions,
such as neuropathic pain, either in basal conddroafter different pharmacological

treatments.

87



3. MATERIALS AND METHODS

3.1 Animals

All animal experiments were carried out in accomamvith the European
Communities Council Directive of 24 November 198&/609/EEC) and National
(Ministry of Health) laws and policies (authorizati no. 204/2008-B). Care was
taken to minimize the number of experimental angmahd to take measures to
minimize their suffering.

Adult male Swiss mice (ICR/CD-1, Harlan Lab., Udittaly) or BDNF +/-
and BDNF +/+ (provided by Dr Marco Canossa, Uniitgref Bologna) weighing
20-30 g at the beginning of the experiment weresbaduive per cage in standard
Macrolon cages (Tecniplast Gazzada, Buguggiatdy)lta a temperature- and
humidity-controlled room with a constant 12-hoghli/dark cycle (lights on at 7am).
The mice were allowed to acclimatize for at leaswvdek before the start of the
experiments, during this time the mice were handlailly. Free access to standard
lab chow and tap water were available ad libitumcept during behavioral
experiments.

NOP-eGFP knock-in mice, obtained from Dr. Brigieeffer (Institut de
Génétigue et de Biologie Moléculaire et Cellulaltkirch, France), were bred inthe
Neuropharmacology Laboratory, directed by Dr. Lawee Toll, at Torrey Pines
Institute for Molecular Studies, Port St. Lucie, BEA.
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3.1.1 Transgenic BDNF mice

In the gene-targeting construct, a 560-bp fragnfiexmh the BDNF protein-
coding exon was replaced by the selection markaeamycin-resistance gene
flanked by a glycerate kinase gene promoter analgagenylylation signal-thus
deleting most of the mature BDNF coding sequenag @b). Homozygous BDNF -
/- mutant mice were retarded in growth and had cedweight (down to only 25%
of the wild type) from postnatal day 3 (P3) on. yhaisplayed aberrant limb
coordination and balance, showed a loss of neurotise dorsal root ganglia, and
usually died between 2 and 4 weeks after birth.nSalenormalities were never
observed in heterozygous BDNF +/ - m{g®rte M. et al. 1995)

A
B
C .
37kb-
16kb-
188 _
RNA

Figure 26 Production of BDNF-deficient mice.
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3.1.2 NOP-EGFP mice

Knock-in mice were constructed so that the NOPptrewvith eGFP fused at
the C-terminus is expressed in place of the naeeptor with eGFP attached to the

C-terminal of NOP receptors. The mice grow ancttinreormally.

3.1.2.1 Genotyping

Total DNA was isolated from the mouse tail usingdaNly Kit (Qiagen).

The NOP primers were:

5-CCCTGCACCGGGAGATGCA-3(forward)
5-GACAGAGGCCATGGAGGCC-3(reverse),

producing a 319 bp PCR product to amplify wild typ@P DNA.

The NOP-eGFP primers were:

5-CCCTGCACCGGGAGATGCA-3(forward)
5-GCGGACTGGGTGCTCAGGTA-3(reverse),

producing a 733 bp PCR product to amplify the N@#@ transgenic DNA. PCR
will be performed with an annealing temperature 68°C using the GoTaq
FlexiDNA kit (Promega). Fig.27

Sequence of primers used for genotyping

Position Primers Sequence
Wr 4624 CCCTGCACCGGGAGATGCA
Xf 4622 GACAGAGGCCATGGAGGCCA
eGFP-NOP GCGGACTGGGTGCTCAGGTA
1 2654
Allele sauvage Exon 5
" <+
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1 1 PCR products:
1
! WT: Xf-Wr: 319 bp

— KI: eGFP-NOP: 753 bp

Figure 27 NOP-EGFP knockin mice. Targeting strategy and ggmiog PCR products.
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3.2 Surgical procedures

Mice were subjected to a right sciatic nerve lesextording to the chronic
constriction injury (CCI) modeglBennet G.J, Xie Y.K. 198@&dapted to the mouse.
Briefly, mice were anesthetized with (equitesir@pénthobarbital and chloral
hydrate mixture; 30 mg/kg i.p.) and the lower bacokl right thigh were shaved. The
shaved area was then cleansed with 70% ethyl dlcéhlinear skin incision was
made along the lateral surface of the biceps fesramrd blunt forceps were inserted
into the muscle belly to split the muscle fibersl @xpose the sciatic nerve. The tips
of the forceps were passed gently under the saiatice and lifted to pass three 4-0
silk sutures under the nerve, Immapart. The sutmees then tied loosely around the
nerve and knotted twice to prevent slippage. Tleesion was cleansed and the skin
was closet. The mice were then placed on a warmedce and following recovery,
were returned to their home cages and checkedheytior 72 h. A separate control
group of sham operated mice underwent the samecalrgrocedure with the

exception of the ligation of the sciatic nerve.

3.3 Behavioral tests

The presence and development of behavioural sifjnswopathic pain were
assessed by the Hargreaves’ plantar test (hypsra)delargreaves K. et al. 1988)
and the cold acetone test or cold plate test (@hiad, performed at different

intervals, three seven and fourtheen days, aftesthatic nerve lesion.

3.3.1 Plantar test

Paw withdrawal latencies to heat were measuredrdicgpto the method of

Hargreaves applying a standard Ugo Basile Algesiem(€omerio, Italy). Animals

were placed in the examination room 10 min priotetsting to allow acclimation to

the light and testing environment. After 5 min, raals were placed in Plexiglas
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enclosures with glass floors and a radiant heatcsowas positioned under one hind
paw (Fig. 27). The intensity of the beam (30 Anlgs selected to produce an average
baseline threshold of approximately 10 s. A 30-sdcout-off was employed to
prevent tissue damage in non-responsive subjects.

The time to paw withdrawal was recorded automdsicBlach hind paw was tested

three times.

Figure 28 Plantar Test (Hargreaves's Apparatus); Ugo Basile
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3.3.2 Acetone test

The acetone test was used to investigate paw responcold. Mice were
placed in plexiglass cages on a wire mesh. Thetgrlaurface of the hind paw was
touched with a drop (40 pl) of acetone and theti@aof the mouse was recoded, by
assigning a score as shown in Tab. 4. The cutro# for the registration of the score
was 30 seconds. Each hind paw was tested thres &trieminute intervals to avoid

sensitization(Caspani O. et al. 2009)

Score Behavior

0 No response

0,5 Licking response

1 Flinching and brushing of the paw
2 Strong flinching

3 Strong flinching and licking

Table 4 Score Assignement Acetone test.

3.3.3 Cold-Plate test

Thermal allodynia to cold stimulus was assesseddiyg the hot/cold-plate
analgesia meterBennett G.J, Xie Y.K. 198&Fig. 28), as previously described
(Ruiz-Medina J. et al. 2011Briefly, mice were placed into compartment engtes
on the cold surface of the plate which is maintdiae a temperature of 5 £ 0.5°C.
Each animal was placed on the cold plate, and ithe &t which it showed a

response, such as elevation of hindpaw, was redorde
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Figure 29Cold Plate Test.

3.4 Tissue collection

Seven and Fourteen days after CCIl, ICR-CD1 or BOiMFanimals were
sacrificed and the following areas were collectetie L4, L5 and L6 dorsal root
ganglia (DRGSs), the L4-L6 segment of the spinaldc(C), the brainstem (BS),
thalamus (Th), amygdale (Amy), hypothalamus (Hyp)ppocampus (Hippo),
caudate-putamen (CP), nucleus accumbens (Nac) dsasedhe somatosensory
(SSCx), prefrontal (PFCx), and anterior cingulatetices (ACCx) and stored at a -
80° C until use.
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3.5 Real-Time quantitative reverse transcription-ptymerase chain reaction
(QRT-PCR)

3.5.1 Extraction of total RNA

Total RNA was prepared according to the method iptsly described
(Chomczynski P., Sacchi N. 198Mhe RNA was extracted from single tissue
samples by homogenizing with TRI Reagent solutfamlifion Inc. Italy), containing
phenol and guanidine thiocyanate (Ambion), 1 mL Rehgent solution per 50-100
mg tissue. Then, 0.2 ml chloroform/2 ml of homodgenaand centrifuging the
suspension at 12,000 x g for 10-15 minute at 4@, \was transfered the aqueous
phase to a fresh tube. A volume of 0.5 ml isopropavas added, incubated for 15
min at 4°C and the RNA pellet was isolated by dtrgation at 12,000 x g for 25
min at 4°C.

The pellet was washed twice with 75% ethanol, ddeder vacuum and then
resuspended in 28 of Rnase-free water. Total RNA, digested with BRd&Nase-
free enzyme to eliminate genomic DNA content, waangified by measurement of
absorbance at 260 nm (10D/ml = 46 RNA/ml). The ratio OD260/0D280 > 2
provided an estimate of the purity of the total RNA
The quality of total RNA was evaluated by 1% agargsl.

3.5.2 Reverse Transcription and PCR

RNA samples were subjected to DNase treatment andected to cDNA

with the GeneAmp RNA PCR kit (Applied Biosystemgster City, CA, USA) by
using random hexamers (0.4§ of total RNA in a final reaction volume of 20).
The cDNAs were subsequently diluted three times.
Relative abundance of each mRNA species was asségseeal-time RT-PCR
employing 2ul of the diluted samples in a final volume of @0using SYBR Green
MasterMix (Life Technology) on a StepOne Real TilRCR system (Life
Technology, Applied Biosystem).
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To provide precise quantification of initial targgt each PCR reaction, the
amplification plot is examined and the point of lgalog phase of product
accumulation is defined by assigning a fluoresceticeshold above background
defined as the threshold cycle number or Ct.

Differences in threshold cycle number were useduantify the relative amount of
PCR target contained within each tube. Relativeresgon of different gene
transcripts was calculated by the Delta-Delta GD(@@) method and converted to
relative expression ratio (2-DDCt) for statisti@dalysis(Pfaffl M.W. 2001; Livak

K.J, Schmittgen T.D 2001)

All data were normalized to the endogenous referegenes glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression. ResuRNA were normalized to
results obtained on RNA from the control, vehicieated rats. After PCR, a
dissociation curve (melting curve) was construgtethe range of 60 °C to 95 °C to
evaluate the specificity of the amplification prathks The primers used for PCR

amplification (Tab. 5) were designed using Primer 3

Primer FORWARD (5-3") REVERSE (5'-3))
NOP TCAGTTCATTGTGCTCCTGC | GCCATACAAGACCTCCCAGA
PPN/OFQ | TTTGTGACGTTCTGCTGCTC | GCATACAGTCCAGAGAGGGC
pPDYN CCCTCTAATGTTATGGCGGA | AGAGACCGTCAGGGTGAGAA
PENK CTACAGGCGCGTTCTTCTCT | CAGCTGTCCTTCACATTCCA
PBDNF | GCGGCAGATAAAAAGACTGC | CCTATGAATCGCCAGCCAAT
GAPDH | AACTTTGGCATTGTGGAAGG | ACACATTGGGGGTAGGAACA

Table 5. Primer sequences used for reverse-transcripibyrerase chain reaction.

GAPDH = glyceraldehyde-3-phosphate dehydrogenak&Pp = kappa opioid receptor; pNOP =
nociceptin opioid receptor; pDYN =
proenkephalin; pBDNF = proBDNF

prodynorphin; NN®FQ = prepronociceptin; pENK =
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3.6 Epigenetic studies

Analysis of histones modification by Chromatin Immuoprecipitation (ChlP)
and Real Time PCR

Chromatin was prepared from frozen tissues as quely described with
minor modificationgDahl J.A., CollasP. 2007 proteins were cross-linked to DNA
by addition of formaldehyde at a final concentnatad 1% in phosphate buffer saline
(PBS) containing a broad-range protease inhibitocktil (PIC) (Roche) and
butyrate (Sigma), for 8 min at room temperaturee Tnoss-linking reaction was
quenched by adding glycine to a final concentratibf.125 M and incubating for 5
min at room temperature, the sample washed, arad I{fsorough resuspension by
pipetting in 120 ul of lysis buffer.

The sample was incubated on ice and sonicated Gos 30 shear the DNA to
fragments ranging in size from 150 to 700 bp, aslymed by agarose gel
electrophoresis.

The lysate was centrifuged at 12 000 g for 10 ntiMt® and the supernatant
transferred into a chilled tube, leaving arounduB6f buffer with the pellet. Another
30 ul of lysis buffer was added and the tube vateXAfter centrifugation as before,
50 ul of the supernatant was pooled with the fagpernatant and sonicated for
another 2 X 30 s on ice.

After removing a few pl to serve as "input" DNAY feach immunoprecipitation, 8
pg of chromatin was diluted 10-fold in RIPA buff@0 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS, 0.1%&-deoxycholate, 140
mM NaCl) containing PIC and incubated overnight foyation with either no
antibody as control or with 1 - 4 pg of antibodyepously coated with Protein A
beads (Invitrogen), for 2 hours at 4°C with agdati against either H3K4me3
(Abcam, ab8580), H3K27me3 (Millipore, 17-622), H3O(Millipore, 17-658).

The beads and associated immune complexes weresavdisiee times with RIPA
buffer and once with Tris-EDTA buffer. The immunentplexes were eluted with
elution buffer (20 mM Tris-HCI, 5 mM EDTA, 50 mM NI4) containing proteinase
K (50 pg/ml) at 68°C for 2 hours, and DNA was rem@d by phenol extraction,
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ethanol precipitated, and resuspended in 50 pteviles water. This procedure has
been described in more detéibahl J.A., Collas P. 2007)Thereafter, real-time
gPCR (RT-gPCR) quantification of the genomic segasrfrom regions in the rat
PDYN and PNOC proximal promoter associated with thmmunoprecipitated
proteins were carried out. The primers used for R@iplification were designed
using Primer 3 software (Tab. @3ozen S., Skaletsky H. 2000)

Primer FORWARD (5-3) REVERSE (5'-3)
PrompDYN GGCTTCCTTGTGCTTCAG TAGCTGCTCCTGGTGATG
PrompBDNF | TTCGATTCACGCAGTTGTTC CTGAGCCAGTTACGTGACCA

Table 6 Primer sequences used for Real Time PCR.

The relative abundance was assessed by RT-gPCRB W8¥BR Green MasterMix
(Life Technology) on a StepOne Real Time PCR sydtefe Technology, Applied
Biosystem).

To provide precise quantification of the initialrdat in each PCR reaction, the
amplification plot was examined and the point oflyedog phase of product
accumulation defined by assigning a fluorescencestiold above background,
defined as the threshold cycle number or Ct.

Differences in threshold cycle number were useduantify the relative amount of
the PCR targets contained within each tube. Aft@RPa dissociation curve (melting
curve) was constructed in the range of 60 °C t8®HR22) to evaluate the specificity
of the amplification products. The relative expressof different transcripts was
calculated by the delta-delta Ct (DDCt) method eodverted to relative expression
ratio (2-DDCt) for statistical analys(sivak K.J., Schmittgen T.D. 2001)

All ChIP data were normalized to the input DNA amtu (Ct values of
immunoprecipitated samples were normalised to Gtegaobtained from 'input’). In
addition, results on DNA from treated samples wesemalized to results obtained
on DNA from the control sample. Each ChIP experitneas repeated at least three

times.
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3.7 N/OFQ levels determination

3.7.1 Extraction

Tissue samples (brain areas) were sonicated inollimes (vol/wt) of boiling 1 M
acetic acid, and maintained at 90°C for 10 minubdter centrifugation (12,000 rpm
for 20 min at 4°C), the supernatants were separaded subjected to
chromatographic extraction as previously descrildguhricio L.C. et al. 2004)
Supernatants were mixed with an equal volume of TE% v:v) and loaded onto
previously equilibrated C 18 cartridges (SEPCOLBachem, U.K.). Microcolumns
were washed twice with 3 ml of 1% TFA and then edutvith 3 ml of 60%
acetonitrile in 1% TFA. Eluates were lyophilizeddastored at -80°C until RIA.

3.7.2 Radioimmunoassay

Immunoreactive N/OFQ (ir-N/OFQ) present in tissugracts was measured by a
specific RIA according to a validated procedRéoj K. et al. 200). Lyophilized
extracts were reconstituted with 50 ml of methamaW HCI (1/1) and assayed in
duplicate. Aliquots of 25 pl were mixed with 100 qfl 125I-N/OFQ (Bachem, St.
Helens, Merseyside, UK) and 100 pl of antiserumZ96kindly supplied by Prof.
SC I. Nylander, Uppsala University, Sweden). Theiserum was used at the
appropriate dilution to give 30%-34% binding of t[i&5I1]- N/OFQ (4600e5000
cpm. The labeled peptide and the antiserum weretedil in a gelatin buffer
containing 0.15 M NacCl, 0.02% sodium azide, 0.1%tyg 0.1% Triton X-100, and
0.1% BSA in a 0.05 M sodium phosphate buffer (p#.7RIA tubes were incubated
at 4°C for 24 hours. A charcoal slurry (1 ml/tubegs used to separate free and
antibody-bound peptide (15% horse serum, 3% chhr€ébd@% dextran in RIA
buffer). Bound peptide was separated by centrifaga,000 3 g at 4°C), and 1 ml
aliquots of the supernatants were counted for lutaion a Beckman 5,500 gamma
counter (Beckman, Fullerton, CA). The detectionitiof the RIA assay was 1-2
fmol/tube. RIA curves and data were analyzed utiegGraphPad Prism 4 software
for Windows (GraphPad Software, San Diego, CA).
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3.8 Primary Cultures

Primary brain cultures derived basically as desctiby Scherrer et al, 2006.
Briefly, Newborn NOP-EGFP mice pups (P0O) were géeted, and appropriate
brain regions, removed. Tissue was digested bgipgd5 Units/ml; Worthington).
Cells were plated on poly-D-lysine coated covesshp a density of 80,000 cells per
cm2. Cells were grown in neurobasal A medium (hogéen) with B27 supplement,
0.5 mM glutamine, 5 ng/ml basic fibroblast growtactor (bFGF, Sigma), and
antibiotics. Internalization studies were conddc®-14 days after plating.

3.8.1 Time-Lapse Fluorescence Microscopy

Primary cells from NOP-EGFP mice were seeded issglottom, 32-mm
diameter plastic dishes coated with poly-D-lysiseg(na). Fully matured primary
neurons (10-14 days in vitro) were used, and recapternalization studies were
performed in the presence of N/OFQ. Samples wesergbd under a Delta Visione
Elite Microscope with objective 60X at 37°C. Imagesre automatically recorded
during 20 min, with increasing time intervals tooal bleaching effects because of
repetitive scanning. Specifically, 20 frames evedys followed by 10 frames every

30 s, and then 12 frames every minute were recofded total of42 images.

3.9 Brain Slices.

6-8 week old NOP-EGFP mice were anaesthetized wifluorane and
transcardially perfused with PBS 1X followed by 4%raformaldehyde. Brains
were dissected, washed with a gradient of sucr@8 20% and 30%, plunged in
Optimal Cutting Temperature (OCT) and stored @fE3until sectioning. All brains
were sectioned coronally on a Leica CM1850 crycataihe thickness of 16m, then
mounted on polylysine-coated microscope slidesinatlh with DAPI (Southern
Biotech).
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All samples were observed under Delta Vision Bliieroscope and the SoftWorx

software was used for image acquisition.

3.10 Statistical Analysis

Hyperalgesia signs data were analyzed by Dunrtettsor the two tailed Students
test. Allodynic signs data from Acetone Test werslgzed non-parametrical
analysis Mann—Whitney U-tekt Allodynic signs data from Cold Plate Test were
statistically asnalyzed using tbee-way ANOVAollowed byNewmann-Keuls

Gene expression data were statistically asnalysedyuhe Dunnett’s test or the two
tailed Student’s t-test

Histone modification changes in SC and N/OFQ peptidvels alterations in
different brain areas were statistically analyzeohg the two-tailedtudent’s t- test

Statistical significance was setRik 0.05.
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4. RESULTS

4.1 Opioid System and BDNF alterations studies in AR/CD1

neuropathic mice

4.1.1 Determination of the behavioral signs of newpathic pain

After recording the baseline values for both CGd aham groups, the development
of thermal hyperalgesia and cold allodynia wereesssd three, seven and fourteen
days after surgery using respectively the Hargr&avélantar test and the Acetone
Test. Sciatic nerve ligation caused a significaatrdase of the paw withdrawal
latency three days after surgery in the CCI animatlapared to Sham group (4.111
+ 0.601 vs Sham 9.197 + 1.931, unpaired t ¥€sk 0.05,***P <0.001), and the
thermal threshold of the CCI group remained lowe and 14 days after sciatic
nerve ligations compared to Sham animals (respegtin2.910 * 0.615 vs Sham
10.217 £ 1.316, 2.315 + 0.381 vs Sham 10.507 £9).&npaired t test**P
<0.001). (Fig. 30a). As shown in Fig. 30b, CCI aalsnexhibited no allodynic
response to a cold stimulus (acetone) prior tdibgaof the sciatic nerve; three days
after surgery, there was an increase in the aveesp®nse to acetone evaporation of
the CCI animals compared to Sham group (0.708 #20¥& Sham 0.056 + 0.035,
unpaired t testf**P <0.001). Seven days after ligation there was amaeced
increment in the average response of the CCI noogpared to Sham ones (2.340 +
0.280 vs Sham 0.389 + 0.176, unpaired t t¢8E <0.001), with comparable values
fourtheen days after the lesion (2.233 + 0.280h&n$0.067 = 0.041 unpaired t test,
**P <0.001).
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Figure 30 Determination of behavioural signs of thermal hgigesia a) and cold allodynia
b).

a) Paw withdrawal latency recorded 0, 3, 7 and ayischfter surgery. All values are expressed as
means + standard error (n= 6 per group). Differerebmong groups were estimatedthgst. P <
0.05 vs Sham group.

b) Allodynic Response Score recorded 0, 3, 7 anday$ after surgery. All values are expressed as
means * standard error ( n= 6 per group). Diffeesnamong groups were estimated by Mann-

Whitney U-test. P < 0.05 vs Sham group.
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4.1.2 Gene expression studies

In the SC, gene expression studies revealed afisaymi increase in the mRNA
levels of pDYN (1.427 = 0.138 versus sham groupaétpl, dunnet testP < 0.05)
and pBDNF (1.767 £ 0.261 versus sham group equa) ttunnet testP < 0.05) in
the group of animals sacrified 7 days after CQunhg to values comparable with
sham in the group sacrified 14 days after CCIl. Mmiicantly differences in the
MRNA levels of the others genes investigated. (fedia)

a) SC

[CJSham [EECCI7days EECCI 14 days
2.5

i ah

pNOP ppN/OFQ pDYN pENK pBDNF

(]
1

relative gene expression
[2:44CY
(=]
[

Figure 3laLevels of pNOP, ppN/OFQ, pDYN, pENK and pBDNR mRn#the SC of CCI mice,
sacrified 7 or 14 days after surgery, in comparisgth Sham groups, see Materials and Methods
section for details. Bars represent 2-DDCt valueutated by Delta-Delta Ct (DDCt) method of six
mice for each group. Expression was normalizedlyoegaldehyde-3-phosphate dehydrogenase and
means of MRNA levels are expressed relative to Shara + standard error of the mean. Differences

among groups were estimatedtkgst. P < 0.05 versus Sham group.
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In the DRGs, mRNA levels of ppN/OFQ were increasetoth groups of animals
sacrified 7 days and 14 days after CCI (respegti@P?2 + 0.52 versus sham group
equal to 1, dunnet testP < 0.05; 3.59 £ 0.61 versus sham group equal tiudnet
test:**P < 0.01). Levels of the pNOP mRNA transcript wasrdase in the groups
of animals sacrified 7 days after CCIl (0.63 £ Ou@8sus sham group equal to 1,
dunnet test**P < 0.01) returning to values comparable with shanthie group
sacrified 14 days after surgery, whereas no chawges evident in the other genes.
Levels of pPDYN mRNA was not detectable (Figure 31b)

b) DRGs

[CJSham CJCCl7days EEMCCI 14 days

4.5- *%

<

=]

7

(7]

8 *

% - 3.0+

[ &)

2 2

$ o,

o 1.5+

2 k%

©

NINE ol
0.0~ T T T T

pNOP ppN/OFQ pDYN PENK pBDNF

Figure 31b Levels of pNOP, ppN/OFQ, pDYN, pENK and pBDNR mRN®the DRGs of CCI
mice, sacrified 7 or 14 days after surgery, in carigpn with Sham groups, see Materials and
Methods section for details. Bars represent 2-DDb@lue calculated by Delta-Delta Ct (DDCt)
method of six mice for each group. Expression wasmalized to glyceraldehyde-3-phosphate
dehydrogenase and means of mRNA levels are exprestsive to Sham mice + standard error of

the mean. Differences among groups were estimatéddst. *P < 0.05 versus Sham group.
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4.2 Study of BDNF and DYN-KOPr system

4.2.1 Neuropathic BDNF transgenic mice studies

4.2.1.1 Behavioral studies

Behavioral signs of neuropathic pain a) hyperalesid b) allodynia were
assessed by respectively Hargreaves’s Plantaatesthe Cold Acetone or Cold

Plate Tests

a) Hyperalgesia

A similar development of hyperalgesia was obsemd@R/CD-1 and BDNF
+/+ mice compared with own Sham control group, wsthtistically significant
values at three (respectively, 3.83 + 0.23 vs sBdf + 0.37, 3.81 + 0.42 vs sham
7.41 £ 0.88, dunnet testP < 0.01) and seven (respectively, 4.47 = 0.27 \&s1sh
9.00 + 0.37, 3.91 + 0.31 vs sham 7.41 £ 0.88, dutest**P < 0.01) days after
surgery. In contrast, a later onset of hyperalgesia observed in BDNF +/- mice
compared with Sham animals, with statistically gigant values only at seven days
after surgery (3.53 + 0.37 vs sham 8.78 + 1.09ndutest*P < 0.01 )Fig. 32
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Figure 32 Determination of behavioural signs of thermal hytgesia.
Paw withdrawal latency recorded 3 and 7 days &ftegery. All values are expressed as means *
standard error ( n= 6 per group). Differences amgnogips were estimated by duntest. **P < 0.01

versus Sham group.
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b) Allodynia

BDNF +/- animals exhibited significantly lower sgyrof allodynia than
BDNF+/+ and ICR/CD-1, each group compared with d@mam control mice, at
seven days after CCIl in both the cold acetone (pger scores Fig. 33a;
respectively, 1.01 + 0.35 vs Sham 0.10 £ 0.05, .91 vs Sham 0.25 + 0.08, 2.03
+ 0.38 vs Sham 0.38 £ 0.17, Mann-Whitney U te3t<0.05 ***P < 0.001#P <
0.05) and cold plate the tests (i.e. higher timigs F3b; respectively, 13.28 £+ 3.05 vs
Sham 28.8 + 0.80, 5.65 + 0.69 vs Sham 29.2 + Ooffs-way ANOVA and
Newman-Keul$**P < 0.001 #P < 0.01).
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Figure 33 Determination of behavioural signs of cold allogyni

a) Allodynic Response Score recorded 7 days aftegesy. All values are expressed as means *
standard error (n= 6 per group). Differences amgmuyips were estimated by Mann-Whitney U test.
*P < 0.05 vs BDNF +/- Sham; **P < 0.001 vs BDNF+#r ICR/CD-1 Sham; #P < 0.05 vs BDNF
+/+ CCI 7 days.

b) Paw withdrawal latency recorded 7days afteremyrgAll values are expressed as means * standard
error (n= 6 per group). Differences among groupsevastimated by ANOVA and Newman-Keuls.
***P < 0.001 vs BDNF +/+ or BDNF +/- Sham; ## P 0Q vs BDNF +/- CCI 7 days.
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4.2.1.2 Gene expression

the increase in pDYN gene expression observetheénSIC of ICR CD-1 mice at
seven days after CCI (see Fig. 31a) was not detantéesioned BDNF +/- mice

compared with Sham animals, at the same interigl 38.

BDNF +/- mice

1.4 [] Sham

1.24 Il CCI7days
1.0+
0.8+
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0.0

2]

pDYN relative gene expression

Figure 34 Levels of pDYN mRNA in the SC of BDNF +/- CCI micsacrificed 7 days after
surgery, in comparison with Sham groups, see Magerand Methods section for details. Bars
represent 2-DDCt value calculated by Delta-Delta(@DCt) method of six mice for each group.
Expression was normalized to glyceraldehyde-3-phatsp dehydrogenase and means of mRNA

levels are expressed relative to Sham mice * stdngigior of the mean. Differences among groups

were estimated btytest.
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4.2.2 ICR/CD1 neuropathic mice studies
4.2.2.1 Gene expression studies

In the brain areas, gene expression studies relealsignificant increase in the
MRNA levels of pBDNF in the Amy (1.74 £ 0.15 verssisam group equal to 1,
unpaired t test: *P < 0.05), the ACCX (1.55 + OmMdrsus sham group equal to 1,
unpaired t test: **P < 0.01) and the PFCx (1.40@70versus sham group equal to 1,
unpaired t test: *P < 0.05) in the CCI animals, wlas mRNA levels were
significantly decreased in Th (0.51 £ 0.09 versusns group equal to 1, unpaired t

test: **P < 0.01). No changes were evident in ttieepareas. (Fig. 35a)

a) pBDNF
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dinnadad
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pPBDNF relative gene expression
[2 A_\Ct]

Figure 35alevels of pPBDNF mRNA in the brain areas of CCI misacrified 14 days after surgery,
in comparison with Sham groups, see Materials amthbds section for details. Bars represent 2-
DDCt value calculated by Delta-Delta Ct (DDCt) nwdtof six mice for each group. Expression was
normalized to glyceraldehyde-3-phosphate dehydraggmnd means of mRNA levels are expressed
relative to Sham mice + standard error of the m&afferences among groups were estimated-by

test. P < 0.05 versus Sham group.
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Levels of the pDYN mRNA transcript were increasedhe CCI groups of animals
in the ACCx (3.98 £ 0.39 versus sham group equdl tmpaired t test: ***p < 0.001

) and PFCx (2.14 £ 0.021 versus sham group equda) tmpaired t test: *p < 0.05)

whereas were decreased in BS (0.71 = 0.05 versus ghoup equal to 1, unpaired t
test: *p < 0.05). No significant changes were obsérin the other brain regions.
(Fig. 35b)
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Figure 35b Levels of pPDYN mRNA in the brain areas of CCI misacrified 14 days after surgery,
in comparison with Sham groups, see Materials amthbds section for details. Bars represent 2-
DDCt value calculated by Delta-Delta Ct (DDCt) nwdtof six mice for each group. Expression was
normalized to glyceraldehyde-3-phosphate dehydrageimnd means of mRNA levels are expressed
relative to Sham mice + standard error of the m&iffierences among treatments were groups$-by

test. P < 0.05 versus Sham group.
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MRNA levels of pKOP were significant decreased #cN0.34 + 0.10 versus sham

group equal to 1, unpaired t test: ***p < 0.001h ©.75 £ 0.08 versus sham group
equal to 1, unpaired t test: *p < 0.05), ACCx (0#44.10 versus sham group equal to
1, unpaired t test: *p < 0.05) and SSCx (0.50 880/6rsus sham group equal to 1,
unpaired t test: *p < 0.05) whereas no evident gharoccurred in the other cerebral

areas. (Fig. 35c¢)
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Figure 35c Levels of pkKOP mRNA in the brain areas of CCl episacrified 14 days after surgery,
in comparison with Sham groups, see Materials amthbds section for details. Bars represent 2-
DDCt value calculated by Delta-Delta Ct (DDCt) nwdiof six mice for each group. Expression was
normalized to glyceraldehyde-3-phosphate dehydraggmnd means of mRNA levels are expressed
relative to Sham mice + standard error of the m&afferences among groups were estimated-by

test. P < 0.05 versus Sham group.
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4.2.2.2 Epigenetic studies: Histone modifications

Adult male ICR/CD1 mice were subjected to a rigletasc nerve lesion to
investigate whether chronic pain condition couldles epigenetic changes (histone
modifications) in the pDYN and pBDNF promoter reggoassociated with the
different previously demonstrated genes up-regutain the SC of animals sacrified
7 days after surgery.

We found a significant decrease of H3K27me3 (0,48,@9 versus Sham = 1, p<
0,05) and H3K9me2 (0,45 + 0,09 versus Sham = 10,08) in pDYN promoter
region as well as a significant decrease in H3K4ifoe®DYN promoter (1,7 + 0,3,
p < 0,05). No significantly alterations were obsehin pBDNF promoter region
(Fig. 36).
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Figure 36 Real Time-gPCR analyses of H3K4me3, H3K9Ac, H3K2Zmend H3K9me2
immunoprecipitated DNA fragments at a) pDYN andBPDNF promoters. ChlP showing the levels
of specific histone modification normalized to fatgput DNA in CCI mice (n =6) or Sham mice (n

=6). Data are expressed as means * SE of triplicdependent samples.*P < 0.05 vs. Sham; t-test.
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4.3 Study of NJOFQ-NOPr system

4.3.1 Gene Expression

In cerebral areas, levels of the ppN/OFQ mRNA traps were segnificantly
decreased in BS (0.65 + 0.02 versus sham groupl égua unpaired t test: *p <
0.05), Hippo (0.76 = 0.05 versus sham group equdl, unpaired t test: *p < 0.05),
Amy (0.71 £ 0.07 versus sham group equal to 1, wega test: *p < 0.05), Nac
(0.39 £0.08 versus sham group equal to 1, unghairest: *p < 0.05) and CP (0.38
0.05 versus sham group equal to 1, unpaired t tpsk 0.05. No significantly

changes were observed in others brains areas Taig 3

a) ppN/OFQ
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ppN/OFQ relative gene expression

Figure 37a Levels of ppN/OFQ mRNA in the brain areas of Gfite, sacrified 14 days after
surgery, in comparison with Sham groups, see Magerand Methods section for details. Bars
represent 2-DDCt value calculated by Delta-Delta(@DCt) method of six mice for each group.
Expression was normalized to glyceraldehyde-3-phatsp dehydrogenase and means of mRNA
levels are expressed relative to Sham mice * stdneigior of the mean. Differences among groups

were estimated biytest. *P < 0.05 versus Sham group.
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PNOP gene expression was segnificantly decreasB&i(0.54 + 0.08 versus sham
group equal to 1, unpaired t test: *p < 0.05), @ri(0.57 = 0.12 versus sham group
equal to 1, unpaired t test: *p < 0.05. No sigmifity changes were observed in

others brains areas (Fig. 37b).
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Figure 37b Levels of pPNOP mRNA in the brain areas of CCI migagrified 14 days after surgery,
in comparison with Sham groups, see Materials amthbds section for details. Bars represent 2-
DDCt value calculated by Delta-Delta Ct (DDCt) nwtof six mice for each group. Expression was
normalized to glyceraldehyde-3-phosphate dehydragemnd means of mRNA levels are expressed
relative to Sham mice + standard error of the m&afferences among groups were estimated-by

test. P < 0.05 versus Sham group.
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4.3.2 Quantification of active peptide levels

In Amy, levels of ir-N/OFQ were significantly highen CCI group compared with
Sham animals (15153.74 + 2215.96 versus 7504.584488, unpaired t test: *p <

0.05) whereas no significant alteration were obsgim other brain regions (Fig. 38).
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Figure 38 N/OFQ levels in brain areas of CCl mice, saedfil4 days after surgery, in
comparison with Sham groups, see Materials and ddistisection for details. All values are
expressed as means * standard error (n= 5 per )grDifferences among groups were

estimated by t-test. *P < 0.05 versus Sham group.
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4.3.3 NOP-EGFP mice: charaterization and validatiorof knock-in mouse strain

Knock-in mice were constructed so that the NOPp&renith eGFP fused at
the C-terminus is expressed in place of the nageeptor with eGFP attached to the

C-terminal of NOP receptors.

4.3.3.1 Primary Cultures: Internalization studies

Internalization studies conducted on hippocampalcortical primary neurons

showed that 1.0 uM N/OFQ addition causes interagbn of receptors.

Fig. 39 (top view of the neuron cell) shows thabfiescent signal from NOP-eGFP
gradually disappear at 0, 5 min and 15 min aftargdaddition, from the cell

membrane to the inside of the cell.

0 min. 5min. 15 min.

Figure 39 Real-time Fluorecense Imaging of NJOFQ (UM )-ineldidNOP-eEGFP redistribution in
primary cortical neurons. A representative experitris shown (n= 4 referring to cell cultures from

pools of 4 to 6 mouse pups). Images at 0, 5 amtih®f treatment (Magnificence 60x).

Similarly, cells showed in Fig. 40 and Fig. 41 (elv&tion of the equatorial plane of
the neuron cells) displayed a rearrangement oNtB@-eGFP signal, from diffused
around cell body and processes to dots organifexn, O to 20 minutes after drug
addition.
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0 min. 20 min.

Figure 40 Real-time Fluorecense Imaging of N/OFQ (1uM)-indldOP-eEGFP redistribution in
primary hippocampal neurons. A representative axpat is shown (n= 4 referring to cell cultures

from pools of 4 to 6 mouse pups). Images at 0 &nhid of treatment (Magnificence 60x).
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0 min. 20 min.

Figure 41 Real-time Fluorecense Imaging of N/JOFQ (1puM)-indLib8®OP-eEGFP redistribution in

primary hippocampal neurons. A representative expat is shown (n= 4 referring to cell cultures

from pools of 4 to 6 mouse pups). Images at 0 @nchixd of treatment (Magnificence 60x).

Cell Neuron in Fig. 42 shows a high signal from NEBGFP already internalized at

time O before drug addition.

Figure 42 Real-time Fluorecense Imaging of primary corticalimons.
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4.3.3.2 Brain Sections: Localization studies

Analysis of brain slices showed that the receptppear to be located in brain
regions, such as a) cingulate cortex (Cg) and ppddampus (Hippo), previously

demonstrated to contain NOP receptor mRNA and N€PBptor binding sites.

a) Cg in Fig. 43a is shown Cg2 (left top) to the edgéhvhe white matter (right
bottom). Fluorescent signal was present in in newfothe Cg2 but not cell of the
white matter. In Fig 43b is shown Cgl region. Fasment signal was present around

neurons and in connected cell processes.

Figure 43 Anatomical distribution of fluorescence in NOP-eGHRRe.

a) Fluorecense Images of Cg2 at the edge with wahdtter.

b) Fluorencense Imges of Cg1l region.
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b) Hippo, in Fig 44a, b, c is shown NOP-eGFP signal arcugwron cell body and
connected cell processes, in different hippocanapeas.

Figure 44 Anatomical distribution of fluorescence in NOP-eGHRee.Fluorecense Images of
Hippo.
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5. DISCUSSION

Neuropathic pain has been described as“thest terrible of all tortures
which a nerve wound may inflicBind arises as a consequence of nerve injury either
of the peripheral or central nervous system. Fahgwperipheral nerve injury, a
cascade of events in the primary afferents leagsetgpheral sensitization resulting
in sensory abnormalities including stimulus-indegeant persistent pain or abnormal
sensory perception such as hyperalgesia and aldyiwoolf C.J., Mannion R.J.
1999)

The precise mechanisms underlying neuropathic path the relationship among
different mechanisms are not fully understood. (remial nerve injury is followed by
a change in expression of neurotransmitters, neatloiators, growth factors and
neuroactive molecules in primary afferent neurataied in dorsal root ganglion of
the spinal cord. These changes in-turn induce sesson of primary afferents
inputs (peripheral sensitization) leading to exagtgel pain perception in an injured
tissue or territory innervated by an injured nerv&part from the pain
hypersensitivity in an injured tissue, neuropatpa&n also spreads to the adjacent
non-injured extra-territory regions (extraterriedripain) and contralateral parts
(mirror image pain)(Woolf C.J., Mannion R.J. 1999dicating the esistence of
maladaptive changes in neural network in the ckemevous system (central
sensitization). The induction of central sensit@athas been identified at the spinal
cord level (dorsal horn neurons, second order ms)rand in the brain regions (third
order neurons). A number of reports have suggestedneuroplastic changes in
different brain areas that are responsible for reérgensitization and behavioral
alterations in peripheral nerve injury-induced mgathic pain(Jaggi A.S., Singh N.
2011)

Development of animal models has contributed imregng understanding the
chronic pain and underlying peripheral as well ast@l pathogenic mechanisms.
The ideal animal models should result in reprodecikensory deficits such as
allodynia, hyperalgesia and over a sustained pefiodhe present study we used
chronic constriction injury to the sciatic nerveQK;, which more closely resembles
behavior (hyperalgesia and allodynia) of periphaelropathy in rodent<polleoni
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M., Sacerdote P. 20)0The first result of the present study is tha &xperimental
conditions used were able to evoke neuropathicssafrhyperalgesia and allodynia
for a prolonged period (i.e. 14 days). Thereforeresults proved that we were in the
right experimental conditions.

Although the presence of many evidences as desicabeve(Jaggi A.S., Singh N.
2011) it is generally difficult to clearly understanchether changes in RNA levels
reflect a possible involvement of a specific gamehronic pain neuroplasticity. The
main goal of our study was to try to correlate efffects of peripheral nerve injury on

opioids and BDNF gene expressions.

BDNF and DYN-KOPr system

Many studies examined dynorphinergic system and BDAktivity during
neuropathic pain conditior{iMika J. et al. 2011; Vanelderen P. et al. 2010).
Although dynorphin is commonly characterized aseadogenous opioid peptide,
considerable evidence reveals that dynorphin igadlgt pronociceptive in chronic
pain stategWang Z. et al. 2001) Several lines of evidence proposed a central rol
for BDNF in the initiation of central sensitizatimaused by an alteration of the CI
cell gradient followed by the inversion of GABAetghnhibitory activity (Kohno T.
et al. 2005)and by an increase in the NMDA receptors-mediatezitatory activity
suggesting a pro-nociceptive effect of this nedtrogVanelderen P. et al. 2010)
Here we observed a transient up-regulation of p&tfN and pBDNF mRNA levels
in the SC of injured animals at seven days aftegesy returning to values
comparable with control animals at fourteen dayBYN gene expression data
appear to be consistent with the hypothesis tleatagtd spinal dynorphin is required
for maintaining neuropathic pain suggesting thadogenous dynorphin is a key
mediator of some aspects of neuropathic pain s(ates). et al. 2001)pBDNF data
seem to be related to the possibility previouslyppsed that BDNF functions as a
final common path for a convergence of perturbaidhat culminate in the
generation of neuropathic pain. Peripheral neryerynactivates spinal microglia.
Although a variety of neuropeptides, cytokines,nchkines and neurotransmitters

have been implicated at various points in this @ss¢ much of the information

123



transfer between activated microglia and neurohdeast in this context, may be
explicated by BDNF (Biggs J.E. et al2010). Moreover, the simultaneous up-
regulation of pDYN and pBDNF seems sustain the byggis recently proposed that
dynorphin could act as a downstream effector ofesBDNF actiongLogrip M.L. et
al. 2008)

These data indicate that some modifications ofbibsynthesis of neurotransmitters
highly involved in this pathology occur early aftdre injury and cannot be more
evident at later intervals.

In parallel, behavioural and neurochemical dataiolkt in BDNF transgenic mice
seem confirmed the hypothesis proposed above. Ailasindevelopment of
hyperalgesia (plantar test) was observed in ICRIC&xd BDNF +/+ (wild type)
mice. In contrast, a later onset of hyperalgesia wiserved in BDNF +/- mice
(BDNF lacking mice). In addition, BDNF +/- animadxhibited significantly lower
signs of allodynia than BDNF +/+, in both the cgladte (i.e. higher times) and the
acetone tests (i.e. lower scores). These behavesalts support a role for BDNF in
mechanisms underlying the development of allodyarad hyperalgesia, thus
confirming its involvement in neuroplasticity leadito neuropathic pain conditions.
Furthermore, the increase in pDYN gene expressimermed in the spinal cord of
ICR/CD-1 mice at seven days after CCl was not detein lesioned BDNF +/-
mice, at the same interval. This result suggestesatationship between BDNF and
DYN and seems to confirm the existence of a pos®RINF and DYN cross-talk.
Since epigenetic mechanisms seem to play a raheumol plasticity resulting from
chronic pain(Chwang W.B. et al. 2007; Koshibu K. et al. 2008bin F.D. et al.
2008) we here also studied the involvement of epigemagchanisms in the pDYN
and pBDNF genes expression changes observed saysrafier surgery in the SC.
We observed a close relationship between selectivematin modifications and
pDYN genes expression. In particolar, our studyeaded a decrease of H3K27me3
and H3K9me2, repressive marks, in the pDYN genenpter region. These data are
in agreement with the gene expression increaseiqudy observed in the same
interval after the nerve injury. However, concegactivating marks, we observed a
decrease of H3K4me3 in the pDYN gene promoter regiad no changes of
H3K9ac. Moreover, no changes of histone modificetiovere observed in the
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pBDNF gene promoter region. These last evidencesnseo be not directly
associated with gene expression changes. This doelgossibly explained by
different hypothesis. First of all, it has to bekda under consideration the
complexity of gene regulation by histone modifioas (Barski A. et al. 2007and
that multiple modifications may function cooperati to prepare chromatin for
transcriptional activation.

One possibility for both pDYN and pBDNF gene coudd found in the already
mentioned and underlined transient nature of tmeRNA increase. Could be
possible that at the time of investigation activgtphenomena are in a shutdown
process, while repressive phenomena are still ivectMoreover, the already
mentioned role of downstream effector of DYN in BPMcting, could explain why
epigenetic mechanisms are still operating in pDYé¥eypromoter region, while no
changes of histone modifications are present in[pBlgene promoter region.

The peripheral nerve injury has been also repddedduce neuroplastic changes in
different brain regiongJaggi A.S., Singh N. 2011)ere we also investigated gene
expression alterations in different brain regidosyteen days after surgery when the
painful condition is fully established. Resultsicated that evident alterations of the
investigated systems occur. In particular, pDYNeerpression was found to be up-
regulated in the ACCx and PFCx of the CCI mice, levihiis mRNA levels were
found to be significantly lower than in control am@ls in the BS. At the same
interval, pKOP receptor biosynthesis was found é¢odown-regulated in the NAc,
the Th, the ACCx an SSCx. These data seem to fucthdirm the involvement of
DYN-KOPr system in neuroplasticity occurring in nepathic pain. Alterations in
the ACCx appear particularly interesting. The highBYN up-regulation and the
simultaneous down-regulation of the pKOP receptoggsst that a pronounced
increase in the ligand availability lead to a doregulation of his receptor.

The decrease of pDYN level in the BS could be eelawith the alterations of
functionality of the descending control systemso€iception for which important
and fine regulation mechanisms exist at this nasiaxel.

Concerning BDNF alterations, particulary interegtiis the simultaneously up-
regulation of both pBDNF and pDYN mRNA levels iretkame brain areas (ACCx
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and PFCx). These data could further confirm theeclelationship between the these
two neuropeptidergic systems.

Experiencing stressful life events, such as chrguam, increase the risk of later
developing anxiety and depressive disorders. Wihike well established that Amy,
PFCx and Hippo are key brain structures in fear orgrprocessingqMcGaugh J.L.
2004; Herry C. et al. 2008; Likhtik E. et al. 2008) is not well known which
neurotransmitters or neuromodulators are involredhe present study we observed
increased pDYN mRNA in the PFCx of injured micettb@ems to be consistent with
a recently proposed role for the dynorphin in theinetion of negative fear
memories related to stressful situatiofi&lkei-Gorzo A. et al. 2012)such as
neuropathic pain. Once again, we also observed gBOyNregulation in the Amy of
CCI animals in agreement with a recent study priogo8DNF as a mediator of

susceptibility of fear conditioning in the Amy.

N/OFQ-NOPTr system

Nociceptine system is widely recognized to be imgdlin chronic pair{Mika J. et
al. 2011) Despite the many advances in our understandintpeoinvolvement of
different neuropeptide systems in pain, the preftisetion of this system has not yet
been fully characterized. It has been clearly dasnted that the induction of chronic
pain states, especially neuropathy, is associatédam up-regulation of N/OFQ, as
indicated by enhanced expression of p/NOFQ praeanyor mRNA(Mika J. et al.
2010) Moreover, it has been shown that neuropathic @hdr chronic pain states
are associated with elevations of DRG content f@DRQ (Mika J. et al. 2010Q)
Consistent with these evidences, here we obsenvegaegulation of ppN/OFQ in
the DRGs of injured mice seven days after surgeith further increased values at
fourteen days. In contrast, we also found a dovgelegion of pNOP in DRGs of
CCIl mice seven days after surjery, returning toueal comparable with sham at
fourteen days. This result could be explained asrdranced increase in the ligand
availability lead to a down-regulation of his retmp

As already mentioned, a damage to a peripherakensrable to induce neuroplastic
changes in different brain regioidaggi A.S., Singh N. 20115o0r this reason we
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also investigated gene expression alterationsffardnt brain regions, fourteen days
after surjery that is at the time when we obseragutonounced ppN/OFQ mRNA
up-regulation in the DRGs.

The decreased of both ppN/OFQ and pNOP mRNAs |elsrved in the BS could
be related to nociception. Indeed, although themas involved in the modulation of
wide range of brain functions, the modulation osaending control system of
nociception is one of the most important in thisiteat. In this area, nociceptive
transmission is directly controlled by the gigamtibdar paragigantocellular nuclei
as well as by the raphe magnus nucleus.

Concerning the other brain regions investigatedegexpression changes seem to be
more relevant in brain areas associated with thelutation of the affective-
emotional component of pain than with areas relatedthe modulation of
nociceptive transmission. In particular, we obsdrdewn-regulation of ppN/OFQ
MRNA levels in the Hippo, Amy, NAc and CP. Furtheme we also observed a
decrease of pNOP gene expression in the CP.

As already mentioned neuropathic pain cause neastiplchanges in several brain
areas including the amygdala and the striadaggi A.S., Singh N. 2011hdeed,
neuroplastic changes in the amygdala have beerestgghto be responsible for the
development of depressive-like behavior in subjedtscted by prolonged painful
conditions(Gongalves L. et al. 2008Moreover, morpho-functional alterations have
recently been described in the Hippo, together itkiety behavior changes, in a
mouse model of neuropathic paiMutzo A.A. et al. 2012)ppN/OFQ gene
expression alterations observed in these areas ebeconsistent with the already
known involvement of this system in the anxietyidsgsive states, proved by the
anxiolytic and antidepressant effects respectivetgrted by NOP agonists and
antagonistgCalo G. et al. 2000as well as by the reduced anxiety-like behavior in
restraint rats after N/OFQ microinjection into theentral nucleus of Amy
(Ciccocioppo R. et al. 2014)

In addition, concerning changes observed in the Bidat CP, it is interesting to note
that these areas include neuronal pathways modthadeigh dopamine important
central functions such as reward/aversion (in paldr in the NA), but also

descending control system of nociception (GFRggi A.S., Singh N. 2011The
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involvement of the N/JOFQ-NOPr system in the meciasi of reward/aversiofXu

X. et al. 2000)together with the evidence that N/OFQ is able teratate both the
basal and the cocaine-induced increase in extudaeDA in the NAc(Lutfy K. et al.
2001) and the certainly aversive condition representgchéuropathic pain could
explain, at least in part, the involvement of tsystem in NAc. On the other hand,
changes observed in the CP could be explainedthathvell-known involvement of
the investigated system in the control of nociaeptin this context, alteration in the
levels of the inhibitory neuro-mediator N/JOFQ cowddsily affect the release of
mediators such as GABA or excitatory amino acidg fflay a crucial role in the
functionality of the descending system.

In addition, here we also studied alterations ofabtive N/OFQ levels in the same
brain regions, in the same experimental conditivvis.were able to observe elevated
N/OFQ levels in the Amy of injured mice comparedSioam animals, whereas no
significant peptide levels changes were observedhe other investigated brain
areas. This result seems to be related with thpgsexd involvement of both Amy
and Nociceptin system in the development of depredi&e behavior in subjects
with chronic pain. On the other hand, the elevdtedctive N/OFQ levels seem to
be in contrast with the its simultaneously generesgion down-regulation. This
inconsistency could be explained in term of negafeed-back since pronounced
increase in the bioactive peptide availability letd a down-regulation of its

precursor.

NOP-EGFP mice

Internalization of NOP receptors has been studieainsfected cells, using various
fusion proteins, including C-terminal fused GFP tdansfected cells NOP receptor
agonists induce internalizatiofSpampinato S. et al. 2002Moreover, NOP
receptors apparently can heterodimerize with alltred opiate receptors. NOP
receptor activation was found to induce internagiimaof 1,5, andk receptors when
co-transfected into HEK cellfEvans R.M. et al. 2010)The formation of
opioid/NOP receptor heterodimers could have profoweifect on nociceptive

processing. However, studying these phenomena imatave system has been
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impossible. Kieffer and colleagues produced th& tiransgenic mice containing the
delta opioid receptor with enhanced Green FluorgsBeotein attached on the C-
terminal (Scherrer G. et al. 2006)The visualization of receptors has long been a
central part of the understanding of a receptotesys Visualization can provide
information as to the location and trafficking bese important membrane proteins,
leading to a better understanding of the activaéiod inactivation of the receptors.
Here we focused our attention on the characteozatind validation of the NOP-
EGFP mice strain. This study in currently in preageand here we presented
preliminary data. We observed that N/OFQ sommiaigin was able to induce NOP
receptor internalization in primary neurons. Howewee also found NOP receptor
already internalized in different cells before dradgdition, suggesting that in basal
conditions receptor could be organized in storaggcles. Analysis on brain slices
showed that the receptors appear to be locatedram kregions, previously
demonstrated to contain NOP receptor mRNA and N€Bptor binding site@Neal

Jr C.R. et al 1999)In particular, we observed that EGFP signal weecsic in the
Cingulate cortex and in the Hippocampus. Moreospecific fluorescent signal was

present around neuron cells and in cell connegdingesses.
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6. CONCLUSIONS AND PERSPECTIVES

Chronic pain is one of the most prevalent healtbbj@ms in our modern world.
Affecting approximately one in five adults, chronpain is associated with a
significantly reduced quality of life and a highrésk of depression and other mental
health disorderéBreivik H. et al. 2006; Gureje O. 1998).

It has not been easy to develop novel and effeclagses of analgesic drugs - there
have been almost no new registrations in the pasgehrs. There has been much
discussion about the reasons for past failuresthisdhas stimulated an interest in
exploring novel mechanisms. There are three maatofpical mechanisms that
contribute to persistent pain: peripheral sengibmaof primary nociceptors within
the dorsal root ganglion; central sensitizatiorswhal interneurons; and descending
modulation of the pain signal from the brainstend &igher cortical centers. At all
levels of processing, significant cellular and necalar changes occur, such as large
alterations in the transcriptional profile of thessuegCrow M. et al. 2013)

The data on BDNF and DYN-KOPr system confirm a rofethese system in
neuronal plasticity resulting from chronic pdiBiggs J.E. et al2010; Lai J. et al.
2001) and the hypothesis of a close relationship betwé®sn these two
neuropeptidergic systenfisogrip M.L. et al. 2008)

The linkage between gene expression alterationgpiggnetic modulation in pDYN
and pBDNF promoters following nerve injury confitime possible involvement of
chromatin remodeling mechanism in chronic pain oplasticity (Denk F.,
McMahon S.B. 2012)

The data on N/OFQ-NOPr system confirm the involvetaeof this system in the
neuroplastic alterations underlying the developmemid maintenance of
chronic/neuropathic pain and also suggest its irarakent in the regulation of mood
disorders accompanying the chronic painful state.

The characterization of the NOP-EGFP mice confiine tusefulness of this
innovative transgenic mouse strain for the receptsualization in native tissue,
therefore internalization and other trafficking daseen in real time.

Overall, our results could be important to pamidill the lack of knowledge of

which and how neuropeptidergic systems are invoiwedeuroplastic mechanism

130



occurring in neuropathic pain that lead to estalti®e chronic condition and suggest

the possibility of using drugs acting on these eyst for the treatment of this
invalidating desease.

A deepened knowledge of the neuroanatomy, neurggbygy, neurochemistry and
neuroplasticity of chronic/neuropathic pain is netb identify new targets allowing
the development of innovative therapeutic strategier the prevention of
neuropathic pain establishment.
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