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According to the definition given by the International Association for the Study of Pain (IASP),
panA & Gl y dzy LX S| &l y (exgeseycamiNgprimariyRssoBide@witih tRsyid f
damage or descrilmkin suchlii S NXMeskey, 1986)Asinferred from the previous linean
unpleasant sensation confined to a definite anatomical area of the sufferer is not enough to
categorize pain, but coexists with cognitive and emotional components that escafpee to
SEGSNY It 2 dhatSsNahSsMIpersorlda®l subjective experiefieelzack and Katz,
2001)

The significance and vocabulary related to pain varied among societies and ages alike
throughoutworld history.In Europe, rentions to pain lexicon andis meaning caryet be found

in texts so distant in the past such as those of the Ancient Gr@eeget al., 1998) Thereatfter,

influx of new medical practes and knowledge by the hand of the Islamic expansion during
Middle Agesfollowed by the advances in anatomy and war surgery during the Modern Age
prepared the land for the upcoming medical schools and treatises in the study of pain, hence
contributing to globakS G KS O2y OSLJixz addzRé IyR GNBFGYSy
¢ NI AGS R($664) syiiteytheSirst incursion into paimmnsmissioras we know it today

(seeFig.].
2 /aTe )
‘i\ 7o i.,- Figure 1. lllustration of the pain pathway in René Descartes'
.,.,_ _,"" Traité de I'homme (Treatise of Man) 1664.According to

Descartesif a fire (A) comes neafoot (B), the minute particles
residing in it, which move with great velocity, have the power to
make the area of skin they touch to rustle, thus pulling upon an
internal thread GO it is attached to and causing a pore (da¢)
the opposite end of the thread to open up. This causes the spirits
to leave the compartment where they were confined in (F)
towards the muscles. Consequently, the foot is withdrawn from
the fire and therefore keptout of danger Descartes approachke
herein the concept of pain for the first time as an alarm system,
which he explaied g A G K | Y S I adkogeNaid ofid Jdzt £ Ay
cord one makes to strike at the same instant a bell which hangs
at theoppositeS y R ¢ @

CtKS O2y@PRI0AOCBTEA2NYINRRIdZOSR o6& 9y3IfAakK ySdz

{ KSNNR y IMm@p/é Kodv yRSIgSt 2 LISR 5 KO IANTISHANI iR SASa | XD/

A2ADMDNncOKS yYRETE SE | OG0 A @OMithd IR (i AIRKGSE BVLGEEYUI AT | @

FAIAZNE 2F 9y 3Af AaK yI GvdgNdrolosd i SISYNINSENI ({SIRS @S
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LI AYy YR SY2GA2yaskKEBNKEaaAAa213 YBy P2 daso mnt
OSY GidNERSTFAYAGAZ2YE 2F VIR ORYRKGASHBR RNBTAFKI
AGAYdzZ FGA2y @

' YSNAOFY LIKeaAz2f 23Aada -wdniplioS NIy, RN KRATER NERA y& dyhy Lyt 2
MPTTANOYARE @ AdFNISR FEANIGAY3I gAGK (GKS NRES 2
2LISYAY g (IKSSHIMELAE OK2f 238 27VSBWRINK 2y S dZNP fJE @0
YFEYRSE o6mMdbudd ¢AGKS EKME GEMNG @2 NEOK ORA 206 REAE0 | |
2YSY2NEGINRPRIzOAY3I (GKS Y2RSNYyA GSRY Al gR [QOR RNz
2¥YAY mMpcpX [/ FYFRAIY LA&dOK2ft23Aald w2yl fR aStl
GKS ySdNRAOASY G AaHnaaNRINK ORy (?2 i K SO mEpm PG 2 NB 2
NEZ2fdzi A2yl NB (KS20NBS 231 (AS) &40 26yK@NiS  QRrK/SPSNBG Y2 F

¢KS 3ALGES O2yiNRf (GKS2NE 4 yRAGRY idkd: (INBK RER
O2y OSLIi 2F OSYyiUNrt O2yUNRf 3IAGAY3A | R2YAYLlY
ON} Ay &dzOK & LI &aid SELSNASFOSEDS dAIINASMRZYIY
LAY Ayttt Ay3d GNIXyYavYAaarzy R2ey 2y GKS aLRAYI
lyR aYlftt FTAONBA |yR o0& RSaSOyaRmwy 3 RRIAAIZYS &
aStTO20N0NROdzi SR WA OAKS ¥y FRNIOKNREYRAD LI 6R2E 2 3IA

A
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to 2" order
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Chbre/ A reavswsson ()

neuron
CA3Idz2NBE wHod DIFGS 02yl NR(AKSK S2 N&loy R LILIE mdzH NHEARS t3A (e azbl dzaF ASNGBS N &
FOGAZY LIRGSYydALfa A& GNIWYAHWRALTERRATKNRIIIAK 6/NBASHREHE§02 Yy RIBSE 6y
R2NEIf K2NY 2000 KE EGKSYyBEED2NROBYAY I A VKA E@N(G 2198 BV yBikBKOKS dNBEY
KAYRSNI AY GdNY GKSES LINA Y NEOIOT ¥ SINBNGG dff Alo NE2E  YRNESY oy el J)asong

° noxious stimulus

YSdNEya G o K sSNASANY AGF || 02y aARSNI 00K S Yi2LdzySiNI 20FS yI IONTBAa2 yA YL I0(K
O2y (i NRt YSOKIyAaY FOGAQGLGSE YR I RSAaOSYyRAY3 Y2RdA I i2NE LI
AYKNBANRSNI ySdzNB y a  EOI® 0Kk (R 2ANBT € G KK NS YO8N £ KySS Nuy20meay Adyeda iasiya y
GKNBIFG | y2EA2dzaA [ 2BSWIZLAAOSN A (58dRLILIZYEKSA®D A 12 NBE AYIiSNY SdINRBy &

4502y RE NBO VISYRE @2 NIDS NOSRS deNB ya (KSYA St 0SS dBRYW 43 BRY dzt ILINE OS5y K
fFOSNIf020Ka NI Ry GKS O2y NI NBE aSyR OGA2y LRGSydApotds G2 @

11, tFAY LIKeaAzZ2zt23eod

Ly 3ISYySNI}f GSN¥Xaz LIAY A& 2y yo8KINGF T XBOKI
I @2ARAY3 GKS adAayYdz A GKFIG O2dzZ R NBLINBaSyI
CKA& LINPGSOURTRoYS ORI AOxX SA & NORIUE @ &AR2 f 2 ARO|
0KS o0SKIF@A2dzNBE GKIF G NB2!IGSt 2{NO AYSWYWUAAYFAAI B t(iN®
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CNRASTFEes | YREIR dA&Y BIiardift &z § K S NI B BYISOK |y
aeadsSy GKFG adlFNIha | 3GAYIKEE LISTNR SIS WNE KSS yEaga M.
Ol fyf 50RA O IKE2 MAI A Ydzf dza Ala0 GRSy DR REVFRMIRDE ty (Ry
Yy SNBSS St SOBNMIIE MBIIdze &S 15K NR dzBIK v 1208 WHD T $ A RS
GKIFEFYdZAO Ay GKS OSY(N3EAYWS KIS dzarl DN ES R Féa /(
I NBlF& | aa20AFG0SR 6AGK (KS Y®EXANA LX S 10Q Y delOfA f2
LIN2 OS&aa Y2Rdz | GSR 0®2 N&A ASINBEBA TiH SNERSYGA  UIRA/ARY
0 NI OV I K &CIA D IWKBROAR £ 2 IRIOF NB FLANB/ A aRSFRF OS

AAAAAA

Y SdzNIF f  LINBAO S\aida AVl 53N KO20Y LRYS YiiilKS RSGSOGA2Y
GKS ySNW2dza ae&aidsSYe virRyd el RN LILIS NgNB ERF @230 F

ad2d2NOS Y¥2 BABSN2TF I YWR [ FANRI Mdpdc D

Ly iAfT GKS M@y ENPOTG KBK SANBS 61 a4 Lldzof A KSR

aA3AYyLFE GNlXyavYriaarzyo | 26SOSNE (KSasS RIea
aSyaz2zNeE YR SY2G4Aa2ylLf FSFddaNBa GKFG Y2Rdz |
0KS a0NBh& ¥YYRE@f RAMEYY YR I 1FYdNI I MphpdO

Ly GSN¥a 2F aSyaz2NER ySdzNRPLKe&aAz2f23&s F2dzN
S L
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JAOGSR 3 YAidlKEIMINE G Mebdza 0 LI NI 3 N

T tow/ 9teLthKlI G A& GKS 3dzo2SOGABS | LILINBOAI GAZ2

g K2t R NB LIND 8552y YilSie & Sy &izkNse O2 NI SE o

f ' yRhs! [1EAKAOK O2YyaARSNHE RdzYLIAYy3 YR &LJzZNN

FE2y3 AGE GNIYEAYAZEAZ2Y O

! Affective perception and emotional/cognitive reactions play a significant role in the perception of pain;-tiadestb
experience of knowinfocated at the limbic system), in comparison to tweperience of feelingr detection of the
noxious source bythe nervous systemitself (at the primary somatosensory cortex). Information from both
experiences is combined and integrated in the thalamus.
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% Both neurogenic inflammationeuroinflammation) andecruitment of immune celinflammatory response) are
terms that will be retrieved when itemising the results obtained for the two animal modedaio herein employed
(sectionlvV2.1-2.3).
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2. Pathophysiology of pain.

2.1. Modulation of the nociceptive stimuli.

NERVE INPUT. All primary afferent neurons are pseudounipolar, formed by a cell body
(perikaryg located within the DRG and a single axon with two branches: one going towards
the periphery, and one traveling to the spinal gregtter. The former bifurcates at the end

to innervate the peripheral tissue, while the lattends in dendrites that synapse with

9
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second order neurons at the dorsal horn. Information is transferred to higher centres of
the brain through two different noceptive pathwaysthe spinothalamic tract that receives
signal inputs from primary{Aand C nerve fibres and conveys temperature and nociception,
and the lemniscal tract that receives input from primaty, Al and A nerve fibres and is

responsible for toulks and proprioception feeling®ubucet al., 2013)(Fig.5.

3rd orden neuron — spinothalamic pathways

- lemniscal pathways

primary
somatosensory
cortex

i

\ ML oligodendrocyte

midbrain

reticular formation

dorsal column nuclei

medulla astrocyte

unipolar

satellite cell
microglia fasciculus cuneatus

Schwann cell ~ 1storden neuron
LSTT
7N\
N\
S spinal cord
pseudounipolar

Figure 5. Ascending pain pathways: spinothalamic and lemniscal systéosiceptive pathways consist of a chain of

three neurons that pass the nerve impulses from one to the next. Spinothalamic pathways are represented in green,
whereas lemniscal pathways show up in blue. (Other alternative ggiticular and spinemesencepalic subpathways

not shown). Labels are merely illustrative. DRG = dorsal root ganglion, ASTT = anterior spinotalamic tract, LSTT = lateral
spinotalamic tract, LL = lateral lemniscus, ML = medial lemniscus, PAG = periaqueductal grey matter. Noteethie diffe

level of thedecussationbetween spinothalamic and lemniscal pathways; at the spinal cord the former and at the medulla

the latter.

Considering the participants cited above:
A Peripheral nerves display seveBithwann cellalong their axons. These aefbrm a

myelin segment for one axon only (myelinated) or can include several axons
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(unmyelinated) in order to facilitate sending appropriate electrical signals
throughout the nervous system. Schwann cells are essential for survival and
regeneration of theaxons and influence axonal thickné&8rodal, 2010aPubovy

et al, 2014) Expression of pattern recognition receptors (PRR) on the surface of
their cell membrane allow Schwann cells to recogréxogenous (PAMP) as well as
endogenous (DAMP) danger sigfialdpon activation, they start upregulating and
secreting inflammatory mediators, what can lead to inflammatory neuropathies
(Ydenset al., 2013)

A DRG not only contaisoma, but also satellite glial cells and resident or invading
macrophages that watch over the correct functioning of the neurons. In 2010, a
work based on the existence of resident microglial cells in the DRG together with
the aforemeriioned elements came to light, suggestirnthey could act as
neuroprotective cells following peripheral injurfPatro et al., 2010) This is in
contradiction withthe role described by different group(RomereSandovakt al,
2008a) A conciliatory solution suggests they may contribute both to destruction of
myelin and axons and to regenerative processes depending on the local situation
(Brodal, 2010a)

A In the same line as stipulated for the other two elements, spinal dorsal horn
contains nerve cells (dendrites of primary neurons, soma of second order neurons,
interneurons) and immundéike cells (astrocytes, microglial cellsand
oligodendrocytes). Neuroglial cellseaof especial relevance to our interest since
they can modulate the nociceptive stimulus in a different way to what seen in the
previous sectionl(l) for interneurons. As it will further be discussed in this sexti
glial activation and subsequent mediator release are implicated in the creation and

maintenance of persistent pain stat@Raghavendra and DeLeo, 2003)

NERVE OUTPUCNS has facilitatory and inhibitory descending pain pathways that are

different in their anatomy and pharmacological reactivity, and which presumably become

® A nerve fibre consists of an axon and surrounding Schwann cells. These can therdfiercénthe thickness of
nerve fibres but interestingly, they can also affect axonal thickness. This fact will be of great importance at the
discussion section.

*PAMP = pathogeassociated molecular pattern; DAMP = damagsociated molecular pattern.
11
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activated simultaneously when acute nociception occufigy.g. Descending facilitatory
pathways ae confined to theventral/ventrolateral funiculwhereas descending inhibitory
pathways descend in thelorsolateral funiculi(Mulak et al, 2012) both expressing
different receptors for specific chemical activatiofable 1). Unbalanced activation
between these modulatory pathways might occur under persistent nociceptive i§uah
sustained activation may result in neuroplastic changes at medullary Eting to both
anatomical and biochemical changedawour of the descending facilitatory pathway, thus

increasing pain sensatiomhis is thought to underlie some states of chronic pain.

receptors
facilitatory pathways | 5-HTZR (serotonin)AMPAR, KAR, NMOR

inhibitory pathways | 5-HTZR (serotonin)j -adrenergicR, dopamingR, opioidR

Table 1.Descending facilitatory and inhibitory pathways in the spinal cord and their corresponding molecular targets.
5-HT3R = Bhydroxytryptamine3 receptor;AMPAR =h-amino-3-hydroxy5-methyt4-isoxazolepropionic acid receptor;
KAR = kainate receptor; NMDAR -mbthytD-aspartate receptor

The rostral ventromedial medulla (RVM) constitutes a group of neurons that modulates
nociceptive signals delivering electrical output to the spinal dorsal horn. RVM neurons are
functionally heterogeneous. Three different classes of neurons have been described so far:
ON, OFF and neutral ce(lsieldset al., 1995) ON-cells promote nociception and OEElls
suppress it, whereas the role of neutral cells, which could represent a subtype-adrON
OFFcells, is not yet well understood. As described in the previous paragraph, nociceptive
facilitating ouflow from the RVM is dominant after nerve injury. This may be explained by
the fact that immediately before an external noxious stimulus occurs;d@Hs; which are
tonically active, pause in firing at the same time that-€#\s accelerate outburgPorreca

et al, 2002)

As reviewed in sectiohl.2., mechanical allodynia and hyperalgesia correspond to clinical
manifestations of significant central sensdion in chronic pain states (e.g. neuropathic
pain). However, increased excitability of primary afferent fibres and sesasitin of dorsal

horn neurons does not explain maintenance of neuropathic pain behaviour i@elthe

12
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contrary, strong evidence suggests that active participation of supraspinal R¥iddoflla

is required for chronic pain stat¢Carlsoret al., 2007)

Figure 6. Descending pain modulatory systen
ventrolateral and dorsolateral funiculi According to
electrophysiological, anatomical and pharmacologic
studies the final relay for common descending pa
pathways from the brain corresponds to th
rostroventral medulla (RVM)RVM neurons project
efferent signals downward to various levels tife

spinal cord making contact with inhibitory or activator
interneurons. However, from a strict point of view
facilitatory pathways are confined to the
ventral/ventrolateral funiculi whereas descendin
inhibitory pathways descend in the dorsolater:
funiculi. Facilitatory pathways.Glutamate is the main
midbrain excitatory transmitter, acting on AMPA, kainite ar
NMDA receptors.Inhibitory pathways. Dorsolateral
funiculus joins together descending axons ¢
serotonergic, noradrenergic and dopaminergic neuror
. locus coeruleus and terminates on the inhibitory interneurons in the
\ dorsal horn of the spinal cord. As regards opic
transmission, cortical areas communicate througt
RVM me:‘iu/la A j‘ medulla endorphinsmediated synaptic connections with the
anterior cingulate cortex (AC cortex). Endogeno
opioids are also present in synapsis betwee
interneurons and primary nociceptive afferent fibres |
the dorsal horn.Facilitatory pathways are represente:
in red, whereas inhibiting pathways show up in gree
Labels are merely illustrativeAC cortex = anterior
cingulate cortex, PAG = periaqueductal grey matt
RVM medulla = rostral ventromedial medulla. (Oth
structures such as dorsolateral pontine tegmentur
tectospinal tract, dorsal reticulospinal tract not shown

Dorsolateral funiculus

dorsal horn

| spinal cord
— facilitation

— inhibition

2.2. Dorsal horn plasticity

The dorsal root fibres vary in thickness, what represents a direct function of conduction

velocity. Although functionally equivalent, terms differ for classification of muscle and

® Primary hyperalgesiaa phenomenon defined by increased sensitivity to stimulation at the local site of the tissular
injury and increased input at the spinal dorsal horn, is a mechanism dependent on the excitability of nociceptors.
Contrary to this, when tére is also increased sensitivity to stimuli from uninjured tissue adjacent to or at some
distance from the site of injury, a mechanism dependent on the excitability of neurons in the CNS underlies. That is
secondary hyperalgesi&hanges in excitability of neurons that contribute to maintenance of secondary hyperalgesia
are not restricted to one unique area, but reside in the spinal cord and also in RVM. Peripheral tissue insult and
persistent input engage doublgense spinabrain stem mechanisms that maintain central sensitization and contribute

to development of secondary hyperalge¢tdebhart, 2004)
13
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cutaneous fibres. Group | muscle afferents typically correspondht@utaneous fibres,

group Il to A, group lll to A and group IV to Gdble 2).

Afferent fibre diameter ~ Conduction velocity (m/s) Class Function Electrical threshold
Myelinated
10¢ 18 um 60¢ 100 L 6 ! Proprioceptive lowest
5¢12 uym 20¢ 70 L L ¢ Proprioceptive
1¢5um 2.5¢20 LLL Nociceptive l
Unmyelinated
<1pum <1 IV (C) Nociceptive highest

Table 2. Diameters of nerve fibres and their classification.

Weak electrical stimulation of peripheral nerves evokes activity only in tkiekest
myelinated fibres (A), and with increasing intensity, the thinner fibres are recruited
progressively (A A and C, in this order). The primary fibres transporting temperature and
nociceptive signals in normal conditions can be thinly myeling#édibres, which conduct
signals from cold receptors) or unmyelinated fibres (C fibres, which conduct signals from
heat receptors), while signals from lewreshold mechanoreceptors are conducted in thick
myelinated fibres (A and A ) (Brodal, 2010h)It can be therefore easily deduced that under
normal conditions nociceptors remain silent. However, after nerve or tissue injury,
nociceptors become active and eveh #bres can crossalk with A or C fibres, which Wi

convert innocuous sensory signals into noxious signals.

In brief, smal and mediumsize neurons, that is, C and Aerve fibres, make synaptic
contacts in lamina | and Il of spinal dorsal horn (referred as temperature and nociception
inputs). On the entrary, larger size neurons send their projections into lamina Il and IV
(related to as touch and proprioception information). Therefore, when the nature of {arge
size neurons is altered, these neurons could interpret innocuous signals as noxious signals
in which a light touch stimulus could be interpreted as a nociceptive s{ghaland Fu,

2014)

a) Laminae of the dorsal horn in the spinal cord.
The central terminals of primary sensory neurons in mammals are highly organized in
horizontal (dorsoventral) planes in the grey matter of the spinal cafet during
embryogenesis, the dorsoventral axis is arranged so each lamina in the spinal cord

topographically codifies a specific surface area of the b@byubellet al., 1997) Rexed
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b)

classified the grey matter of the spinal cord in ten different laminae according to the

heterogeneous arrangement of soma ir{RRexed, 1952Fig.?.

Rexed laminae

® b

ventral h%—/
L3 L4 L5

Figure 7. Anatomy of the spinal cord: Rexed laminae in dorsal and ventral hdfos.our purpose only lumbar
segments 3, 4 and 5 are represented. Note the different contour ofhimgerfly-shaped grey matter for every
lumbar section.

Somatosensory afferent neurons conductingpr potentially able to transmdg

nociceptive information terminate in the dorsal horn of the spinal grey maBzown,

1982) which is typically organised & laminae:

A Lamina | and V contain mainly nociceptive neurons that receive mdigly
threshold mechaneand thermoceptiveprimary afferentAl fibre inputs.

A Noct and thermoceptive @ibres mainly synapse in lana Il.

A Low threshold cutaneous Anechanoceptors sprout in laminae Il and IV.

A Lamina VI receives input from thick myelinated fibres responding to joint

movement and cutaneous stimulation.

Synaptic plasticity.

Synaptic plasticityefers to a progressive increase in the responsiveness of an input at
the synaptic structure, may be due to the amount of neurotransmitters released or to
the amount or sensibility of the receptors on the postsynaptic neurissue injury
causes an itieal imbalance in environmental homeostasis at the site lesion.
Immediate cells to the wound release their inflammatory cytoplasmic content
(bradykinin, serotonin, histamine and protons) into the environ causing the disruption
of normal tissue pH and awitch on the transmembrane potential of nearby nerve
endings by binding and therefore activating the receptors on their surface. Activated
nociceptors send electrical signals in the direction of the spinal cord but also count on
an efferent function, theso-calledaxon reflexwhich consists on the peripheral release

of neuropeptides and excitatory aminoacids (e.g. substance P, glutamate) promoting
15
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neurogenic inflammation and affecting the nearby vasculature (causing increased
capillary permeability and akma). Infiltrating mast cells, in last term, release

histamine, what additionally activates nociceptgkdapp, 1995) (Fig.8.

Figure 8. Activation of peripheral sensory fibres.

(1) Tissular damage results in thenvironmental
increase of K prostaglandin, serotonin and bradykinin
levels, thus activating adjacent nociceptors.

(2) As a consequence, excitatory aminoacids al
nerve released from nerve endings and bind to receptors o
terminal cutaneous, endothelial and mast cellhus increasing
vasodilation and contributing to inflammation.

(3) Eventually, mast cells start releasing histamine,
which activates nociceptor endings, triggering a
ouroboros process.

The end result of this local neuroinflammation confine:
to the nerveterminal is the increased amount of electric
signals delivered at the dorsal horn of the spinal cord.

If peripheral nerve terminals are damaged by this inflammatory response, other
mechanisms may be operative. In fact, persisting insults to peripheraks or directly
peripheral nerve injury cause a sterile inflammation to develop in sympathetic and
dorsal root ganglia (DRG)and it may ultimately affect central terminafMcLachlan

and Hu, 2014)As peviously reported(Coggeshall, CJ Woolf P Shortland RE, ;1992
Mapp, 1999, the area responsible for pain sensation at the spinal dorsal horn (laminae
I and Il) may becomeccupied by nerve fibres which sprout in from the adjacent area
responsible for proprioception (laminae Il and V). Thus, proprioceptive nerve fibres
have now an input into a nociceptive area of the spinal cord. The result of this may be

pain on normal tach or movement, that is, pain mediated byfibres.

Demonstration that cholera toxin b subunit (CTb), with target on myelinated neurons,

could also label not myelinated neurons after peripheral nerve inflipnget al., 1999;

® For further detailed reading sedifflin and Kerr, 2014)
"Immune cells patrolling the organism are chemically attracted to the ganglia, releasing further proinflammatory

cytokines that lead to hyperexcitability and ectopic discharge, what may contribute to neuropathic pain.
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Ma and Tian, 2001Shehabet al, 2003) seemed to pull the theory of neuronal
arrangement to piec€s However several works employing different techniques
(electrophysiological, biochemicat different labelling protocols) reopened the debate
(Shortland and Molander, 1998ao0et al., 2002;Kohnoet al., 2003 Wanget al., 2004.
Nowadays, synaptic plasticity is fully accepted but how it occurs is yet a subject of
controversy. Three forms of synaptic plasticity have been described so far to our
knowledge(lkedaet al., 2009)

A Classical catral sensitsation consists on an immediate activitependent increase
in the excitability of nociceptive neurons in the spinal dorsal horn. These increased
synaptic efficacy is not restricted to nociceptor synapses (that is to Cafidras),
but also to synapses formed by fibres, which are not activated by the nociceptive
conditioning stimuli.

A Windup, another type of synaptic plasticity, consists on a progressive increase of
action potential in dorsal horn neurons during a seriek repeated dibre
nociceptor stimuli. Repeated loAgsting depolarization of the postsynaptic
membrane ¢induced by glutamate and neuropeptidesincreases the action
potential response to each stimulus as neurotransmitters accumulate.

A Longterm potentiation (LTP) has been detected in various parts of the central
nervous system. In the spinal dorsal horn consists of actidpendent longasting

nociceptor synaptic facilitation.

2.3. Glial cells: neuromlia and gliaglia interactions

Neuron-gliainteractions have an essential role in enabling the nervous system to function
properly. The more complex and efficient a nervous system is, the more glial cells are
present(Edenfeldet al., 2005;Austin and MoalerTaylor, 2010Eroglu and Barres, 2010)

8 Until that dae, works referred to CTb labelling as an indisputable evidence for sprouting into lamina Il from large
myelinated fibres (A) in adjacent laminae. CTb was considered to selectively label large and medium size neurons so
far (Maet al., 2000; White and Kocsis, 2002)

° Some additional hypotheses suggested are: (1) inputs from large myelinated fibres to lamina Il may be via excitatory
interneurons; (2) highrequency stimulation can provek a failure of synaptic release mechanisms and
neurotransmitters could actually being also captured by adjacent neurons; (3) aberrant branches of damaged C fibres

could make contact with large myelinated fibr@&hro et al., 2003)
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Glia, also known as neuroglia, was first described in 1859 by German physician Rudolf
Virchow and derives etymologically from the greek 6™ f dzS ¢ & ¢-¢o&dacting NB vy
cells that modulate neurotransmission at the synaptic level aradke up over 7% ofthe

total cell population in the human CNBertz, 2004 RomereSandovakt al., 2008h. Glia

can be divided into two types: microglia and macroglia (astrocytes and oligodendrfytes
Main functions of glial cells consist on providing structural, trophic and metabolic support
to the neurons they surround, offering space compartmentalisation at synapses and
removing cellular debri(Raghavedra and DelLeo, 2003{lowever, after a growing body of
scientific research throughout the past 15 years, it can nowadays be stated that glial cells
have integral roles in maintaining CNS homeostasis, and in chronic pain aetiology and
progression far bgond the mere role of physical support for neurons they were originally
attributed (Scholz and Woolf, 2007)n fact, experiments carried ouh simple nervous
systems such as those from invertebrates have shthat glia is able to sculpt neuron
functional circuits by modifying the efficacy of synaptic connections, what enables to form

and remove nerve projection&denfeldet al., 2005)

Further works in variousnodels of chronic neuropathic pain in rodents report that
peripheral nerve injury induces spinal glia activatigito et al, 2009 Sagaret al., 201).
Activation of microglia is the first gbein a cascade of immune responses in the CNS.
Furthermore primary afferent neuron terminals are flanked by microglial cells that
maintain and survey the environment in the spinal dorsal horn. Microglia expresses the

same surface markers as macrophages/moytes?and, in response to injury, it triggers

19 Astrocyte and oligodendrocyte lineage cells are derived from neural stem cells, whereas microglia arfgimate

the immune system. In the peripheral nervous system, there are two classes of Schwann cell (myelinating-and non
myelinating), which functionally and antigenically resemble the glia of the (EM&ylu and Barres2010)
Oligodendrocytes and Schwann cells form the myelin sheatéixohalfibres in the central and peripheral nervous
system (respectively). However, unlike Schwann cells, a single oligodendrocyte can wrap several axons at a time.

1 Proinflammatory gtokines have postulated as common mediators of allodynia and hyperalgesia, since they
encourage nociceptive transmission between neurons. These algic molecules are in fact current products released by
activated glia, what suggests that glial cells mayniygortant modulators of nociception and hence, potential targets

to treat neuropathic pain.

2n early embrionary stages, monocytic precursors are recruited by the CNS before closure of theraindzirrier

(BBB). Subsequently, they differentiate firgto macrophagdike amoeboid microglia and then into ramified microglia.

This explains why microglia expresses the same surface markers as macrophages/monocytes.
18
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the neuroinflammatory response, while astrocytes undesgirogliosis(Marchandet al.,
2005)

Activated microglia exhibits a ramified ststnaped morphology visually contrasting to the
original amoeboid shape when inert. They also undergo hyperplasia amnegugpation of
certain genes related to migration, phagocytosis, cytokines, chemokines, lgfawtors,
nitric oxide and prostaglandindNakagawa and Kaneko, 201@ontroversially, microglial
activation in the CNS provides both neuroprotective and neurodegenerative (fée= et

al., 2010) Pro and antiinflammatory cytokines can apparently polarize microglia to
distinct activation states, however there is still intense debate and the topic is yet far from

being fully understooqGuadagnaet al., 2013;Cherryet al., 2014)

Astrocytes are the most abundant cells in the CNS and modulate synaptic transduction
through astrocyteneuron interactions. Activated astrocytes exhibit hypertrophic
morphology with thick ramifications Given the crucial roles of astrocytes in brain
development, metabolism, and function, it is not surprising that astrocytes are involved in

almost every disease of the central nervous system.

The time course of spinal migyal and astrocytic activation varies following nerve injury.
Hence, even after microglial activation decreases, astrocytic activation persists, as does
neuropathic pain (Nakagawa ah Kaneko, 2010 Summarising, microglia might be
responsible for the initiation of neuropathic pain states, and astrocytes may be involved in
their maintenance Kig.9. Despite the scarce literature, especial emphasis must be also
placed on glial aminociceptive properties, that is, glial activation is not always bad
(Milligan and Watkins, 2009)
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Figure 9. Modulation of pan-processing by glial cells in the spinal dorsal holdnder continuous and increased firing

from the periphery, activated microglia releases severatipftammatory cytokines, chemokines and other agents that
modulate pain processing by affecting eithmesynaptic release of neurotransmitters and/or postsynaptic excitability.
Additionally, glial cells also have an important role in the ctallsng between nomociceptive (A fibres) and nociceptive
neurons (central sensgition). The release of inflamatory mediators initiates a seffropagating mechanism of
enhanced cytokine expression by microglial cells assisted by an increasing population of activated astrocytes, which
maintain the neuroinflammatory process even after the cefiseof microglial ells.

Most available analgesics for pathological pain are still symptomatic. Conventional
treatments have a scarce efficiency for neuropathic pain. Traditionally, coadjuvant drugs
such as antidepressants and anticonvulsants, have demonstrated to be more ¢ffidan
opioids in some types of neuropathyVatkinset al, 2007a) Recently,a few analgesics
based on pathological mechanisms aimed to modulate the biochemical reactions that take
place in neurorto-astrocyte,neuronto-microglia or microglido-astrocyte communication

at definite times (once upon ingestedjig.10.
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Figure 10. Signals involved in the activation of spinal microglia and astrocy}t?esCeftriaxone, amitriptyline,
propentofyline, riluzole and M$53 have been reported to modulate glutamate external levels by means of glutamate
transporters (GL'L and GLAST) in astrocytes. Fluorocitrate, propentofylline (again)-a+airinoadipate have shown to

act on internal signalling pathways disrupting theime 6 2t A4Y 2F aidNRrO&diSa yR YAONER:
testimonial. AQP4: aquaporin 4, ERK: extracellular siggalated kinase, GlyT: glycine transporter, INKircNterminal
kinase, MMP: matrix metalloprotease, TLR-li&k receptor. Modifed from(Nakagawa and Kaneko, 2010)

Several changes have been noted to occur in the dorsal horn with central saisiti

Firstly, pairassociated molecules such as substance P (SP), calgtmenelated peptide

(CGRP) and other ligands targeting ion channels (ATP) are released at the synapse bottom
by primary afferent neurons. Following increased firing, some of these surplus molecules
may not be able to bind the receptors on the pasmnaptcal neuron but target the
surrounding neuroglia. As a consequence, upregulation of cytokines (dig. Ilk6, TNF,

IL-18) and chemokines (e.g. CCL2, CXC3L1) levels increase in glial cells, leading to further
attraction and activation of immune glial k& and encouraging nociceptive transmission

between neurons. Under this overexcited state, afferent dendrites release additional

3 For further reading on pharmacological attenuation of glial activation(stika, 2008)
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excitatory aminoacids and chemokines creating a vicious cycle that intercommunicates
neurons, microglia and astrocytes at tersal horn(Norimotoet al., 2014)
3. TolHlike receptor.

3.1. Systematic discovery andstribution of Tollike receptors.

Human tollike receptors (TLR) are homologues of Drosophila toll proteirEleven
members of the TLR family have been identified in humans so far (designated TLR1 to 11)
(Oda and Kitano, 200@nd they are distinguished by belonging to a protein superfamily
with interleukinl receptor (IELR) homologous regions: thetoll/IL-1R (TIR) family
(reviewed in(Leonet al, 2008; McCormacket al., 2009). TLR4 is probably the most
studied among them all, as it presents two unidaatures that distinguishably set it apart:

the requirement of a caeceptor for ligand recognition and the ability to signal through

two different adaptor protein systems according to its cellular locatiptyD88 and TRIF
dependent pathways, inducing &tSNJ Ay Ff I YYI G42NE Oeliz21AyS
respectively ¢ (Tanimuraet al., 2008 Gangloff, 201p

TLR4 is a type | transmembrane glycoprotaith a highly polymorphic extracellular
leucinerich repeat (LRR)N-terminal domain, and an intracellular signaling *fI&
terminal domain (Gémezet al,, 2014) implicated inboth innate and adaptive immune
respanses in vertebrategSorgeet al, 2011) The cytoplamic TIR domain modulates
interactions with the adaptor proteins involved in the signal transduction cascade, what in
simple terms consists in downstream recruitnteof protein kinases, which activate
transcription factors such as nuclear facforr. 6 b C¢ . 00X | OG0 A-®laidh y 3
interferon (IFNJregulatory factor 3 (IRF3Hoshinoet al, 1999;Kawai andAkira, 2006)

The final result is the upegulation of diverse inflammatory mediators such as cytokines,

“To read more omrosophilaoll proteins segBilaket al., 2003)

> Biological activity of TLR4 depends on their membrane localization. Plasma membrane-tiéyle@8ent pathway

givesrise to cytokine production, whilst endosome THEpendent pathway results in type | IFN.

® A Type | membrane protein refers to a singlss membrane protein (crosses the membrane only once) with its
hydrophilic Nterminal segment on the extracellulaide of the membrane.

" Leucinerich repeat domain consists in a typical conservedsiyaped structure with multiple leucine residues that
provides an optimal scaffold for the formation of protginotein interactions.

8 Toll/interleukin-1 receptor consis in a conserved cytoplasmic domain with a central-ivé NJ Yy R S R-shedit NJ  f S

& dzNNEP dzy R Shelicés &n bbth iiSs tHat makes it attractive for specific protein binding.
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chemokinestissuedestructive enzymeandthe expression of costimulatory molecules on
antigenpresenting cells (APC). This signifies the indoctid the adaptive immune

responsed ! 6 R2 f f I KtARlm20@&72 R& | 1

As key players of the innate immune systeLR can recognize pathogassociated
molecular patterns (PAMP) such as bacterial endotoxin, Gragative bacterial
lypopolysaccharides (LPS) and lipooligosaccharides ((R286) and Calabrese, 2013)
However, they can also detect endogenous molecules resulting from injury known as
damage associated molecular patterns (DAMP) or alarmifisat said, TLR4 is
overexpressed in damaged tissues and may be activated by necrotic cells, injured axons
and components of tla extracellular matrix. Some endogenous ligands of TLR4 are several
heat shock proteingLasarteet al, 2007;Oharaet al., 2013) the alternatively spliced type

Il repeat extra domain A of celar fibronectin (FNIII EDAQkamuraet al., 2001;Lefebvre

et al, 2011)and a plasma proteingSohnet al., 2012) They all cause cytole production
mediated by TLR4.

As mentionedbefore, TLR4 requires a geceptor for ligand recognitionTo this respect,

two binding proteins have been identified so far. The myeloid differentiation 2 receptor
(MD-2), a small glycoprotein that interacts as a monomer with an exogenous Rédding

to its activation (Teghanemtet al., 2008) and an additional coeceptor named cluster of
differentiation 14 (CD14(Fig.1). In fact,a PAMP such as LPS has been reported to fail to
produce allodynia, suppartgthe idea of an alternative via for TLR4 signaling that induces
enhanced nociceptiolf in absence of bacteriurderived factors (Cao et al, 2009;
Hutchinsonret al., 2009. Additionally, it has been described th@D14 is upregulated upon
exposure to inflammatory molecules, as it is required for the internalisation of TLR4
(Zanoniet al., 2011)

¥ TLR4 activation is necessary but not sufficient to induce spinally needigtin enhancement. This can be explained
by a dual mechanism of antigen presentation to TLR4 (as the one cited in the paragraph) leading to two different
effects (sepsis or allodynia). But another explanation could be that TLR4 is only one of the niecylanglayers in

the development of pain behaviou(Smith, 2010)
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Figure 11. TLR4 intracellular signaling pathway: innate and adaptive immune respdhsénteraction between ECM
components and TLRdctodomain preventdimerization of thecytosolic TIR domainsessential for maintaining the
receptor in an inactive state prior to the recognition of the ligamissue disruption liberates TLR4 from restraint, thus
allowing endogenous ligands to stimulate the recept@j.Ligand recognition by TU&ads to theas®ciation of cytosolic
TIR domains, asnty dimeric TIR provide the scaffold for the recruitment of cytosolic adapters and assembly of
signalosome (3) Activation of intracellular transmission via signalling cascadgates. The first downstream step
requires theinteraction between TLR and adaptor molecules containing TIR doragociation with the different
adaptors will depend on TLR4 membrane localizatibimus it can bind MyD88 anBlRAP/Mal(on the one side) or
TRIFTICAM1 and TRAM/TICAM? (on the other side)TLR4 signals through the MyD88pendent pathwayrom the cell
membrane to produce proinflammatory cytokines andniternalized into late endosomes to signal through the TIEAM
dependent pathway to produce IFNMlternatively, proinflammatory cytokines can also be upregulated through a MyD88
independent pathway. Additionally to these transcription products, both MyB&8endent andindependent pathways
can induce the transcription of TP#hich is a potent prote kinase C (PKC) activat@t) In brief, the &tivation and
translocation2 ¥ b C-< and IRB transcription factorgo the nucleuspromotes the production of a wide variety of
inflammatory mediators such as cytokines If Ch ¥ L [cherBokire$, tpe & hterferon (IFN), tissuéestructive
enzymesThese costimulatory molecules provide a second signal to T cells to initiate the adaptive immune reliflense
3 = interferon regulatory facte8; AR1 = activator proteirl; TPA = 1Z-tetradecanoylphorbell3-acetate IFNi r
interferond ; RANTES regulated on activation normal T Cell expressed seateted IP-10 = interferon -induced protein

10; COX2 = cyclooxygenas2 Modified from(Owen M et al., 2015)
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3.2. Role of Tollike receptors in dorsal horn plasticity.

TLR4 antagonists have been traditionally conceived as ideal molecules triggering
therapeutic effects on rodent sepsis mod€Riazzaet al., 2009 Takashimaet al., 2009.
However, later discoveries on the predominant expression of TLR4 by mittoylthe
CNScalso resident and recruited macrophages(Olson and Mille 2004) and on the
presence of these receptors in peripheral sensory neuf@viadachi and Hargreaves, 2006)
suggested a role for TLR4 also in nociception. Further experiments using TLR4 antagonists
in rodent mode$ of neuropathic pain confirmed this hypothesis as repeated administration
resulted in relief of both thermal hyperalgesia and mechanical allod{Béitoni et al.,

2008) Notwithstanding, in addition to thisTLR4 receptors have been described on the
surface of a large number of distinct cell types: immune ¢@lsndokaryoncet al., 2007;
Huanget al., 2007) dendritic celly{Takagi, 2011)glial cell§Li et al., 2015)the articular
cartilage(Menget al, 201Q Gomezet al., 2019, neurons(Oharaet al., 2013) fibroblasts
(Ospeltet al, 2008) Sertoli cellgWinnallet al., 2011)and endothelial and epitheliacells
(Erridge, 2010)

In their basal stateglia play important roles in maintaining the health and normal
functioning of the nervous system. However under altered physiological stateh as
chronic pain glia becomes activatedeleasing a variety of substances involved in the
initiation and maintenance of neuropathic pain including prostaglandins, excitatory
aminoacids, growth factors and proinflammatory cytokif@ttkins and Maier, 2003Yhis
contributes to the dysregulation of neuronal functioning.this regard, the involvement of
TLR4 in these neuroimmune interactions has been increasingly reported in the past decade
(Bettoniet al., 2008;Saitoet al., 2010) Furthermore, knoclout and knockdown assays of
TLR4 expression have shown an attenuation of behavioural hypersensitivity, decreased glial
activation and decreased expression of prt@nimatory cytokinegTangaet al., 2005 Lan

et al, 201Q.

20 Expression of TLR4 on the microglial cell surface is of particular concern to us since they grow in numbers as they
massively activate undesustained pain conditions, contriing to central sensitizatiomthe main adaptive change

involved in pain chronification
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3.3.  Morphine and Opioidnduced Hypersensitivity (OIH).

Opioids are the benchmark for treating moderate to severe pain and together with non
steroidal antiinflammatory drugs (NSAID) the spearheadtleé WHO analgesic ladder
(Clark, 2002Angstand Clark, 2006 Although originally designed for alleviating cancer
related pain, its potent analgesia made them popular for treating any chronic®pain

However, neuropathic pain has been reported to be resistant to morphine treatment

In the past century it was yet known that opposing analgesia opiates could intriguingly
induce immunosuppressive side effects coursing along with the loss of antinociception
(Westet al, 1997) This convergent scenario was traditionally explained by means of a
tolerant mechanism(de Connocet al,, 1991;Sjagrenet al, 1993 Aley and Levine, 1997
Sriking smilarities in mechanisms underlying chronic pain and opioid tolerance led to the
discovery of a possible role for spinal glia in modulating opioid cotretmrlatory
mechanisms. Furthermore several studies on repeated morphine administration
demonstrateda proinflammatory response opposing morphine analg€Siang and Zhao,

2001)

Over the last few year@n emerging concept has been steadily gaining ground as a valid
alternative to explain this crossroads: the phenomenoropioidinduced hypersensitivity
(OIH), also known aspioidinduced hyperalgesi@Ocasicet al., 2004) This theory achieved
rapid and detailed clinical broadcasting especially by the hand of Dr Wolfgang Koppert
(Koppert, 2004;Koppert and Schmelz, 208y Dr J David Clafhngst and Clark, 2006;
Chuet al, 2006 Lowet al., 2012. To this respect, acute and chroffitigh doses of opioids
have been reported to induce spontaneous pain, allodynia and thermal hyperalgesia in
humans (Raffa and Pergolizzi, 2018hd rodents(Li et al., 2001; Changet al, 2007)

Nevertheless, it is still difficult to differentiate between morphine tolerance and induced

2 Opioids mediate their pharmacological effects via activation of three typespmbt@in coupled receptors (GPCR):

mu opioid reeptor (MOR), delta opioid receptor (DOR) and kappa opioid receptor (KOR). Recently, a neskapioid
receptor OR{1 has been proposed. Opioid receptors are found in cell membranes at multiple sites in the CNS and PNS.
Morphine, the gold standard among strg opioids, is a potent i agonist.

22 Until very recently, it was assumed that chronic use of opioids could lead to epthided abnormal pain
sensitivity only if followed by abrupt reduction or withdrawal of dosage; however this position was defkmitatiked

down in the past decade as reviewed(DuPen et al., 2007;Mao, 2006)
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hyperalgesia and arious mechanisms have been proposed to be implicated in the

development of OIH based on plastitanges occurring in the PNS and CNS.

a) Counterregulation hypothesis.According to thecounterregulation hypothesfs, a
balance between antiand pronociceptive effects is apparently dependent on the type,
dose, pattern and route of opioid administratiq€huet al, 2006)and is thought to
occur as a compensatory mechanism in an attempt to reach homeogkasige, 2010)

Chronic administration of intrathecal or systemic morphine may produce a sustained
imbalanceat spinal and supraspinal levels and therefore act alseome other opioid
receptors coupled to excitatory cholera toxsensitive Gproteins (stimulative
reguldive G protein) located on preand postsynaptic neurons and on glial cells.
Subsequently, intracellular levels of cCAMP increase and enable the activation of protein
kinases and the opening of calcium channels leading to increased intracelldfar Ca
leves and membrane depolarization. As a consequence, multiple neurotransmitters
(Substance P, CGRP) are released. Calcium may also act on nNOS leading to NO
production and on conventional PKC, which will phosphorylate and inactivate opioid
receptors and activ@ NMDAreceptors(Koppert and Schmelz, 200Marion Leeet al.,

2011 Raffa and Pergolizzi, 201Bal and Das, 2018Fig.13. It is worth mentioning that

opioid receptors exist as dimers or oligomers of same or different opioid receptor
adzodeliSa yR GKFG LGSy Oeonta@iring oppitldedfegioysS A &
since they display decreased-p®tein coupling and sighiag compared to p
homodimers; corresponding to what seen in cases of neuropathic pain a@Gugitaet

al., 2010)

2 Thecounterregulation hypothesig also referred to as thepponent process theofgolomon and Corbit, 197.4)
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Figure 12. Schemtatic representation of the different mechanisms implicated in the development idf When an

opioid binds to a receptor, an excitatory or inhibitory response may occur. The activation of opioid receptors can
inhibit transmission of pain impulses in the brain and spinal cord and in peripheral sensory nerves. Opioids can also
modulate noxous stimuli via descending inhibitory pathway. However opioids can also lead tnopirceptive
mechanisms, which may differ depending on the chosen site along the nervous sylteemditsation of peripheral

nerve endings;q) enhanced descendirfgcilitation of nociceptive signal transmissioB) énhanced production and
release as well as diminished reuptake of nociceptive neurotransmit#rsefsitsation of seconebrder neurons to
nociceptive neurotransmitters; 5§ Neuroplastic changes in ¢hRVM medulla that may increase descending
facilitation viaon cellsBox A (dotted line)Activation of G,-coupled opioid receptors reduces intracellular levels of
cAMP. However, upon loAgrm application of pagonists other less commonsGoupled opidd receptors may also
become activated and act on adenylyl cyclases increasing the levels of intracellularatAMP primary nerve
endings in the spinal dorsal horn. This will result in the activation of protein kinases and the opening of calcium
channes leading to increased intracellular “Ctevels and membrane depolarization. Consequently, a heightened
release of excitatory amino acids and neuropeptides acting on the postsynaptic neuron (e-8) Millalso occur.
Morphine-induced activation of Gcoupled opioid receptors can also happen at the postsynaptic neuron. Increased
intracellular levels of Gacan induce the activation of a conventional PKC causing the phosphorylation of-NMDA
receptors and therefore increased influx of?CaSimultaneouslyPKC can also act on opioid receptors rendering
them inactive. In addition to all this, increased levels of intracellul4fiGduce heightened production of NO, which
reduces the antinociceptive potency ofggonists. Further increased levels of opiomght be maintained by
facilitative descending pathway$ox B (dotted line).Additionally, following morphine chronic treatment-iu
KSGSNRPRAYSNI Aa AyONBlIaSR Ay (KS 5wDX wxa FyR 2(-KSNJ NB:
containing opioid receptors, since they display decreaseeprGiein coupling and signaling compared tc [
homodimers. DRG = dorsal root ganglia, RVM = rostral ventromedial medulla, cAMP = cyclic adenosine
monophosphate, PKC = protein kinase C, NO = nitric &xigee modified from(Angst and Clark, 2006;Koppert and
Schmelz, 2007)

Despite this approach, opioids can exert msiareoselective effects on other receptors

( Hutchinsoret al,, 2010aDueet al., 20139. This is sustainable with the fact that opioid
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hyperalgesia was still observed inzu- 1y Ropi6id receptor triple knockout mice,
which again is suggestive thle existence of a noglassical opioid receptor whose non
stereoselective activation opposes analggSianiet al., 2007)

b) TLR4 and opioids tinckering.

Opioids are currently obtained by isolation from opium for the low cost that it
represents(Rinner and Hudlicky, 2012%ome opioids (e.g. codeine, heroin) produce
metabolites chemically identical to morphine afteystemic administration(Smith,
2009) In this regard morphine is primarily metabolised in the liver into two major
metabolites: morphines-glucuronide (M6G) and morphirgglucuronide (M3G); the
former, an analgsic active compound, and the latter, devoid of analgesic activity
(Komatsuet al., 2009) Morphine derivative M3G Lewiset al., 2019 Dueet al., 2012
presensa lack of binding to opioid receptors ahdsbeen reported to mediate, single
handedly, the activation of the TLR4/MD heterodimer on microglial surfaces, as
inferred fromin vitro, in vivoand in silicostudie” (Fig.13. To this respect, researcher
Linda R. Watkinsand her team(Hutchinsonet al., 2010a;Hutchinsonet al., 2010b;
Hutchinsonet al., 2012)advocate fo considering TLR4 receptors as the missing link
that connects the concepts of immune system, antinociception loss and use of opioids.
According to Watkins, opioids might activate TLR4 on glial surfaces leading to a
mechanism that opposes classical opiaithlgesa (Watkinset al., 2005;Watkinset al,
2007a;Watkinset al., 2009) In fact, although TLR4 might not be the only receptor for
glial activation, som glial inhibitors gropentofylline, pentoxifylline, minocycline,
ibudilas) are potential useful agents for the treatment of neuropathic pain and for the
prevention of tolerance to morphine analgegidika, 2008) and prticularlly ibudilast

has been recently described as a TLR4 singalling inhibitor. Ibudilast showed to increase
the clinical efficacy of opioids by inhibiting glial activation (based on microglial and
astrocyte activation marker suppression) and to posség ability of enhancing the
production of antiinflammatory cytokines, in addition to suppressing proinflammatory
ones.That is, TLR4 can recognize opioids as foreign xenobiotic substances leading to

proinflammatory immune signalingyVatkinset al,, 2007a) In fact, TLR4 knockout mice

** A wide list of TLR4 agonist and antagonist molecateslescribedn (Li, 2012)
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fail to display hyperalgesia following M3G administrat{@ueet al.,2012)and OIH is

not reversed by administration of an opioid antagor{iShuet al., 2006)

peripheral tissue

epidermis

dermis

release of
alarmins
o

hypodermis ventral -k

nociceptor

spinal cord

Figurel13. TLR4stimulation asan underlying mechanism for opioithduced hyperalgesiaAlthough the molecular
mechanisms underlying OIH still remain to be clarified, it is thought to result from alterations in the PNS and CNS. To
this respect, a wide range of opioids and opioid metabolites have been reported to bind and activate TLR4, whose
main representative are the opioid metabolite morphieglucuronide (M3G) and the unnatural isomer ¢+)
morphine, both of which have no effect on opioid receptors but elicit increased nocicefitiddds predominantly
expressedn sensory neuronsnithe DRG andn microglia in the spinalafsal horn and overlapping mechanisms
based on TLR4 nestereoselective activation have been suggested to regulaith surgical incision induced
nociception and OIH.

To the best of our knowledge, the only existmgposition to these findings is based on
the work of a Japanese group, stating that TkRdckout mice present microglial
activation (assessed by CD11b mRNA I&)eind reduced taiflick’® latencies when

morphine is daily given for five consecutive défyskagawaet al., 2013)

4. Animal models for the study of pain

4.1. Osteoarthriticpain.

% Despite the traditional use of CD11b, Ibal and GFAP as protein markers of glial cell activation, as suggested in
(Horvathet al., 2010) this is being increasingly questioned.

% The taitflick test consists in a radiant heat light source that sends out a light beam focused to the tail of the rat. The
reaction is detected automatically when a digital timer that started counting up when the light switched up stops as
the animal wihdraws its tail from the light beam. The recorded time is registered as the withdrawal latency for that

animal.
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Osteoarthritic Pain @A is currently defined as a chronic degenerative disorder of
multifactorial aetiology that affects the entire diarthrosis leading to a same pathologic
state: degeneration of the joint elements with eventual restricted movement and pain
(Pomoniset al., 2005 Aigneret al., 2010Q. Risk factors associated with the development of

OA include genetic, ethnical, gender, ageing, obese and occupational based reasons among
others. In fact, OA affects &kfently to men and women, being hand and knee OA more

commun in women and hip OA similar in both geni®slist al., 2007)

According to the International Association for the Study of Pain (IASteparthritis (OA) is

the most common joint disorder wondde, affecting aproximately 3% of senior citizens
(IASP, 2009) arge scale studies on the prevalence of osteoarthritis in Spain are carried out
by the Spanish Soety for Rheumatology (SERhis Societgstimated a similar prevalence

of 43% in the general Spanish population in year 2008no Montoro and Cases GOmez,
2002) To this respect, only knee and hand OA exhiell-documented national data,
remaining other locations (e.g. hip, neck or column) undocumented, extrapolated from
foreign studies or only partially analysed in small cohort of patients by individual groups
(Alegre De Miquett al., 2011;Garriga, 2014{table 3).

Age

Affected joint 4049 5059 6069 7079 >80 general

prevalence in men 24% 556 18.1% 167% 14.3%| 5.7
prevalence in women| 4.4% 13.3% 37.2% 44.1% 29.1% | 14.0%

prevalence in men 2.3%
prevalence in women 9.5%

knee OA 10.3%

hand OA 6.2%

Table 3. Study on the prevalence and impact of rheumatic diseases carried out by the Spanish Society for
Rheumatology (EPISER 2000 profé)ctThere might be variations in OA prevalence depending on the different diagnosis
criteria (e.g. symptomatic, radiologic or both) used in populatiased studiegComas et al., 2010l the data herein
mentioned come from the EPISER 2000 project.

Until very recently, prelinical research on OA wasainly focused on the study of the
progression of the disease rather than on the chronic pain associated tacdhdition
(Ayala and Fernanddzapez, 2007)Nowadays pain is just considered the major syonp

of OA and also the major determinant of functional loss. Factors proposed for contributing

*" EPISER 2000 project consisted on a study to determine the prevalence of lumbalgia, hand and knee OA, rheumatoid
arthritis, fibromialgia and dsoporosis in the Spanish population. It also counted on the development of a pilot study

on the prevalence of systemic lupus erythematosus. Basically, a populss®d survey was conducted in 20 Spanish

cities to 2.998 individuals over an age of 20,dam selected and clasified according to age and sex. Subjects were
also examined in minute detail by trained rheumatologists according to a standardised protocol and criteria in

accordance to the American College of Rheumatology and the WHO were gidigdona, 2001)
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to this complex pain syndrome include biological, psychological and social framework, the
sum of which may explain the discrepancies found between the degré¢eindifdamage

and the severity of pain in different patienfslunteret al., 2009)(table 4).

> Motor disfunction
I ; ] .

STRUCTURAL PATHOLOGY [—,> PERIPHERAL NERVOUS SYSTEM [—,> SPINAL CORD GATING C——,> CORTICAL PROCESSING

synovitis T innervation density referred pain affective integration
nerve injury T receptor expression muscle hyperalgesia cognitive integration
bone sclerosis T neuropeptide expression
cartilage erosion neuroinflammation
angiogenesis spontaneous firing

neuronal sensitization

Table4. Biological and psychologicah€tors contributing to OA pain(1) Structural pathology Under certain conditions

knee structure undergoes cartilage erosion, disrupted bone metabolism and local proinflammatory processes that lead to
synovitis and vascular and nerve remodelli(®.Peripheral nervous systenNeuro -inflammation and-sensitiséion at

the peripheral terminals may cause hyperexitability of nerve afferent fibres leading to spontaneous(8jirdtered

spinal cad gating. Continuous discharge at the spinal dorsal horn might result in synapse plasticity and cause disruptive
phenamena such as referred pain and muscle hyperalgesia even though the pain source originates at the kn@g joint.
Altered cortical processiny. Past experiences and sociocultural background may influence subjective judgment of pain
and lead to dysfunction oflescending noxious inhibitory contraMotor disfunction. Tissue injuryand consequent
release of proinflammatory molecules may leadcttanges in the environnme bathing nociceptor terminals, resulting in
lowered thresholds and increased responsivenesstimuli. Additionally, ypertrophy of the capsule causes movement
restriction and during the healing feedback response, this immobilization can originate developing small fibres to adhere
with the surrounding tissue leading to ectopic discharge and dtimisinterpretation by the spinal cord and brain.

Despite the underlying chronic pain condition, whetl@Ahas a neuropathic or a rather
nociceptive component has long been subject of de@embeet al., 2004;Hochmanet

al., 2010;Kellyet al., 2013. National(Oteoet al,, 2013)and internationalHochman et al.,
2010)clinical studies have recently shown up the presence of a neuropathic component in
not less than33% of all cases diagnosed as chronic knee joint pain caused by knee
osteoarthritis. That saidyoth peripheral and central sensdtion ae relevant elements in

the pathology as elicited for clinical evidence in the recent y¢ArendtNielsenet al.,
2010;Finanet al.,, 2013) In fact, all indicators of paisensititsation (both peripheral and
central) have been observed in patients with knee osteoarthritis to a greater or lesser
extent: hyperalgesia, allodynia, spatial summation, temporal summation ¢udnd
aftersensations(Hardenet al., 2013; Skouet al, 2013) On the one hand, peripheral
sensitgation is normally related to local and neurogenic inflammation, which shows up
mainly as primary hyperalgesia and aftersensations but litly primary allodynia. On the

other hand central sensgation is characterised by allodynia and hyperalgesia spread to
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adjacent and remote sites from the affected joi(gpatial summation) and may involve

impared descending pain modulation mechanigi@surtneyet al., 2012)

4.1.1Pain associated with osteoarthritis of the knee
During osteoarthritis, the impediment of articular mobilization makes the pressure
exerted by the synovial liquid in the articular space to be too much to allow the
nutrients to get into thechondrocytes hence the cell cannot produce the fibres needed

for repairing the ECM of the cartilagBeyreutheret al., 2007)

The knee receives a nerve supply from cutaneous nerves in the overlying skin, branches
of peripheral nerves passing near the joint (primary ms)v and branches of
intramuscular nerves crossing the joint capsule (accessory nei#@g)¥). Most
afferent fibres in articular nerves are unmyelinated, comprising C and sympathetic nerve
FTAONBAa® | SIF@At e YeSt Ayl (SR restompride@bad 20%l vy R
of the total fibres(Kidd, 1996) These sensory nerves respond to mechanical stimuli such
as stretching of the joint capsule but also to chemical inflammatory mediators, which
may directlystimulate silent nociceptive fibres or sensitise them to mechanical stimuli.

All types of afferences (nociceptors or not) may be implicated in the pathophysiology of
osteoarthritic pain by means of peripheral sersition and neurogenic plasticity may

operate at both, peripheral and spinal levels.

33



INTRODUCTION

muscularand

saphenous nerve . oneous branches

A
POPLITEAL
FOSSA

infrapatellar
branch

cutaneous
branch

sciatic nerve

tibial nerve

common peroneal nerve

Figure #. Knee joint innervation.The femoral nerve innervates muscular and cutaneous tissues of the upper tight
and leg. The terminal cutaneous branch of the femoral nerve is the sapisemerve Saphenous nerve divides into
three branches at the knee joinall gathered in the infrapatellar branch, but also continues downstream to the feet
basically innervating skin tissueSciatic nerveénnervatesthe lower leg and foot andevides intwo branches at the
popliteal fossathe tibial and the common peroneal nerves. The tibial nerve gives rise talartienuscle and skin
branches, whereashe common peroneal nerve gives off articular and cutandtaisral suraherve)branches

In the rat, 80% of all knee joint afferent nerve fibres are nociceptive. Nociceptors are
located throughout the entire joint, including the capsu{®icDougall, 2006)ligaments
(McDougallet al., 1997) tendons, menisci, periosteum and subchondral b@dach et

al., 2002) Even the synoviuncontains a good supply of large! imiddle6o ! + 0 | YR
smalldiameer (C) axongWenham and Conaghan, 2009)he former are especially
located around the larger blood vessels and responsible for the control of articular
blood flow, while the middleand smalsized are basitly silent and responsible for
pain transmission only during tissue damage or when seaditiluring an inflammatory
response(McDougalkt al., 1997) Paradoxically, the cartilag®dcCormaclet al., 2009)

the primary site of injury in OA, is avascular and ane(iBara and Miller, 1987;
Henrotin et al, 2005) This may explain why in the early st the joint is usually

asymptomatic.

However,innervation of the diarthrosis under pathologic conditions is notably different

from that of normal state. Under pathological conditions, the sensory and sympathetic
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nerve fibres are absent in the superficeynovia and in areas of intense inflammation,
whilst deeper synovia keeps its innervation around the vegsmist al., 2010) Contrary

to this, nerve and vascular ingrowth have been reported to occur in damaged
osteoarthritic cartilage(Fig.55) (Ashraf and Walsh, 2008This may suggest that the
inflammatory soupstraining from the nearby \gsels may produce different effects

depending on the tissue phenotype where it is released.

Osteoarthritic pain initiates with a mild intraarticular inflammation and degeneration of
the articular cartilage and the subchondral bon@eyreuther et al, 2007)
Overexpression of matrddegrading proteases and pronflammatory cytokines
contribute to the progression of the pathology by diverse mechanisms involving-down
regulation of anabolic processes and-rggulaion of catabolic and inflammatory
responses (Kapoor et al, 2010) As a result, higthreshold mechanoreceptors,
polymodal nociceptors, and "silent" nociceptors in the joint capsules and ligaments
become sensited, reducing their activation thresholds and increasing the firing rate of

action potentials to the spinal dorsal horn.
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Figure B. Vascularization and innervation of the articular cartilage in the knee under normal and pathological
conditions. The degradation of cartilage results of the combination of mechanical stress and biochemical {agtors.

OA generally initiates with mechanical erosio). Particles released from the knee cartilage to the interstitial fluid

LINR @21 S 20y SR80 0E¢ 2y AYYdzyS 0OStta Oldzaay3a (GKS 22Aiayid Ol
connective tissue and causing the articular spacdisbend the capsule. Initial thickening of the synovial membrane

and capsule causes the knee cartilagestop being lubricated, being deprived of the nutritional suppdy.Thus, the

cartilage loses its capacity to tolerate tensions, breaks up and thins, remaining in turn the subchondral bone exposed.
Next there is an increase of the emerging bone mdsalang the articular line, together with angiogenesis and nerve

growth at the epiphyseal plate of the metaphysBissures in the cartilage on the one side and subchondral
angiogenesis on the other side increase permeability allowing further plasmaocefiser the cartilagebone unit

eroding
cartilage

Despite the clear evidence for a central role on pain production in OA, current
treatments are chiefly palliative and aimed at peripheral mechanié@srdanet al.,

2003 Barron and Rubin, 200Benito et al., 2009 (table 5). There are, additionally, a
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few drawbacks associated with many of the drugs being used. For instance, analgesia
induced by perior intra-articular knee infiltration with corticorsteroid@Nittich et al.,

2009 Eturk et al., 2019 or local anaesthetic§Creameret al, 1996 Ekeret al,, 2008;
Jorgensenet al., 2019 lasts only 23 weeks and requires multiple injections. Intra
articular hyaluronic acid for its part has not proved to achieve greater effects and results
from different studies show to be controversi@lo et al., 2003 Arrich et al., 2005.

Other conventional treatments such as NSAID have shown both insufficient efficacy and
gastrointestinal or cardiovascular side effe¢@aldwellet al., 1999;Brandt, 2003 van
Laaret al.,, 2012). On the other hand, topic capsaidikosuwonret al, 2010;Laslett and
Jones, 20143nd oral SYSAD&A(Clegget al., 2006)have recently postulated as good
alternatives as presenting more remnant analgesia and avoiding secondary effects of
NSAID However, physicians usually turn to the use of combined therdpieeating

osteoarthritisknee paif’.

Type of administration Treatment

paracetamol (acetaminophen)
NSAID

ORAL opioids*

tramadol

SYSADOA (glucosamine sulfate, chondroitin sulfgaeetylrhein)

local anaesthetics (lidocaine)
TOPICAL NSAID

capsaicin

corticosteroids
INTRAARTICULAR | hyaluronan (SYSADOA)

local anaesthetics

Table 5. Current pharmacological treatment on knee osteoarthritiS.rreatments for OAnee pain are luiefly

palliative and aimed at peripheral mechanisms, exdset use of tramadoblnd opioids which can bind receptors

located in the CNS. Treatment guidelines recommestatting with paracetamohs the first-line therapyfor oral
administration, followed by NSAID, opioids and tramadol. Patients not responding to paracetamol na@ twillin
undergo further systemic therapy are prescribed topical administration as a -stame therapy or in combination

with oral drugs. Condroprotective drugs (SYSADOA) may be also given as coadjuvants to oral paracetamol. While
paracetamol achieves acutgain relief, these medicines provide lotigerm acting but prolonged effect and are
considered as diseasmodifying drugs. The latter effect can also be appreciated with 4attigular therapy however,

this is an invasive technique and requires both ageponditions and spacetime administrations.

* SYSADOA = symptomatic slow action drugs for osteoarthritis.
# A consensus document on pharmacological treatment of OA elaborated by the SER is recommended for further

reading(Blanco and de la Sociedad, Panel de Expertos, 2005)
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4.1.2 A model of osteoarthritic pain chemically induced by monosodium iodoacetate.

Experimental animal model systense intended to best imitate syndromes and
pathologies currently occurring in patientsd to this purposethey are decisive to
complement osteoarthritic studies from clinicians in human beings. They provide a
means for studying the pain mechanisms involved in such a heterogeneous disease and
give cause to survey correlating symptoms ihastchronic pain conditions in order to

develop more efficient therapies.

However, despite the robust similarities to the human disease, achieving identical
overlapping is a matter out of reach. To this regard, infiltration of the chemical agent
monosiodum iodoacetate (MIA) into the articular cavity of the katee reproduces the
knee degenerative disease observed in clinics in a very preciseSvee the articular
cartilage lacks vascularization, the metabolism in chondrocytes acts at low oxygen
tensions, being the majority of the energetic requirements satisfied by anaerobic
glycolysis. In the MIA modeMIA bindsthe active site of glyceraldehyephosphate
dehydrogenase (GAPDH) enzyme rendering the enzyme useless. As a consequence, the
following steps in glycolysis are inhibitedherefore, the blockade of glycolisis leads to
their own cellular death and subsequent disruption of articular cartilgdebvreet al.,

2011)

Attending to a physiological context, MIA induces hind paw distal tactile allodynia and
thermal hyperalgesia(Prochazkovéaet al, 2009) and knee proximal mechanical
hyperalgesia that correlate with the presce of activated spinal microglia and astroglia

typical in central sensgation (Sagaet al.,, 2011)

From a clinical point of view, MIA induces synovitis followed by cartilage thinning,
development of fissures and disruption of deeper zones in direct contact with the
subchondral bone. Inflammation of the synovium and capsule is apparently resolved by
day3-7 and is not considered to play a role any more in pain production. This first phase
mainly consists in the interaction of plasmatic proteins and inflammatory products with
resident fibroblasts to restore the cartilage surface. Hence, while neutrophits a
macrophages remove the dead tissue and cellular debris, other incoming cells together

with resident fibroblasts form a granulation tissue, which starts as a laxe connective
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tissue that ends up by progressively densifying and even producing cartilasgpamia
areas in order to patch the damaged ardag(B6A). Subsequently, patches of new
forming tissue extend to the calcified cartilage and repair of the deep zone occurs during
the second week pos¥llA (Boveet al,, 2003 Combeet al., 2004. During this process,
remodelling of the superficial zone can however cause an excess of deposits that may
turn towards an outgrown, thickened fibrotic phenotype, leading to aberrant
architecture and functionof the normal tissue. That is, the development of a
fibrocartillaginous callus or fibrous pannus that, in case of a natural normal fracture
would serve to join the bone fragments but, in this case (chemically induced OA), it

often makes the femoral and tiédl condiles to stick togetheF{g.16B).

____________ .
: B

Femoral
condyles

Tibial
plateau
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resting ca rtllage HEALTHY MIA-INDUCED QA

proliferative zone

hypertrophic zone

tide mark

calcified cartilage
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subchondral bone . |
cancelious bone |

A HEALTHY MIA-INDUCED OA

Figure B. A. Representative micrograph of a toluidinblue stained section of the tibial plateau in a healthy (left
side) and MIAinduced osteoarthritic (right side) knee22 days postinjection. Healthycartilage is made up of three
well-diferentiated zones: 1) superfitial tangential zone (320%), 2) middle zone (4®0%), 8) deep zone (3th)
Proportion of each of these zones is altered in the pathological cartigang OA processhe superficialzone,
consisting in the resting cartilageavy blue) thins or completely fades away. Structural disruption of the synovial
membrane allows plasma tmassivelyenter the intraarticular space and the wound (before, referred adicular
surface) is coverk by a wave of formed elements secreting cytokines, growth factors and plasmatic proteins that
serve as the basis for the resident cells to adhere and start to repair the wound (light blue). During the repairing
process, resident cells in the middle zopeo{iferative zone) start to proliferate together with the invading cells that
infiltrated into its clefts and fissures; then migrate to the surface and occasionally produce new caRiladédatked
damage can also affect the deep zone from the calcifdilage and show decreased thickness. The tidemank
demarcation line between calcified and articular cartitagghifts upwards, representing a thinning of the overall
articular cartilageNote excess pannu@ ) formed in the joint between femur and tid with the disruption of the
synovium (dottedine box) B. Gross appearance of the knee joint following surplus fibrosi,days postMIA.
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4.2 .Postsurgical pain

Nearly every surgery evokes postoperative pdihis is often classified within the acute
pain category regarding the ailmeduration, which in many cases in more or less short
order resolves, but may shift into a rather outlasting subchronic pain state in some
therapyresistant case§Deumenset al., 2013) To this respect, the IASP defined persistent
postoperative pain as the pain state that generally lasts more than two months after
surgical intervention and cannot be explained by other caySetiug and PogatzKahn,

2011)

During the last decade an increasing number of articles enhatre@dition into chronic
postsurgical pain as a not soncommon event involving physical remodelling of the
neuronal network structure. In fact, plastic changes such as temporal and spatial
summation at distant sites to the wound have been reported, whence peripliBrahnan

et al, 1996)and central(Obataet al.,2006;Ito et al., 2009;Chenet al., 2012)sensitsation

are considered important hallmarks of this Ielagting postoperativéPO)pain.

Despite the existence of guidelines to surgically proceed on the basis of consensus and
introduction of new interventional and anaesthetic techniques, postoperative pain
continues to be largely undermanagéd/u ard Raja, 2011and insufficiently represented

in clinical literaturg(Kissin and Gelman, 2012)

In order to investigate the pathophysiological mechanisms of this persistent postsurgical
pain and to evaluate novel analgesic therapeutics, preclinical models of postsurgical pain

have been developed.
4.2.1.Incisional model of pain

The typical model of ina@nal pain was first charactegad by Brennan and ds.
(Brennanet al., 1996) Considering that pain caused by inflammation, nerve injury or
incision is constructed by different pathophysiologic mechanisms, théoasit
designed an incisional model for postoperative pain able to sensitise on the one hand
LINRA YI NB | FF S NibrgsD &d ondthetother faRd wide dynamic range
(WDR) neurons in the spinal dorsal hqfPogatzkiet al, 2002;Zahnet al., 2002;

Banik and Brennan, 2004)his model is based on a surgical incision performed on
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GKS LIXFYydFN aLISOG 2F GKS yAYlf QswralKAyYyR
and tibial nervesKig.I7) and results in an increased responsiveness to tactile and/or
heat stimuli at sites immediately adjacent (both) and remote (only the former) to the
incision(Zahn and Brennan, 1999 other words: the development of primary and

secondary hyperalgesia.

PATIENTS:

SCIATIC NERVE

saphenous sural tibial

:| ’ | = - r intermediate area area of 2°% hyperalgesia

II|

) 4 )
!'fil. {| l !"Ju l L—-”

FEMORAL NERVE ~ SCIATIC NERVE |area of 1*Vhyperalgesia J

Figure 7. Cutaneous innervation on the sole of the foot in human patients and on the plantar aspect of the
hind paw in rats.Saphenous, sural and tibial branctafshe femoral (the former) and sciatic (the latters) nerves

are shown Areas of primany YR a4 S02y RI'NE KeLISNBESyaAirGA@gaae RSGSOGSR
paware also shown (dotted line box)2 to L6 correspond to lumbar sections of #genal cord, whilst S1 matches
the sacral region. Note that S1 region in human patients corresponds to L6 in rats.

Immune cells play a controversial dual role at the incision site in surgical wounds, as
they not only contribute to the inflammatory and noeptive response during wound
healing but may also initiate the sens#tion of peripheral nociceptor@dMagerl and

Klein, 2006 Voscopoulos and Lema, 2010
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Observations derivative fronthis model may lead to test theories of sensition
and plasticity in postoperative pain but also to assess the contribution of different

analgesic drugs and therapies to the management of incisional pain.

Re@rding a basic science context, the pain incisional model in rodents is a well
characterised method to assess morphigerived pre or antinociceptive effects
Regarding this last point in particular, diverse studies seem to indicate that reading of
opioid induced hypersensitibilityQIH apparently depends on the nature of the
model and on the tests used for measuring the experimentally evoked paiwmite

but a couple of examples, a single medium/idase of morphine administered
subcutaneously into thekin of the back prior to the surge(Zlarket al., 2007)has
shown to reduce early proinflammatory cytokines levels within the wound
environment, with the consequent although shdasting antinociception. In the
same line, an intrathecal administration of higbse morphine(Nagakuraet al.,
2008) results in supression of surgically induced pain immediately after incision.
However, information about chronic morphine administration is still confusing. To
our knowledge, Sinatra and Ford suggested for the first tthee hypothesis that
chronic (but not acute) high doses of opiates in animals with peripheral nerve
damage could negatively affect the proliferation of Schwann cells (and other immune
cells) and induce the inhibition of myelin debris remo{@inatra and Ford, 197.9)
This was later followed by the discovery of opiates affecting other imniileecells
such as the gliak-or instance, studies on repeated administration of high systemic
doses of morphineshow hypetrophy and overexpression of several molecular
markers in spinal glial cells, what is related to facilitatiopah transmissior{Song

and Zhao, 2001Cuiet al., 2006) Furthermore, chronic subcaheous administration

of medium/high doses of morphine starting prior to surgery fails to reduce
hypersensitivity, slowing down the course of recovery and enhancing molecular
changes in microglia during several dagsevidence of changes in neural plastic
(Horvathet al., 2010) Additionally, enhanced levels of proinflammatory cytokines at
the pertincisional skin area have also been reported under chronic high doses of
morphine (Lianget al., 2008) This could be explained by the development of a

physiological tolerance to morphine immunosuppressive eff@éiestet al., 1997)
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OBJECTIVES

Animal pain modelsare basically used for two reasors:explore the mechanisms that underlie
both physiological and pathologal pain, and to study or develop currently existing or new

syntheticanalgesic drug#\ccording o this

1 On the onehand the present work intendetb accuratelyassess the nocicepte thresholds

in animals suffering fronesteoarthritis-inducedkneejoint pain,

1. to achieve therefore a betteunderstanding ofthe chronicpain state
2. to study the role oftoll-like receptor 4 TLR4 by meansf aTLRAlockingmoleculeon:
a. hampering the development of thelisease

b. diminishingnociceptiononce thediseasdas developed

1 On the other handthe work alsoaimed to evaluate the nociceptive thresholds ina rat

mode of incisional painto study the role oftoll-like receptor 4 TLR4 by means of a TLR4

blocking moleculeon time recovery andthe mechanisms involvedn such an acute pain

State.

1 An additional objective consisted studying theinvolvement of gliain the maintenance of

both, osteoarthritic and surgical pain.
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MATERIAL AND METHODS

1. Experimental animals.

Adult male Wistar rats obtained from Harlan Interfauna Ibérica (Spain) were used for all
experiments. The animals were housed in clear plastic cagésréds/cage) under standard
laboratory onditions: temperature (23 £ PC), humidity (50-55%) and light(12/12-h light/dark

cycle; lights on at 7.30) controlled rooms with standard rodent chow and water ava#able
libitum. All rats were left at least for five days to be acclimatized in the environment of our animal
facilties before the initiation of any experiment in accordance with animal protection standards
(BOE, 2005Capdevilaet al., 2007) After observation of spontaneous behaviour in order to ensure
there was no anomalous response, animals were randomly assigned to treatment or control
groups. An observer who was blind to drug treatment conducted all the behavioural assays. All
animal procedures were carried out following a protocol that was approved byEtécal
Committee of Universidad Rey Juan Carlos (URJC) and in agreement with the guidelines of the

International Association for the Study of Pain (IAZPhmermann, 1983)

2. Surgical procedures.

2.1. MIA model ofosteoarthritic pain.

OA was induced in rats (weighing 2260 g or 25Q300 g for i.p. or i.t. administration
respectively) by intraarticular infiltration of monosodium iodoacetate (MIA) into the knee
cavity. As it has been previously reportédchuelert and McDougall, 2008chuelertet al,,
2010, iodoacetate produces a very persistent degeneration of the knee articulation that

reaches its maximum state on week two up to four.

Briefly,animals were aaesthetised with 0.3 ml/ 100 g (i.p.) Equithesin (176 mM MgB®O,

5.6% Dolethal Vétoquinol S.A., 5.62 mM propylene glycol Codex®, 254 mM chloral hydrate
SigmaAldrich®, 11.4% absolute etharfBl)A single intraarticular injection of 2 miglIA
(SigmaAldrich®) in 50 y{Pomonis et al., 2005Cifuenteset al., 2010)physiological saline

¥ For animals receiving intrathecal (i.t.) drug administration, MIA was given under isoflurane anaesthesia. The main
reasons for this decision were: (1) chloral hydrate was forbidden &m 6813, (2) i.t. administration was performed
subsequent to intraperitoneal (i.p.), and (3) during the Thesis we found out in the literature that isoflurane induced

less side effects than any other anaesthetic.
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(0.9% NaCl) was given through the inpatellar ligament of the right knéé(Fig18). The
dose of MIA was based on the previous literat(@iferninoughet al.,, 2004 Kalffet al., 2010.
Control contralateral hind paw received a single irdrécular injection of normhasaline (50
> f(Boveet al., 2003;Cialdaiet al., 2009) 50 ul saline was also intaticularly administered

into both knee joints in a distinct control naive group. All injections were exedutadeans
of a 30 G insulin syrind8ecton Dickinson)Clementst al., 2009)

Bl Equithesin

: knee joint (
C.I*‘_,

. diarthrosis - %
I +

’

glycolisis disruptor |

30 G syringe needle

Figurel8. Chemicainduced model of osteoarthritic pain: knee joint injection.

2.2.Intrathecal surgery: osteoarthritic pain.

Intrathecal surgery was performed as previously descrifidtsunagaet al., 2007 Avila
Martin et al., 201) with slight modifications. Briefly, rats were surgically prepared under
pentobarbital (Dolethal, 0.225 riig?, i.p., Vetoquinol) and% xylazine (Xilagesic, 0.43kgt,
i.p., Calier) amesthesia, followed by an atropine dose (0.05kut, B. Braun) in order to avoid
spasms and bradycardia. In addition 0.1 ml of antibistis administered (Enrofloxacin, 26

Baytril®, Bayer) after surgery, followed by daily doses up to four days. A commercially

*In Portugal knee joint injection was perfoed into the left knee in a volumen of 25 ul with a 26 G needle, and
contralateral knees received no injection.
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available polyethylene tube (I.D.: 28 mm O.D.: 61 mm;-12E Becton Dickinson) was
purchased for catheter implantation anekternalized to the back of the neck. Immediately
before surgical implantation the catheter was sterilized with absolute ethanol, and thoroughly
washed with sterile physiological saline. Following skin incision and blunt dissection of the
muscle layers oveying the vertebrae, a small hedaminectomy at the vertebral L5 level was
performed (spinal Co3). The exposed Co3 dura was subjected to a small durectomy with iris
type scissors so that the tip of the intrathecal catheter could be inserted rostrallyneaiilly

on top of the spinal cord with a final position just below the intended L5 delivery site
(vertebral L1). The area was cleaned to permit catheter fixture with cyanoacrylate glue to the
L6 vertebrae. The percutaneous end of the intrathecal cathetes finally secured by
inserting it through a small cutaneous incision at the base of the cranium, whereupon it was
filled with sterile saline and tapped with a custemade steel wire. Artificial dura mater
(Neuropatch, B. Braun) was placed on top of imeall tear and the overlying muscle layers
were ligated with a continuous-@ polyglycolic acid absorbable suture. Skin was finally closed
with individual 20 silk suture stitchesH{g19). Rats were housed individually and carefully
observed during recovg. Animals showing neurological deficits after surgery were not used.
Four days following implantation of intrathecal catheters, new baseline measurements were
taken and rats were given a single in@gicular injection of MIA(Liuet al, 2011)or saline

accordingly under isoflurane aasthesia.
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Figure 19. Intrathecal surgery. ARepresentation of the skeleton of a reB. Schematic representation of topographic
relations of spinal cord and vertebral colum@. Cross section of the spinal corB. Laminectomy and cathetestion
performed on a ratSince nomenclature of the vertebral bodies does not correlate in space to the same spinal segments,
catheter tubes had to be introduced 1.46 cm upwards through thedatdd space in order to reach the desired site for the
release of the drugs (as shownArandB).

2.3.Surgical incision: incisional pain.

Surgery was performed according to the rat model of incisional pain developed by Breinnan
al.(Brennanet al., 1996)with slight modifications Kig20). Rats (weighing 25300 g) were
anaesthetised with 2% isoflurane delivered via a nose cone. The right hind paw was prepared
in a sterile manner applying a % povidoneodine solution (Betadine®) onto its plantar
aspect and a dcm longitudinal incision was made through skin and fascia, starting 0.5 cm
from the proximal edge of the heel and extending toward the digits. The plantaris muscle was
then elevated on a 23 G hypodermic needlaldikewise incised longitudinally. Haemostasis
was achieved with gentle pressure and the skin was gathered with 2 mattress suturés of 5
nylon. Finally the wound site was covered witipical antibiotic ointment (0.2 nitrofurazone,
Furacin®) and the anats were then allowed to recover in their cages. The left contralateral

paw remained intact.
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isoflurane
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the surgical site 3
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Figure20. Surgical incision.

3. Invivo assays.

Behavioural experiments.

Limb nociception was assessed by tactile, thermal and mechanical sensory testing as

described in the following lines.

3.1. Von Frey test.

During the Thesis, depending on the model being used, von Frey filaments or electronic

von Frey were used for an optimal characsation (Fig21).
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applicatio[\,/{y;;‘
site o

Figure21. Von Frey test.

During two days previous to behavioural assessment and every test day before the
experiment, animals were placed in a Perspex chamber with a mesh metal floor and
allowed to acclimatize. When using von Frey filaments, atfivparadigm was assumed.
Essenilly, von Frey filaments where applied five times in a row perpendicular to the
mid plantar surface of the hind paw while the animal standing still on its four paws. The
five-trial process was repeated three times only if four out of five trials achieved
response; if not, we moved on to the next filament (from low weight to high weight)
until we achieved foufive responses in a thregeriatrow. That is, we pursued an all or
nothing responsdgFerreiraGomeset al., 2008) When using automated electronic von
Frey, (Ugo Basile), the response threshold to innocuous light touch on either hind paw
was measured as previously described with minor modificat{évisitesideet al., 2004)
Electronic von Frey monofilament was applied perpendicular to the mid plantar surface
of the hind paw and held until a response was achieved. The mechanical stimulation was
maintained for 2 s and a total of three readings were taken fohe@t at each time
point. Average of these three readings was determined and used for subsequent

analyses.

3.2. Pawdlick test.
The response to noxious thermal stimulus was determined using a thermal plantar
devise (Ugo Basile, Italy) in a modified Bennett and NH NB | @ S@adnetyéhd K 2 R
Hargreaves, 199QFig22). Briefly, similarly to the previous test, rats were allowed to
acclimatize to the test conditions two days preceding the experiments and ten minutes

on every test day before behavioural assessment by being placed within a plastic

52



MATERIAL AND METHODS

3.3.

compartment on a glasddor. A light source beneath the floor was then aimed at the
mid plantar surface of the hind paw. The withdrawal reflex interrupted the light and
automatically turned it off remaining the time for latency withdrawal recorded. Average
of three measures -5 min apart was recorded. The intensity of the heat source was
adjusted such that baseline latencies to withdrawal wer&08s, with al5 s cut off to

avoid tissue damage.

application|

—

Figure22. Pawdlick test.

Knee bend test.

To assess the sensitivity to a naturakechanical stimulus such as the krAsend
movement and therefore, to elucidate the existence of proximal hyperalgesia, a knee
bend test was performed as described by Ferr&i@meset al. (FerreiraGomeset al.,
2008)in a rat model of MIAnduced osteoarthritic painAll animals were habituated to
the experimenter and to the test for a period of one week before recording any value.
The test consisted on recording the number of squeaks and/or struggle meacin
response to five extensions and five flexions of the knee j@tig. 23) and scored as
follows:

Score| Type of reaction

0 No response

0.5 | Struggle occurs to maximal flexion/extension
Struggle occurs to moderate flexion/extension
Vocalgation occurs to maximal flexion/extension
2 | Vocalgation occurs to moderate flexion/extensic

1

The sum of the recorded reactions (with a maximal feasible value of 20) represents the

kneebend score.
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3.4.

Y e F EXTENSION

051

Figure23. Knee bend testStr. = struggle; voc. = vocaliion.

Catwalk test.

The Catwalk test was used to evaluate the disability induced by the OA model and the
disconformity after receiving the treatmer(FerreiraGomeset al., 2012) OA animals
show a decrased weight bearing in the osteoarthritic limb probably due to increased
sensitivity. In this test animals are placed in a glass platform located in a dark
compartment and allowed to walk freely. The surface is mildly water sprayed and a light
beam from atubular fluorescent lamp illuminates the platform in order to reflect the
light downwards only at the points of contact of each paw area with the glass platform,
resulting in a bright sharp image of the paw priRig24). The intensity of the paw print
signal increases with the area of the paw in contact with the platform and with the
pressure applied by it. Therefore, the total ipsilateral paw print intensity is quantified by
determining the area of the paw in contacittvthe platform, in number of pixels, and
multiplying it by the mean intensity of each pixel, giving us the overall intensity of the

paw print.

The platform was monitored by a video camera with a wadgle objective, placed
under the glass platform anconnected to a computer equipped with video acquisition
software (Ulead Video Studio, USA). Six random frames of the videos recorded during
the rat evaluation were obtained: 3 frames with the animal walking (corresponding to
spaced time steps of consecudicontralateral and ipsilateral footprints) and 3 frames
corresponding to distant trials with the animal standing still. The number and intensity
of pixels above a defined threshll were quantified using Imagdel.47, allowing the
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comparison between the asépressure applied by each paw. Results were expressed in
total intensity of the ipsilateral hind paw as a percentage of the total intensity of both
hind paws.

Computer equipped with video software

glass platform

tubular fluorescent lamp

video camera

weights

random
frames

Figure24. Catwalk test.

4. Drugs used.
4.1.TLR4AL

Based on the studies carried out by Piagzal (Piazzeet al., 2009)on in vitro cell cultures

andin vivosepsis model in mice, we reproduced a benzylammonium lipid to be tested in our
invivoN} & Y2RSf &deaidSvya GKIG ¢S yAl)YASTRR4linkibitar ¢ [ wn
molecule (TLRAL) with target on its cemeceptor CD14 proteir{ArroyoEspliguero et al.,
2004)was synthesized as previously descrilfPthzzaet al., 2009;Peri and Piazza, 2012ahd
presented in a 9:1 ratio of 0.9% saline and ethanol. For intrathecal administrationsAILR4

was diluted only in sterile saline.

TLR4A1 synthesis was modified by Dr Quesada starting froooramercially available and
inexpensive compound (methytD-glucopyranosidejFig25). The identity and purity of the

compound was confirmed and verified by HPLC analysis and NMR
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Figure25. TLR4A1 molecule.

4.2. Otherdrugs

Morphine sulphate was purchased from SigAldrich Quimica (Spain) and diluted in 0.9%

innocuous saline.

All i.p. administréions consisted ora total volumeof 0.5 ml. On its part, i.t. administrations
consisted on volumes of 0.01 ml preceded and folldviiy 0.01 ml sterile saline. All drugs

were freshly prepared on the day of the experiment.

Experimental and drug administration protocols.

a) MIA-induced model of osteoarthritic pain.
In order to assess the time course and chronicity of pain in the mdaghavioural
assessment was first performed during addy period after the infiltration of 2 mg MIA.
The role of TR4targeting chronic or nociceptive pain was investigated using a new
synthetic experimental compound: TL-R4 (Table 6). Intraarticular mjection was given
subsequent to habituation to the test environment and after recording baseline values (day
0). Data were then registered from postoperative day 7 onwards as follows: on days 7, 14

and 21, and alternatively on days 28, 35, 40 and 50 too.
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Acute administration of TLRAL upon the development of osteoarthritis
blank group 'y control

MIA group TH control

MIA group+ 10 mgkg® TLR4A1 (i.p.) on day 14

Chronic administration of TLRAL upon thedevelopmentof osteoarthritis
blank group 'y control

MIA group TH control

MIA group+ 15day treatment with 10 mg-ngTLR4A1 (i.p.)

g e N I ) P

3. Chronic administration of TLRA1 parallel to the induction of the osteoarthritis
i.p.administration

1 blank group ™ control

1 MIAgroup TIb control

1 MIA group+5-day treatment with 10 mg(g'l TLR4AL (i.p.)

i.t. administration

1 blank group + surgeryl'h control

1 MIA group+ surgery b control

MIA group + surgery 5-day treatment with 0.1 mgg'1 TLR4A1L (i.t.)
Table6. Pharmacological treatments evaluated in the MiAduced model of osteoarthritic pain.

a.1l)Acute systemic administration.
In order to determine the anthociceptive properties of the TLRML compound after
the onset of the pathology, animals were given a single dwseday 14after MIA
injection. This also enabled us characterize the time course of drug effeGflLR4A1
acue treatment consisted on a single dose (10 ‘kag) on day 14 and animal
behaviour was evaluated before @80 min,60, 1 h 30 min, 2 h and 3fbllowing the

administration(Fig26A).
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Figure26. Experimental protocol followed athe FMUP. AAcute administrationB. Chronic administration.

a.2)Chronic systemic administration.
In the protocolfollowed at the FMUP, chronic treatment with vehicle TLR% or TLR4
Al (10 mekg) itself consisted omaily administratiors during 15 days startingn day
14. Behavioural tests were carried out on days 3, 7, 14 and 15Mdsinjection and
on days 18, 20, 22, 24, 26 and 28 before and 1 h after drug administ(&ig26B).
In the protocol followedin Universidad Rey Juan Carlos (BB3C), vehiclef TLR4A1
or TLR4Al alone (10 mgkg*, i.p.) was daily administered during five consecutive days
starting on day O posMIA injection. Withdrawal thresholds for tactile allodynia
(electronic von Frey) and heat hyperalgegiawflick test) in 2 mg MIAand sham

salinetreated knees were evaluated on the aforementioned défig27A).
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S

TLR4-A1 diluted s‘;—
in a 9:1 ratio of
saline:ethanol

TLR4-Al
diluted
in saline

T 8 e

1 11 sacrifice
habituation nnu an» sacrifice

2 mg MIA Timeline of the behavioural tests

Figure 27. Experimentalprotocol for chronic administration of TLRAL followed at the FCSJRJC. Ai.p.
administration B. i.t. administration.

a.3)Chronicintrathecaladministration.
Two different baseline thresholds were recorded for groups undergoing intrathecal
surgery: just before cathetesation and four days after the surgery was performed.
Rats with no motor or sensitive impairment were classifietb inontrol naive or
osteoarthritic group and received innocuous saline or TAR40.1 mekg?) during the
first five days immediately after 2 mg Miér salineinfiltration. Withdrawal threshold
and thermal latency were assessed every 7 days during thewiog three weeks

(Fig27B).

b) Model of incisionalpostoperativepain.
Von Frey and paslick tests were performed during 10 consecutive days to determine the
time course of tactile allodynia and heat hyperalgesia on operated animals and to evaluate
the effect of the administration of three different treatments on their nociceptive

thresholds Table7).

Chronic administration of/ehicle morphineor/and TLR4A1 (two doses of Bng-kg'-day™)
blank group M control

Ay OA&aAzZyl 62 @ ARBdaYsveHitas.pd

Ay OA&AZ2Y | 9dagNEnkgd morphite (i.p.)

AYOA&AZ2Y | o-day NE®KG TLRAA(.p.)

1 AyOAaAz2yl 9-da3B;I1lCEmtmj TLR4AH+ morphine (i.p.)

Table7. Pharmacological treatments evaluated in the postoperative model of incisional pain.

= =4 —a -8
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Bvery compound was.p. injected twice a day § mgkgl), since higher doses of
morphine were seen to produce sedatideachadministration waseparated by 6 hours

for 9 consecutive days and tested starting 24 h following plantar incision twice a day: 2
hours before and 45 min followinte first administration of the day. In the case of
animals receiving both drugs, TR% was administered 15 min prior to morphine and
behaviour was ssessed 30 min after the lattgfFig28). In sum, every animal had

received at the end of the day 10 rkg’ morphine or/and TLRAL.

| acute dose booster dose
<{)~,,/r ‘\ vehicle e C{n/“ ‘\ vehicle
od ) morphine (5 mg-kg?) | |mmp S ) morphine (5 mg-kg?)
~_/ S~
0.5ml TLR4-AL (S mg-kg?) 6h 0.5 ml TLR4-AL (5 mg-kg)

Behavioural

Behavioural | g3

testing Y testing Y
- \ TLR4-AL (5mgkg?) || 3¢ A \ TLR4-AL (5 mg-kg?)
*\ 3 + -_ *\ ZIYEN +
0.5mi ~_/ | morphine (s mg-kg) || 03m ~~/ | morphine (5 mg-kg")
15’ 15’
\ 0.5ml \ 0.5ml

surgical
incision 6h

6h 6h 6h

6h 6h
VIV]Y

6h 6h  6h
AN TS NS NSRS AS RS RBLN
habituation nnnan“uuu sacrifice

Timeline of the behavioural tests

Figure 28. Experimental protocol for chronic administration of morphine and/or TLR4: a 9day treatment
starting one day following surgical incision.

Doses for TLRA1 were obtained comparing to previous works carried oyt Peri and

M PiazzdPiazzat al., 2009)on a mice sepsis model.

5. Invitro assays

5.1.General histological methods.

5.1.1Immunohistoctemical study for glial activity

5.1.1.1. Collection of spinal cords.
Animals weresacrified22 or 10 days after surgery (OA and PO model respectively;
n = 45 rats for each group)Deep pentobarbital (60 mg-Rgi.p.) anaestheted
rats were intracardially perfused via the left ventricle with 200 ml of normal saline
(pumped by means o peristaltic pump at a constant flow rate of approximately

20 ml-min') followed by freskprepared 446 paraformaldehyde (PFA) fixative in 0.1
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M phosplate buffer saline (PBS), pH 748C (referred to adixative solutionfrom

now on) once upon blood wasleaed from the circulatory systergrig29).

superior

vena cava N\

right atrium \U

AL

,4" '\\.‘/‘ T

O':/' i
@ L

right
ventricle

N

transcardial perfusion

.~ aortic arch
= pulmonary artery
—- left atrium

(1

Figure29. Transcardial perfusion.

A laminectomy of the entire thoracic and lumbar spinal cord was performed and a

L3L5 spinal segmemwasexcised and kept in the aforementioned fixative solution

for four extra hours at room temperature. Then cryopreserved in 0.1 M PBS (pH

7.4) supplemented with 30% sucrose and 0.05% azdejreservative solutign

at 4°C until further processiriy Alternaively, the knees or saphenous nerves

were also collected.

5.1.1.2. Tissue processing.

Following postfixation treatment spinal cord specimens were transferred through

serial increasing concentrations of water miscible ethanol; then replaced with

xyleng which carbe mixed with paraffinKig.3Q. In order to ease and hasten the

dehydratation protocol, samples were introduced into numbered cassettes and

placed into a basket located in a tisswansfer processor for an automated

%2 A similar protocol was followed in Portugal at the FMUP with minor modifications; using 0.2 ml of heparin prior to

perfusing the animal andisk NIiAy 3 (KS

LISNFdzaA2y @AilK

CANRPRSAQ &a2f dziiA 2
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performance. After dehydration, sangd were placed in moulds which were filled

up with hot liquid paraffin. Once paraffin cooled down, blocks were ready to cut.

programme ) TISSUE PROCESSOR
4% formalin 4h II II
cassette
tap water 10 II II # ..l’/
lI .l sample was then excised in two
96% EtOH 12° I N .
and mounted on a paraffin
96% EtOH 12 I embedding station
GIRI sp N
0, ‘
96% EtOH 15 specimen tissue transfer mould
100% EtOH 12 basket
ol
100% EtOH 12 [
100% EtOH 15°
xylene 12°
Y ‘ cassette with
xylene 12 ¢ rotating head / no cover
reagent containers <3 e
xylene 15°
[l
- () ()
paraffin wax 2h —
GIRT sp
paraffin wax o/n keypad control

Figure 30.Gradingup concentrations of ethanol for specimens dehydratio@n the left side of the image, a table shows the
programme entered into the tissue processor, consisting on gragingpncentrations of ethanol for specimens dehydration (initial

task on top).

Paraffin wax blocks ofpinal sections corresponding to lumbsegments 3 to 5
were thawmounted in a Minot rotatory microtomeand serial 5 um transverse
sections collected on 0.02% pdltysine coated slides.

In order to not waste too much time nor materials, it was important to think about
a strategy. Each segmieof spinal cord was too large to be placed onto a cassette,
so we placed it in two halves (as seenFig.3Q. Every spinal fragment was then
mounted on four different slides as 20 consecutive sections placed in order. Since
we aimed to obtain serial cutor L3, L4 and L5 sections, after cutting, we could
have a series of possibilities: -L4, L35, L43 o L8.4, depending on how we
placed the spinal cord segmentsid.3l). This disposal enabled thus comparison of
each section with the previous and fmNing so the specific lumbar section could be
determined corroborating typical grey matter shapes specific for each lumbar

section on an anatomy atlas.
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i
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four slides per animal four slides per animal
(5 um sections) (5 pm sections)

Figure31. Disposal of paraffin warnounted spinal cord sampke

5.1.1.3. Immuno-staining.
All samples were immunstained by theindirect peroxidasdéabeled antibody

method(Fig32).
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Indirect peroxidase-labeled antibody method

detectable ‘
‘lend—product

substrate

secondary
antibody

antigen
(molec

primary
antibody,

Figure32. Indirect peroxidaselabeled antibody method DAB =0 Z-diathinobenzidinetetrahydrochloride

Briefly, after deparaffinizatiorsamples followed arantigen retrievalmicrowave
method in citrate bufér. Then treated with a fresh98 solution of hydrogen
peroxide (HO,) in sterile water for 15 mitfin order to block the activity of
endogenous peroxidase, followed by a 30 min incubation with fetal calf serum
(FCS) or bovine serum albumin (BSA) as appropriate to reducepeaific
background staining. Sections were then treated for 1 hour with ogtndiluted
Abcam7260rabbit anttGFAP (1:5000) oAbcam5076goat antilbal (1:500)
serum immunoglobulins, washed and treated for an additional hour with one drop
of  histofine  kit®  (CY2-conjugated)  antrabbit or  Jackson
ImmunoReaseardti1225152alkalire-phosphatase (AR)onjugated donkey ami
goat serum immunoglobulin diluted 1:350. Samples were then washed to remove
lye SEOS&aa 2F lyGAo2Re IyR GNBIFIGSR oAl
diamino-benzidinetetrahydrochloride (DAB, Sigma®) fomb. A dark brown end
product became then visible at the site of the antigen as the DAB reaction took

place(Fig.3).

¥The protocol for immunsestaining had slight variatianat the FMUP: 0% of HO, in methyl alcohol for 30 min was

used.
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Citrate buffer pH 6: ) ) 0.1M PBS,
0.1 M NaCitrate hydrophobic barrier pen 0.05% Tween-20

0.1M citric acid

42 2xH,0

> W'}?“ — i
|z 2x 96% EtOH ! b M;ﬁég g g
2 > § > [o%
_L/“~2x100% EtOH g o | | e e 2
- ' == fds S <
’’’’’ - “-3x xylene i Y micTowave. U] (U]
o Deparaffinization e Antigene retrieval e Liquid confinement 0(3x) wash step
(5’ each)
3% H,0,, 15" in the dark S
& “FCs (1:1)for GFAP T 1% BSA for Ibal
T N— i\ Ibal/0.IM PBS (1/500) ---> Dnk /0.1M PBS (1/350)
T c\s 6 e € T \’\ﬁ&- @@@@ i 68 68 GFAP/0.1M PBS (1/5000) ---> Histofine™
AESEEN + BEISEEEEEEEE Iyt iy
| ETaE® @ - (i e @ —> 0 lary antibody —> 2ary antibody
= |\ 5 | & \om o G incubation (thatRT) (@) incubati
5| &= e o | \e8 s Celte G incubation (1h at RT) incubation
PBST for C- (1h at RT)
Quenching of e Blocking non-specific staining 0 9
endogenous peroxidase (30") DAB (1dropin 1 ml)

Figure 3. Immunostaining protocol.

Eventually, sections were washed well in tap water and followed a stathséig
system of gradingip concentrations of ethanol inverse to the one just seen in the
previous figure table8). A drop of Eukift® mountaing medium (miscible with
xylene but not vith water) was added onto the microscope slide and protected

with a coverslip.

H,O
H,O
96% ethanol
96% ethanol
Absolute ethanol
Absolute etanol
Xylene
Xylene
Xylene

Table 8. Gradingip concentrations of ethanol.

5.1.1.4. Method for counting immunoreactiveeceptors: microscopic examination.
For eachsection corresponding to every lumbar region, total staireells were
counted separately in laminasll| IIHV and WI. Identification of spinal cord

layers was made according to the classification bxeRgRexed, 1952and
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photomicrographs were recorded to make montages of the entire spinal abed

final magnification of 2Q
5.1.2Macroscopic examination of the knees: osteoarthritic pain.

Regarding the MiAnduced modebf osteoarthritic pain, rat knee joints were exposed in
order to verify correlation between the damaging action of MIA with the results
observed when behavioural testing. After sacrificing, ligaments were excised and the

tibial and femoral articular facesere exposedKig34).

Figura34. Schematic frontal and cross sectional view of the right knee

5.1.3Processing and microscopic examination of the knees: osteoarthritic pain.
5.1.3.1. Bone decalcification.

Dissection and tissue processing of rat knee joints was performed as previously
described(Memon et al., 2010)with slight modifications. Because of the calcium
salts contained in the bone, a specific protocol foe preparation of sections was
needed. The articulating bones were cut as proximal to the knee joint as possible
and immediately transferred to cold fixative solution for additional 72 h.
Specimens were then replaced in cryoprotective solution and kept®@t until
further use. Removal of the mineral content was carried out by immersion of the
knee samples in a decalcifying fluid containing a chelating agent, EDTA, and

leaving the samples rotate in that fluid at room temperature (5% EDTA / 10% PFA)
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