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1. Introduction to pain.

According to the definition given by the International Association for the Study of Pain (IASP),
pain is “an unpleasant sensory and emotional experience that is primarily associated with tissue
damage or described in such terms” (Merskey, 1986). As inferred from the previous line, an
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 escape to the
external observer’s eye. That is, pain is a personal and subjective experience (Melzack and Katz,

2001).

The significance and vocabulary related to pain varied among societies and ages alike
throughout world history. In Europe, mentions to pain lexicon and its meaning can yet be found
in texts so distant in the past such as those of the Ancient Greece (Rey et al., 1998). Thereafter,
influx of new medical practices and knowledge by the hand of the Islamic expansion during
Middle Ages, followed 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 globalise the concept, study and treatment of pain. To this respect, Descartes’
Traité de ’'homme (1664) signifies the first incursion into pain transmission as we know it today

(see Fig.1).

Figure 1. lllustration of the pain pathway in René Descartes’
Traité de I'homme (Treatise of Man) 1664. According to
Descartes, if a fire (A) comes near a foot (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 (C-C) it is attached to and causing a pore (d e) at
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 Consequently, the foot is withdrawn from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 kept out of danger. Descartes approached
herein the concept of pain for the first time as an alarm system,
which he explained with a metaphor: “pulling on one end of a
cord one makes to strike at the same instant a bell which hangs
at the opposite end”.

The concept of nociceptor was introduced by English neurophysiologist Charles Scott
Sherrington (1857-1952), who developed Descartes’ ideas in The integrative action of the nerve
system (1906) and The reflex activity in the spinal cord (1932). Additionally, the multifaceted

figure of English naturalist Herbert Spencer (1820-1903) has been related to the integration of
2



INTRODUCTON

pain and emotions during its time course, whence physiology and psychology led in the 20"
century to definitions of pain in terms of innate and conditioned reflex responses to noxious

stimulation.

American physiologists Walter Bradford Cannon (1871-1945) and his disciple Philip Bard (1898-
1977) timidly started flirting with the role of emotions and the autonomous system in pain,
opening the new field of biopsychology of emotions. Also American neuropsychiatrist Eric
Kandel (1929) with his works on Aplysia californica established the physiological bases
of memory introducing the modern terms of habituation, sensitisation and conditioning. Later
on, in 1965, Canadian psychologist Ronald Melzack (1929) together with his English colleague,
the neuroscientist Patrick Wall (1925-2001) broke into the history of pain research with a

revolutionary theory on its whole concept: the gate control theory of pain.

The gate control theory unified the trends seen for the 19™ and 20™ century and added the
concept of central control giving a dominant role to the brain: psychological processes in the
brain such as past experience, suggestion, and attention (subjective perceptions) modulate
pain-signalling transmission down on the spinal cord by the relative activity of incoming large
and small fibres and by descending messages from the brain (see Fig.2). In addition to that,
Melzack contributed to the neural plasticity and chronic pathological pain theories as well (Wall

et al., 1994), discussed in the next sections.
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Figure 2. Gate control theory. Upper pannel (A). When a hand is thrust into a fire (1), the stimulus energy transformed into
action potentials is transmitted through afferent large (Aa and AB) and small fibres (A6 and C) to secondary neurons in the
dorsal horn of the spinal cord (2). On the way, incoming action potentials can also activate inhibitory interneurons (3) which may
hinder in turn these primary afferent fibres from further signalling (4). As result no more messages are released by 2™ order
neurons to the brain (5). However if a considerable amount of action potentials reaches the upper centres in the brain, a central
control mechanism activates and a descending modulatory pathway may either activate additional inhibitory interneurons or
inhibit 2" order neurons at the dorsal horn (6). That is, the central nervous system modulates the incoming signals before the
threat a noxious stimulus can suppose. Lower panel (B). Activated inhibitory interneurons may also make contact and inhibit
secondary neurons (4) and activated 2™ order neurons themselves can stimulate inhibitory interneurons by a process known as
lateral inhibition too (5), or on the contrary send action potentials to the next neuron located at higher centres in the brain (5).

0 noxious stimulus

C fibre / AS fibre

1.1.  Pain physiology.

In general terms, pain is a natural mechanism that works on behalf of the individual
avoiding the stimuli that could represent a potential damage to the integrity of themselves.
This protective mechanism is known as acute or physiological pain and its goal is to drive
the behaviours that remove or minimize the threat (IASP Scientific Program Committee,

2014).
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Briefly, a noxious stimulus —high intensity thermal, mechanical or chemical- activates a
system that starts at the peripheral terminals of primary afferent sensory neurons: the so-
called nociceptors. The stimulus is then codified into action potentials that travel inwards as
nerve electric impulses, with relays through spinal and supraspinal nuclei (brain stem,
thalamus) in the central nervous system (CNS), and ultimately activates a matrix of cortical
areas associated with the multiple conscious dimensions of pain. This is actually a complex
process modulated by diverse targets and actors at different points all over the sensory
tracts (Kitahata, 1993) (Fig. 3). Physiological pain is therefore a defence system with the
neural process itself as its major component. That is, the detection of the external insult by
the nervous system. This alert perception commonly disappears as the originating noxious

source moves off (Cervero and Laird, 1996).

Until the 1960s (the gate control theory was published in 1965) emphasis was given to
signal transmission. However, these days it is worldwide accepted that pain has both
sensory and emotional features that modulate its final perception as a whole, transferring

the stress onto signal modulation (Chapman and Nakamura, 1999).

In terms of sensory neurophysiology, four names are generally given to the different

mechanisms depicted in the previous paragraphs (Kitahata, 1993):

TRANSDUCTION, which refers to the conversion of the stimulus energy into electrical

activity.

e TRANSMISSION, which exclusively regards the journey of such nerve impulse from the
peripheral site to the different relay stations in the CNS.

® PERCEPTION, that is the subjective appreciation of the incoming signals integrated as a
whole® and represented at the somatosensory cortex.

e And MODULATION, which considers dumping and spurring actions on the noxious signal

along its transmission.

! Affective perception and emotional/cognitive reactions play a significant role in the perception of pain; the so-called
experience of knowing (located at the limbic system), in comparison to the experience of feeling or detection of the
noxious source by the nervous system itself (at the primary somatosensory cortex). Information from both
experiences is combined and integrated in the thalamus.
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Figure 3. Physiological pain. Activation of nociceptive sensory fibres (1) leads to a chain of events that culminates in the
perception of a painful stimulus within the brain. Nociceptors respond to acute or threaten tissue-damaging stimuli
directly (a), through transduction of the stimulus energy by receptors on nerve terminals, or indirectly (b), through
activation of channels and/or the release of molecules (alarmins), which, in turn, act on sensory neuron receptors (2). The
yet codified stimuli travel now along these primary neurons as nerve impulses (3) and cause the release of
neurotransmitter vesicles on the opposite edge, at the synapsis with a secondary neuron at the dorsal horn of the spinal
cord. At this point, there are two possibilities: the incoming nerve fibre contacts an interneuron which consequently
activates an efferent motor neuron for withdrawal from the external source of damage (c), or it interacts with a second
order neuron and information then ascends through the sensory tracts and is transmitted to the thalamus (d), where a
third neuron will ultimately stimulate specific areas of the somatosensory cortex for conscious perception (4). A
descending pathway (e) activates then the efferent motor neurons for escaping from the noxious source. The nociceptive
signal may be modified all along the sensory tract: at the nociceptor milieu, at the spinal cord by bypassing interneurons
or descending inhibitory systems, or at the supraspinal cognitive and emotional centres (signal MODULATION).
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1.2.

Pathologic pain.

Chronic pain is a group of mechanistically separable nervous system disorders produced by
one or more abnormal cellular signalling mechanisms, as quoted by M. Salter (Salter, 2014).
Electrolyte and immunological-derived changes occurring in the periphery following trauma
may lead to peripheral sensitisation and primary hyperalgesia. In addition, inflammation at
peripheral nerve endings can also cause originally mechano-insensitive nerve fibres to
become mechano-sensitive. This recruitment of silent nociceptors significantly increases
the nociceptive input to the spinal cord and may partly explain the phenomena of central
sensitisation and allodynia, that is, why even normally non-noxious stimuli may be felt as
painful (Schaible, 2006). In this section we will focus on the process of peripheral and

central sensitisation (Fig.4).
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Figure 4. Chronic pain. Peripheral and central amplification may be mediated by injury-induced altered expression of
receptors, ion channels and neurotransmitters, which might cause increased neuronal excitability and generation of action
potentials, but also changes in synaptic connectivity and reorganisation of central nociceptive circuitry. Neuronal cell
death can occur too. Peripheral nerve injury provokes a reaction from the immune system which has been observed at
various anatomical locations: (1,2) injured nerve, (3) DRG, (4) spinal cord and supraspinal sites associated with pain
pathways. Interaction between neurons, inflammatory immune and immune-like glial cells, as well as a raft of immune
cell-derived inflammatory cytokines and chemokines may be involved in chronic pain pathogenesis. (GPCR = G protein-
coupled receptor; TrkA = tropomyosin receptor kinase A; LGC = ligand-gated channel; CytR = cytokine receptor).

PERIPHERAL SENSITISATION. Nociceptors are likely to be sensitised by intense or prolonged
stimulation. Reduction in threshold and outlasting excitation of sensory fibres can result in
the alteration of neuronal function by the action of transmitters released from surveying

immune cells. These molecules can equally act as neurotransmitters or inflammatory
7
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mediators inducing neurogenic inflammation and further recruitment of immune cells®.
Accumulation of inflammatory products has much to do with the sensitisation or direct
activation of neuronal fibres, what can be originated at different anatomical levels on the
periphery: axonal endings within target tissues or peripheral nerves (Austin and Moalem-
Taylor, 2010). Peripheral sensitisation is considered to be evidence of increased heat

sensitivity (Woolf et al., 2012).

CENTRAL SENSITISATION. Afferent fibres of different types (Aa, AB, Ad or C) and of different
origins (visceral: organ; or somatic: muscle, skin, tissue) interact presynaptically, under
normal conditions, in the spinal cord. Prolonged inputs can cause altered excitability and
synaptic efficacy of neurons at the dorsal horn. These plastic changes can in fact make
original not nociception-transmitter neurons and nociceptors to interact at the dorsal horn
of the spinal cord (Cervero and Laird, 1996). However, plastic changes are not restricted to
the dorsal horn but can occur also at higher levels. Central sensitisation is considered to
manifest particularly as dynamic tactile allodynia, but also as secondary punctate or

pressure hyperalgesia, aftersensations, and enhanced temporal summation (Woolf, 2011).

In sum, damage to peripheral nervous system may result from traumatic injury, surgical
intervention, disease or infection and leads to an acute phase response, which is
characterised by nociceptive pain, inflammation, and restriction of normal function.
Usually, following this acute phase, there is a recovery period of diminishing inflammation,
reduced pain, healing of the injury and return to normal function. However, in 7-18% of the
general population pain persists despite injury healing, resulting in a state of chronic
neuropathic pain (Echeverry et al., 2012). This refers to a variety of chronic pain conditions
with different underlying pathophysiologic mechanisms originated from severe neuronal
tissue damage. To this respect, both damaged and undamaged axons have highly abnormal
properties as a consequence of this nerve impairment. Neuropathic pain however can also
originate from a dysfunction in the nervous system such as dysregulated gene expression or

generation of ectopic discharges (Latremoliere and Woolf, 2009).

’ Both neurogenic inflammation (neuroinflammation) and recruitment of immune cells (inflammatory response) are
terms that will be retrieved when itemising the results obtained for the two animal models of pain herein employed
(section 1V.2.1-2.3).
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Recently, activation of the immune system seems to have a crucial role in both peripheral
and central abnormal sensory processing, and chronic neuropathic pain may now be
considered a neuro-immune disorder (Nguyen et al., 2002; Raghavendra and Deleo, 2003).
Endoneural vessels surrounding nerve fascicles can supply damaged nerves with circulating
immune cells (mast cells, macrophages and T cells), which release factors that initiate and
maintain sensory abnormalities after injury. However other immune-like elements can also
proliferate at the site of injury (e.g.: Schwann cells). Immune-derived factors might either
induce activity in the axons they act on or be transported retrogradely to cellbodies in the
dorsal root ganglion (DRG), where they alter the gene expression of neurons. Extravasation
or proliferation of resident immune (or immune-like) cells may also happen in the spinal
cord after peripheral nerve damage. That is, peripheral nerve injuries that lead to
neuropathic pain states can cause immune-mediated changes not only in the damaged
peripheral nerve and DRG, but also in the CNS. Hence, activation of immune and immune-
like glial cells in the injured nerve, dorsal root ganglia and spinal cord results in the release
of pro- and anti-inflammatory cytokines, as well as algesic and analgesic mediators, the
balance of which determines whether pain chronicity is established (Marchand et al., 2005;

Vallejo et al., 2010).

As a final remark, distinction between acute and chronic pain should comply the different
physiopathological mechanisms by which they originate rather than the duration pain relief
takes. Consequently, management of pain would depend on the kind of pain and efforts in
basic health science should be addressed on understanding the physiological and molecular
mechanisms underlying the different evoked pains. For which purpose, animal models are

of great help.

2. Pathophysiology of pain.

2.1.

Modulation of the nociceptive stimuli.

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

to innervate the peripheral tissue, while the latter ends in dendrites that synapse with
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second order neurons at the dorsal horn. Information is transferred to higher centres of
the brain through two different nociceptive pathways: the spinothalamic tract that receives
signal inputs from primary Ad and C nerve fibres and conveys temperature and nociception,
and the lemniscal tract that receives input from primary Aa, AB and A& nerve fibres and is

responsible for touch and proprioception feelings (Dubuc et al., 2013) (Fig.5).

— spinothalamic pathways
- lemniscal pathways

3rd orden neuron

primary
somatosensory
cortex

midbrain
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dorsal column nuclei ‘ microglia

\)7 /]
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Figure 5. Ascending pain pathways: spinothalamic and lemniscal systems. Nociceptive 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 spino-reticular and spino-mesencephalic 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. Note the different
level of the decussation between spinothalamic and lemniscal pathways; at the spinal cord the former and at the medulla
the latter.

Considering the participants cited above:
= Peripheral nerves display several Schwann cells along their axons. These cells form a

myelin segment for one axon only (myelinated) or can include several axons

10
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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 the axons and influence axonal thickness® (Brodal, 2010a; Dubovy
et al., 2014). Expression of pattern recognition receptors (PRR) on the surface of
their cell membrane allow Schwann cells to recognize exogenous (PAMP) as well as
endogenous (DAMP) danger signals4. Upon activation, they start upregulating and
secreting inflammatory mediators, what can lead to inflammatory neuropathies
(Ydens et al., 2013).

= DRG not only contain soma, 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 aforementioned elements came to light, suggesting they could act as
neuroprotective cells following peripheral injury (Patro et al., 2010). This is in
contradiction with the role described by a different group (Romero-Sandoval et 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).

* |n 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 immune-like cells (astrocytes, microglial cells and
oligodendrocytes). Neuroglial cells are of especial relevance to our interest since
they can modulate the nociceptive stimulus in a different way to what seen in the
previous section (I.1) for interneurons. As it will further be discussed in this section,
glial activation and subsequent mediator release are implicated in the creation and

maintenance of persistent pain states (Raghavendra and Deleo, 2003).

NERVE OUTPUT. CNS 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 therefore influence the thickness of
nerve fibres but interestingly, they can also affect axonal thickness. This fact will be of great importance at the
discussion section.

*PAMP = pathogen-associated molecular pattern; DAMP = damage-associated molecular pattern.
11
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activated simultaneously when acute nociception occurs (Fig.6). Descending facilitatory
pathways are confined to the ventral/ventrolateral funiculi whereas descending inhibitory
pathways descend in the dorsolateral funiculi (Mulak et al., 2012), both expressing
different receptors for specific chemical activation (table 1). Unbalanced activation
between these modulatory pathways might occur under persistent nociceptive input. Such
sustained activation may result in neuroplastic changes at medullary sites, leading to both
anatomical and biochemical changes in favour of the descending facilitatory pathway, thus

increasing pain sensation. This is thought to underlie some states of chronic pain.

receptors
facilitatory pathways | 5-HT3-R (serotonin), AMPA-R, KAR, NMDA-R

inhibitory pathways | 5-HT3-R (serotonin), B-adrenergic—R, dopamine—R, opioid-R

Table 1. Descending facilitatory and inhibitory pathways in the spinal cord and their corresponding molecular targets.
5-HT3-R = 5-hydroxy-tryptamine3 receptor; AMPA-R = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
KAR = kainate receptor; NMDAR = N-methyl-D-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 cells (Fields et al., 1995). ON-cells promote nociception and OFF-cells
suppress it, whereas the role of neutral cells, which could represent a subtype of ON- or
OFF-cells, is not yet well understood. As described in the previous paragraph, nociceptive
facilitating outflow from the RVM is dominant after nerve injury. This may be explained by
the fact that immediately before an external noxious stimulus occurs, OFF-cells, which are
tonically active, pause in firing at the same time that ON-cells accelerate outburst (Porreca

etal., 2002).

As reviewed in section 1.1.2., mechanical allodynia and hyperalgesia correspond to clinical
manifestations of significant central sensitisation in chronic pain states (e.g. neuropathic
pain). However, increased excitability of primary afferent fibres and sensitisation of dorsal

horn neurons does not explain maintenance of neuropathic pain behaviour itself. On the

12
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contrary, strong evidence suggests that active participation of supraspinal RVM of medulla

is required for chronic pain state” (Carlson et al., 2007).

midbrain

Dorsolateral funiculus

.~ Locus coeruleus

|
: | medulla
RVM medulla s

| spinal cord
— facilitation

— inhibition

2.2. Dorsal horn plasticity.

Figure 6. Descending pain modulatory system:
ventrolateral and dorsolateral funiculi. According to
electrophysiological, anatomical and pharmacological
studies the final relay for common descending pain
pathways from the brain corresponds to the
rostroventral medulla (RVM). RVM neurons project
efferent signals downward to various levels of the
spinal cord making contact with inhibitory or activatory
interneurons. However, from a strict point of view,
facilitatory  pathways are confined to the
ventral/ventrolateral funiculi whereas descending
inhibitory pathways descend in the dorsolateral
funiculi. Facilitatory pathways. Glutamate is the main
excitatory transmitter, acting on AMPA, kainite and
NMDA receptors. Inhibitory pathways. Dorsolateral
funiculus  joins together descending axons of
serotonergic, noradrenergic and dopaminergic neurons,
and terminates on the inhibitory interneurons in the
dorsal horn of the spinal cord. As regards opioid
transmission, cortical areas communicate through
endorphins-mediated synaptic connections with the
anterior cingulate cortex (AC cortex). Endogenous
opioids are also present in synapsis between
interneurons and primary nociceptive afferent fibres in
the dorsal horn. Facilitatory pathways are represented
in red, whereas inhibiting pathways show up in green.
Labels are merely illustrative. AC cortex = anterior
cingulate cortex, PAG = periaqueductal grey matter,
RVM medulla = rostral ventromedial medulla. (Other
structures such as dorsolateral pontine tegmentum,
tectospinal tract, dorsal reticulospinal tract not shown).

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 hyperalgesia, a 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 there 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 hyperalgesia. Changes 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 double-sense spinal-brain stem mechanisms that maintain central sensitization and contribute

to development of secondary hyperalgesia (Gebhart, 2004).

13
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cutaneous fibres. Group | muscle afferents typically correspond to Aa cutaneous fibres,

group Il to AB, group lll to A and group IV to C (table 2).

Afferent fibre diameter Conduction velocity (m/s) Class Function Electrical threshold
Myelinated
10-18 um 60 —100 | (Aa)  Proprioceptive lowest
5-12 um 20-70 Il (AB)  Proprioceptive
1-5um 2.5-20 Il (A8)  Nociceptive l
Unmyelinated
<1lum <1 IV (C) Nociceptive highest

Table 2. Diameters of nerve fibres and their classification.

Weak electrical stimulation of peripheral nerves evokes activity only in the thickest
myelinated fibres (Aa), and with increasing intensity, the thinner fibres are recruited
progressively (AB, Ad and C, in this order). The primary fibres transporting temperature and
nociceptive signals in normal conditions can be thinly myelinated (Aé fibres, which conduct
signals from cold receptors) or unmyelinated fibres (C fibres, which conduct signals from
heat receptors), while signals from low-threshold mechanoreceptors are conducted in thick
myelinated fibres (Aa and AB) (Brodal, 2010b). It can be therefore easily deduced that under
normal conditions nociceptors remain silent. However, after nerve or tissue injury,
nociceptors become active and even AP fibres can cross-talk with A or C fibres, which will

convert innocuous sensory signals into noxious signals.

In brief, small- and medium-size neurons, that is, C and Ad nerve fibres, make synaptic
contacts in lamina | and Il of spinal dorsal horn (referred as temperature and nociception
inputs). On the contrary, larger size neurons send their projections into lamina Ill and IV
(related to as touch and proprioception information). Therefore, when the nature of large-
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 signal (Cui and 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 cord. Yet during
embryogenesis, the dorsoventral axis is arranged so each lamina in the spinal cord

topographically codifies a specific surface area of the body (Doubell et 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 in it (Rexed, 1952) (Fig.7).

Rexed laminae

dorsal horn
6 88

ventral horn

L3 L4 L5

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

lumbar section.

Somatosensory afferent neurons conducting —or potentially able to transmit—

nociceptive information terminate in the dorsal horn of the spinal grey matter (Brown,

1982), which is typically organised in six laminae:

= Lamina | and V contain mainly nociceptive neurons that receive mainly high
threshold mechano- and thermoceptive primary afferent Ad fibre inputs.

= Noci- and thermoceptive C-fibres mainly synapse in lamina Il.

® Low threshold cutaneous AP mechanoceptors sprout in laminae Ill and IV.

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

movement and cutaneous stimulation.

Synaptic plasticity.

Synaptic plasticity refers 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 neuron. A tissue injury
causes an initial imbalance in environmental homeostasis at the site of 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 a switch 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, the so-called axon reflex, which consists on the peripheral release

of neuropeptides and excitatory aminoacids (e.g. substance P, glutamate) promoting
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neurogenic inflammation and affecting the nearby vasculature (causing increased

capillary permeability and oedema). Infiltrating mast cells, in last term, release

histamine, what additionally activates nociceptors (Mapp, 1995)° (Fig.8).

-
gl

nerve
terminal

Figure 8. Activation of peripheral sensory fibres.

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

(2) As a consequence, excitatory aminoacids are
released from nerve endings and bind to receptors on
cutaneous, endothelial and mast cells, thus increasing
vasodilation and contributing to inflammation.

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

The end result of this local neuroinflammation confined
to the nerve terminal 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 peripheral nerves or directly

peripheral nerve injury cause a sterile inflammation to develop in sympathetic and

dorsal root ganglia (DRG)’, and it may ultimately affect central terminals (McLachlan

and Hu, 2014). As previously reported (Coggeshall, CJ} Woolf P Shortland RE, 1992;

Mapp, 1995), the area responsible for pain sensation at the spinal dorsal horn (laminae

| and Il) may become occupied by nerve fibres which sprout in from the adjacent area

responsible for proprioception (laminae Il and IV). 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 touch or movement, that is, pain mediated by A-fibres.

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

could also label not myelinated neurons after peripheral nerve injury (Tong et al., 1999;

® For further detailed reading see (Mifflin 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, 2001; Shehab et al., 2003), seemed to pull the theory of neuronal

arrangement to piecesg. However several works employing different techniques

(electrophysiological, biochemical or different labelling protocols) reopened the debate

(Shortland and Molander, 1998; Bao et al., 2002; Kohno et al., 2003; Wang et al., 2004).

Nowadays, synaptic plasticity is fully accepted but how it occurs is yet a subject of

controversyg. Three forms of synaptic plasticity have been described so far to our

knowledge (lkeda et al., 2009):

= (Classical central sensitisation consists on an immediate activity-dependent 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 C and Aé fibres),
but also to synapses formed by AP fibres, which are not activated by the nociceptive
conditioning stimuli.

= Windup, another type of synaptic plasticity, consists on a progressive increase of
action potential in dorsal horn neurons during a series of repeated C-fibre
nociceptor stimuli. Repeated long-lasting depolarization of the postsynaptic
membrane —induced by glutamate and neuropeptides— increases the action
potential response to each stimulus as neurotransmitters accumulate.

= Long-term potentiation (LTP) has been detected in various parts of the central
nervous system. In the spinal dorsal horn consists of activity-dependent long-lasting

nociceptor synaptic facilitation.

2.3. Glial cells: neuron-glia and glia-glia interactions.

Neuron-glia interactions 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 (Edenfeld et al., 2005; Austin and Moalem-Taylor, 2010; Eroglu and Barres, 2010).

® Until that date, works referred to CTb labelling as an indisputable evidence for sprouting into lamina Il from large
myelinated fibres (AB) in adjacent laminae. CTb was considered to selectively label large and medium size neurons so
far (Ma et 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) high-frequency stimulation can provoke 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 fibres (Kohno 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 yAia “glue”. They are non-conducting
cells that modulate neurotransmission at the synaptic level and make up over 70% of the
total cell population in the human CNS (Hertz, 2004; Romero-Sandoval et al., 2008b). Glia
can be divided into two types: microglia and macroglia (astrocytes and oligodendrocyteslo).
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 debris (Raghavendra and Deleo, 2003). However, 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 beyond the mere role of physical support for neurons they were originally
attributed (Scholz and Woolf, 2007). In fact, experiments carried out in simple nervous
systems such as those from invertebrates have shown that glia is able to sculpt neuron

functional circuits by modifying the efficacy of synaptic connections, what enables to form

and remove nerve projections (Edenfeld et al., 2005).

Further works in various models of chronic neuropathic pain in rodents report that
peripheral nerve injury induces spinal glia activation* (Ito et al., 2009; Sagar et al., 2011).
Activation of microglia is the first step in 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

12 . - . .
same surface markers as macrophages/monocytes  and, in response to injury, it triggers

1% Astrocyte and oligodendrocyte lineage cells are derived from neural stem cells, whereas microglia originates from
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 CNS (Eroglu and Barres, 2010).
Oligodendrocytes and Schwann cells form the myelin sheath of axonal fibres in the central and peripheral nervous
system (respectively). However, unlike Schwann cells, a single oligodendrocyte can wrap several axons at a time.

1 Proinflammatory cytokines 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 may be important modulators of nociception and hence, potential targets
to treat neuropathic pain.

2In early embrionary stages, monocytic precursors are recruited by the CNS before closure of the blood-brain barrier
(BBB). Subsequently, they differentiate first into macrophage-like amoeboid microglia and then into ramified microglia.

This explains why microglia expresses the same surface markers as macrophages/monocytes.
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the neuroinflammatory response, while astrocytes undergo astrogliosis (Marchand et al.,

2005).

Activated microglia exhibits a ramified star-shaped morphology visually contrasting to the
original amoeboid shape when inert. They also undergo hyperplasia and up-regulation of
certain genes related to migration, phagocytosis, cytokines, chemokines, growth factors,
nitric oxide and prostaglandins (Nakagawa and Kaneko, 2010). Controversially, microglial
activation in the CNS provides both neuroprotective and neurodegenerative roles (Patro et
al., 2010). Pro- and anti-inflammatory cytokines can apparently polarize microglia to
distinct activation states, however there is still intense debate and the topic is yet far from

being fully understood (Guadagno et al., 2013; Cherry et al., 2014).

Astrocytes are the most abundant cells in the CNS and modulate synaptic transduction
through astrocyte—neuron 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 microglial and astrocytic activation varies following nerve injury.
Hence, even after microglial activation decreases, astrocytic activation persists, as does
neuropathic pain (Nakagawa and Kaneko, 2010). Summarising, microglia might be
responsible for the initiation of neuropathic pain states, and astrocytes may be involved in
their maintenance (Fig.9). Despite the scarce literature, especial emphasis must be also
placed on glial anti-nociceptive properties, that is, glial activation is not always bad

(Milligan and Watkins, 2009).
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Figure 9. Modulation of pain-processing by glial cells in the spinal dorsal horn. Under continuous and increased firing
from the periphery, activated microglia releases several pro-inflammatory cytokines, chemokines and other agents that
modulate pain processing by affecting either presynaptic release of neurotransmitters and/or postsynaptic excitability.
Additionally, glial cells also have an important role in the cross-talking between non-nociceptive (A fibres) and nociceptive
neurons (central sensitisation). The release of inflammatory mediators initiates a self-propagating mechanism of
enhanced cytokine expression by microglial cells assisted by an increasing population of activated astrocytes, which
maintain the neuroinflammatory process even after the cease-fire of microglial cells.

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 efficient than
opioids in some types of neuropathy (Watkins et al., 2007a). Recently, a few analgesics
based on pathological mechanisms aimed to modulate the biochemical reactions that take
place in neuron-to-astrocyte, neuron-to-microglia or microglia-to-astrocyte communication

at definite times (once upon ingested) (Fig.10).
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Figure 10. Signals involved in the activation of spinal microglia and astrocytes B Ceftriaxone, amitriptyline,
propentofyline, riluzole and MS-153 have been reported to modulate glutamate external levels by means of glutamate
transporters (GLT-1 and GLAST) in astrocytes. Fluorocitrate, propentofylline (again) and L-a-aminoadipate have shown to
act on internal signalling pathways disrupting the metabolism of astrocytes and microglia. Genes’ labels are merely
testimonial. AQP4: aquaporin 4, ERK: extracellular signal-regulated kinase, GlyT: glycine transporter, JNK: c-Jun N-terminal
kinase, MMP: matrix metalloprotease, TLR: toll-like receptor. Modified from (Nakagawa and Kaneko, 2010).

Several changes have been noted to occur in the dorsal horn with central sensitisation.
Firstly, pain-associated molecules such as substance P (SP), calcitonin gene-related 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 post-synaptical neuron but target the
surrounding neuroglia. As a consequence, upregulation of cytokines (e.g. IL-1B, IL-6, TNF-q,
IL-18) and chemokines (e.g. CCL2, CXC3L1) levels increase in glial cells, leading to further
attraction and activation of immune glial cells and encouraging nociceptive transmission

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

B For further reading on pharmacological attenuation of glial activation see (Mika, 2008).
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excitatory aminoacids and chemokines creating a vicious cycle that intercommunicates

neurons, microglia and astrocytes at the dorsal horn (Norimoto et al., 2014).

3. Toll-like receptor.

3.1. Systematic discovery and distribution of Toll-like receptors.

Human toll-like receptors (TLR) are homologues of Drosophila toll proteins'®. Eleven
members of the TLR family have been identified in humans so far (designated TLR1 to 11)
(Oda and Kitano, 2006) and they are distinguished by belonging to a protein superfamily
with interleukin-1 receptor (IL-1R) homologous regions: the toll/IL-1R (TIR) family
(reviewed in (Leon et al., 2008; McCormack et al., 2009)). TLR4 is probably the most
studied among them all, as it presents two unique features that distinguishably set it apart:
the requirement of a co-receptor for ligand recognition and the ability to signal through
two different adaptor protein systems according to its cellular location -MyD88- and TRIF-
dependent pathways, inducing either inflammatory cytokine or IFNB production,

respectively™ — (Tanimura et al., 2008; Gangloff, 2012).

TLR4 is a type | transmembrane glycoprotein'® with a highly polymorphic extracellular
leucine-rich repeat (LRR)'” N-terminal domain, and an intracellular signaling TIR™ C-
terminal domain (Gomez et al.,, 2014) implicated in both innate and adaptive immune
responses in vertebrates (Sorge et al., 2011). The cytoplasmic TIR domain modulates
interactions with the adaptor proteins involved in the signal transduction cascade, what in
simple terms consists in downstream recruitment of protein kinases, which activate
transcription factors such as nuclear factor-kB (NFkB), activating protein 1 (AP-1) and
interferon (IFN)-regulatory factor 3 (IRF3) (Hoshino et al., 1999; Kawai and Akira, 2006).

The final result is the up-regulation of diverse inflammatory mediators such as cytokines,

" To read more on Drosophila toll proteins see (Bilak et al., 2003).

B Biological activity of TLR4 depends on their membrane localization. Plasma membrane MyD88-dependent pathway
gives rise to cytokine production, whilst endosome TRIF-dependent pathway results in type | IFN.

* A Type | membrane protein refers to a single-pass membrane protein (crosses the membrane only once) with its
hydrophilic N-terminal segment on the extracellular side of the membrane.

7 Leucine-rich repeat domain consists in a typical conserved arc-shaped structure with multiple leucine residues that
provides an optimal scaffold for the formation of protein-protein interactions.

¥ Toll/interleukin-1 receptor consists in a conserved cytoplasmic domain with a central five-stranded parallel B-sheet

surrounded by five a-helices on both sides that makes it attractive for specific protein binding.
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chemokines, tissue-destructive enzymes and the expression of costimulatory molecules on
antigen-presenting cells (APC). This signifies the induction of the adaptive immune

response (Abdollahi-Roodsaz et al., 2007).

As key players of the innate immune system, TLR can recognize pathogen-associated
molecular patterns (PAMP) such as bacterial endotoxin, Gram-negative bacterial
lypopolysaccharides (LPS) and lipooligosaccharides (LOS) (Peri and Calabrese, 2013).
However, they can also detect endogenous molecules resulting from injury known as
damage associated molecular patterns (DAMP) or alarmins. That said, TLR4 is
overexpressed in damaged tissues and may be activated by necrotic cells, injured axons
and components of the extracellular matrix. Some endogenous ligands of TLR4 are several
heat shock proteins (Lasarte et al., 2007; Ohara et al., 2013), the alternatively spliced type
[l repeat extra domain A of cellular fibronectin (FNIII EDA) (Okamura et al., 2001; Lefebvre
et al., 2011) and a plasma proteins (Sohn et al., 2012). They all cause cytokine production
mediated by TLR4.

As mentioned before, TLR4 requires a co-receptor for ligand recognition. To 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 PAMP leading
to its activation (Teghanemt et al., 2008), and an additional co-receptor named cluster of
differentiation 14 (CD14) (Fig.11). In fact, a PAMP such as LPS has been reported to fail to
produce allodynia, supporting the idea of an alternative via for TLR4 signaling that induces
enhanced nociception ™ in absence of bacterium-derived factors (Cao et al., 2009;
Hutchinson et al., 2009). Additionally, it has been described that CD14 is upregulated upon
exposure to inflammatory molecules, as it is required for the internalisation of TLR4

(zanoni et al., 2011).

* TLR4 activation is necessary but not sufficient to induce spinally mediated pain 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 many molecular players in

the development of pain behaviours (Smith, 2010).
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Figure 11. TLR4 intracellular signaling pathway: innate and adaptive immune response. (1) Interaction between ECM
components and TLR4 ectodomain prevent dimerization of the cytosolic TIR domains, essential for maintaining the
receptor in an inactive state prior to the recognition of the ligand. Tissue disruption liberates TLR4 from restraint, thus
allowing endogenous ligands to stimulate the receptor. (2) Ligand recognition by TLR leads to the association of cytosolic
TIR domains, as only dimeric TIR provide the scaffold for the recruitment of cytosolic adapters and assembly of
signalosome. (3) Activation of intracellular transmission via signalling cascade initiates. The first downstream step
requires the interaction between TLR and adaptor molecules containing TIR domain. Association with the different
adaptors will depend on TLR4 membrane localization. Thus it can bind MyD88 and TIRAP/Mal (on the one side) or
TRIF/TICAM-1 and TRAM/TICAM-2 (on the other side). TLR4 signals through the MyD88-dependent pathway from the cell
membrane to produce proinflammatory cytokines and is internalized into late endosomes to signal through the TICAM-
dependent pathway to produce IFN. Alternatively, proinflammatory cytokines can also be upregulated through a MyD88-
independent pathway. Additionally to these transcription products, both MyD88-dependent and —independent pathways
can induce the transcription of TPA, which is a potent protein kinase C (PKC) activator. (4) In brief, the activation and
translocation of NFkB, AP-1 and IRF-3 transcription factors to the nucleus promotes the production of a wide variety of
inflammatory mediators such as cytokines (TNFa, IL6, IL1B), chemokines, type 1 interferon (IFN), tissue-destructive
enzymes. These costimulatory molecules provide a second signal to T cells to initiate the adaptive immune response. IRF-
3 = interferon regulatory factor-3; AP-1 = activator protein-1; TPA = 12-O-tetradecanoylphorbol-13-acetate; IFN-6 =
interferon-8; RANTES-= regulated on activation normal T Cell expressed and secreted; IP-10 = interferon-y-induced protein
10; COX-2 = cyclooxygenase-2. Modified from (Owen M et al., 2015).
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3.2. Role of Toll-like receptors in dorsal horn plasticity.

TLR4 antagonists have been traditionally conceived as ideal molecules triggering
therapeutic effects on rodent sepsis models (Piazza et al., 2009; Takashima et al., 2009).
However, later discoveries on the predominant expression of TLR4 by microglia20 in the
CNS —also resident and recruited macrophages — (Olson and Miller, 2004) and on the
presence of these receptors in peripheral sensory neurons (Wadachi and Hargreaves, 2006)
suggested a role for TLR4 also in nociception. Further experiments using TLR4 antagonists
in rodent models of neuropathic pain confirmed this hypothesis as repeated administration
resulted in relief of both thermal hyperalgesia and mechanical allodynia (Bettoni et al.,
2008). Notwithstanding, in addition to this, TLR4 receptors have been described on the
surface of a large number of distinct cell types: immune cells (Gondokaryono et al., 2007;
Huang et al., 2007), dendritic cells (Takagi, 2011), glial cells (Li et al., 2015), the articular
cartilage (Meng et al., 2010; Gémez et al., 2014), neurons (Ohara et al., 2013), fibroblasts
(Ospelt et al., 2008), Sertoli cells (Winnall et al., 2011) and endothelial and epithelial cells
(Erridge, 2010).

In their basal state, glia play important roles in maintaining the health and normal
functioning of the nervous system. However under altered physiological states, such as
chronic pain, glia becomes activated, releasing a variety of substances involved in the
initiation and maintenance of neuropathic pain including prostaglandins, excitatory
aminoacids, growth factors and proinflammatory cytokines (Watkins and Maier, 2003). This
contributes to the dysregulation of neuronal functioning. In this regard, the involvement of
TLR4 in these neuroimmune interactions has been increasingly reported in the past decade
(Bettoni et al., 2008; Saito et al., 2010). Furthermore, knock-out and knock-down assays of
TLR4 expression have shown an attenuation of behavioural hypersensitivity, decreased glial
activation and decreased expression of proinflammatory cytokines (Tanga et al., 2005; Lan

etal., 2010).

20 Expression of TLR4 on the microglial cell surface is of particular concern to us since they grow in numbers as they
massively activate under sustained pain conditions, contributing to central sensitization —the main adaptive change

involved in pain chronification—.
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3.3.

Morphine and Opioid-induced Hypersensitivity (OIH).

Opioids are the benchmark for treating moderate to severe pain and together with non-
steroidal anti-inflammatory drugs (NSAID) the spearhead of the WHO analgesic ladder
(Clark, 2002; Angst and Clark, 2006). Although originally designed for alleviating cancer-
related pain, its potent analgesia made them popular for treating any chronic pain21.

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
(West et al., 1997). This convergent scenario was traditionally explained by means of a
tolerant mechanism (de Conno et al., 1991; Sjggren et al., 1993; Aley and Levine, 1997).
Striking similarities in mechanisms underlying chronic pain and opioid tolerance led to the
discovery of a possible role for spinal glia in modulating opioid counter-regulatory
mechanisms. Furthermore, several studies on repeated morphine administration
demonstrated a proinflammatory response opposing morphine analgesia (Song and Zhao,

2001).

Over the last few years, an emerging concept has been steadily gaining ground as a valid
alternative to explain this crossroads: the phenomenon of opioid-induced hypersensitivity
(OIH), also known as opioid-induced hyperalgesia (Ocasio et al., 2004). This theory achieved
rapid and detailed clinical broadcasting especially by the hand of Dr Wolfgang Koppert
(Koppert, 2004;Koppert and Schmelz, 2007) and Dr J David Clark (Angst and Clark, 2006;
Chu et al., 2006; Low et al., 2012). To this respect, acute and chronic®? high doses of opioids
have been reported to induce spontaneous pain, allodynia and thermal hyperalgesia in
humans (Raffa and Pergolizzi, 2013) and rodents (Li et al., 2001; Chang et al., 2007).

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

2 Opioids mediate their pharmacological effects via activation of three types of G-protein coupled receptors (GPCR):

mu opioid receptor (MOR), delta opioid receptor (DOR) and kappa opioid receptor (KOR). Recently, a new opioid-like

receptor ORL-1 has been proposed. Opioid receptors are found in cell membranes at multiple sites in the CNS and PNS.

Morphine, the gold standard among strong opioids, is a potent W agonist.

22 Until very recently, it was assumed that chronic use of opioids could lead to opioid-induced abnormal pain

sensitivity only if followed by abrupt reduction or withdrawal of dosage; however this position was definitely knocked
down in the past decade as reviewed in (DuPen et al., 2007;Mao, 2006).
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hyperalgesia and various mechanisms have been proposed to be implicated in the

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

a) Counter-regulation hypothesis. According to the counter-regulation hypothesisza, a
balance between anti- and pro-nociceptive effects is apparently dependent on the type,
dose, pattern and route of opioid administration (Chu et al., 2006) and is thought to
occur as a compensatory mechanism in an attempt to reach homeostasis (Freye, 2010).
Chronic administration of intrathecal or systemic morphine may produce a sustained
imbalance at spinal and supraspinal levels and therefore act also on some other opioid
receptors coupled to excitatory cholera toxin-sensitive Gs-proteins (stimulative
regulative G protein) located on pre- and post-synaptic neurons and on glial cells.
Subsequently, intracellular levels of cAMP increase and enable the activation of protein
kinases and the opening of calcium channels leading to increased intracellular Ca®
levels 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 activate NMDA-receptors (Koppert and Schmelz, 2007; Marion Lee et al.,
2011; Raffa and Pergolizzi, 2013; Pal and Das, 2013) (Fig.12). It is worth mentioning that
opioid receptors exist as dimers or oligomers of same or different opioid receptor
subtypes and that potency of morphine is attenuated in 6-containing opioid receptors,
since they display decreased G-protein coupling and signaling compared to u-
homodimers; corresponding to what seen in cases of neuropathic pain as well (Gupta et

al., 2010).

> The counter-regulation hypothesis is also referred to as the opponent process theory (Solomon and Corbit, 1974).
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Figure 12. Schemtatic representation of the different mechanisms implicated in the development of OIH. 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 noxious stimuli via descending inhibitory pathway. However opioids can also lead to pro-nociceptive
mechanisms, which may differ depending on the chosen site along the nervous system: (1) sensitisation of peripheral
nerve endings; (2) enhanced descending facilitation of nociceptive signal transmission; (3) enhanced production and
release as well as diminished reuptake of nociceptive neurotransmitters; (4) sensitisation of second-order neurons to
nociceptive neurotransmitters; (5) Neuroplastic changes in the RVM medulla that may increase descending
facilitation via on cells. Box A (dotted line). Activation of G/,-coupled opioid receptors reduces intracellular levels of
cAMP. However, upon long-term application of p-agonists other less common G,-coupled opioid receptors may also
become activated and act on adenylyl cyclases increasing the levels of intracellular cAMP at the primary nerve
endings in the spinal dorsal horn. This will result in the activation of protein kinases and the opening of calcium
channels leading to increased intracellular Ca®" levels and membrane depolarization. Consequently, a heightened
release of excitatory amino acids and neuropeptides acting on the postsynaptic neuron (e.g. NK1-R) will also occur.
Morphine-induced activation of G,-coupled opioid receptors can also happen at the postsynaptic neuron. Increased
intracellular levels of Ca®* can induce the activation of a conventional PKC causing the phosphorylation of NMDA-
receptors and therefore increased influx of ca’. Simultaneously, PKC can also act on opioid receptors rendering
them inactive. In addition to all this, increased levels of intracellular Ca>* induce heightened production of NO, which
reduces the antinociceptive potency of p-agonists. Further increased levels of opioids might be maintained by
facilitative descending pathways. Box B (dotted line). Additionally, following morphine chronic treatment u-6
heterodimer is increased in the DRG, RVM and other regions in the brain. Potency of morphine is attenuated in 6-
containing opioid receptors, since they display decreased G-protein coupling and signaling compared to p-
homodimers. DRG = dorsal root ganglia, RVM = rostral ventromedial medulla, cAMP = cyclic adenosine
monophosphate, PKC = protein kinase C, NO = nitric oxide. Figure modified from (Angst and Clark, 2006;Koppert and
Schmelz, 2007).

Despite this approach, opioids can exert non-stereoselective effects on other receptors

( Hutchinson et al., 2010a; Due et al., 2012). This is sustainable with the fact that opioid
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hyperalgesia was still observed in u-, 6- and k-opioid receptor triple knockout mice,
which again is suggestive of the existence of a non-classical opioid receptor whose non-
stereoselective activation opposes analgesia (Juni et 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). Some opioids (e.g. codeine, heroin) produce
metabolites chemically identical to morphine after systemic administration (Smith,
2009). In this regard morphine is primarily metabolised in the liver into two major
metabolites: morphine-6-glucuronide (M6G) and morphine-3-glucuronide (M3G); the
former, an analgesic active compound, and the latter, devoid of analgesic activity
(Komatsu et al., 2009). Morphine derivative M3G ( Lewis et al., 2010; Due et al., 2012)
presents a lack of binding to opioid receptors and has been reported to mediate, single-
handedly, the activation of the TLR4/MD-2 heterodimer on microglial surfaces, as
inferred from in vitro, in vivo and in silico studies®* (Fig.13). To this respect, researcher
Linda R. Watkins and her team (Hutchinson et al., 2010a; Hutchinson et al., 2010b;
Hutchinson et al., 2012) advocate for 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 opioid analgesia (Watkins et al., 2005; Watkins et al.,
2007a; Watkins et al., 2009). In fact, although TLR4 might not be the only receptor for
glial activation, some glial inhibitors (propentofylline, pentoxifylline, minocycline,
ibudilast) are potential useful agents for the treatment of neuropathic pain and for the
prevention of tolerance to morphine analgesia (Mika, 2008), and particularlly 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 possess the ability of enhancing the
production of anti-inflammatory cytokines, in addition to suppressing proinflammatory
ones. That is, TLR4 can recognize opioids as foreign xenobiotic substances leading to

proinflammatory immune signaling (Watkins et al., 2007a). In fact, TLR4 knockout mice

** A wide list of TLR4 agonist and antagonist molecules are described in (Li, 2012).
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fail to display hyperalgesia following M3G administration (Due et al., 2012) and OIH is

not reversed by administration of an opioid antagonist (Chu et al., 2006).
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Figure 13. TLR4 stimulation as an underlying mechanism for opioid-induced hyperalgesia. Although 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 morphine-3-glucuronide (M3G) and the unnatural isomer (+)—
morphine, both of which have no effect on opioid receptors but elicit increased nociception. TLR4 is predominantly
expressed in sensory neurons in the DRG and in microglia in the spinal dorsal horn, and overlapping mechanisms
based on TLR4 non-stereoselective activation have been suggested to regulate both surgical incision induced-
nociception and OIH.

To the best of our knowledge, the only existing opposition to these findings is based on
the work of a Japanese group, stating that TLR4-knockout mice present microglial
activation (assessed by CD11b mRNA levels®) and reduced tail-flick?® latencies when

morphine is daily given for five consecutive days (Fukagawa et al., 2013).

4. Animal models for the study of pain.

4.1. Osteoarthritic pain.

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

*® The tail-flick 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 withdraws its tail from the light beam. The recorded time is registered as the withdrawal latency for that

animal.
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Osteoarthritic Pain (OA) 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
(Pomonis et al., 2005; Aigner et al., 2010). Risk factors associated with the development of
OA include genetic, ethnical, gender, ageing, obese and occupational based reasons among
others. In fact, OA affects differently to men and women, being hand and knee OA more

commun in women and hip OA similar in both genres (Solis et al., 2007).

According to the International Association for the Study of Pain (IASP), osteoarthritis (OA) is
the most common joint disorder worldwide, affecting aproximately 37% of senior citizens
(IASP, 2009). Large scale studies on the prevalence of osteoarthritis in Spain are carried out
by the Spanish Society for Rheumatology (SER). This Society estimated a similar prevalence
of 43% in the general Spanish population in year 2000 (Cano Montoro and Cases Gémez,
2002). To this respect, only knee and hand OA exhibit well-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 Miquel et al., 2011; Garriga, 2014) (table 3).

Age
Affected joint 40-49 50-59 60-69 70-79 >80 general
prevalence in men 2.4% 55% 18.1% 16.7% 143% | 5.7%
k OA 10.3%
nee prevalence inwomen | 4.4% 13.3% 37.2% 44.1% 29.1% | 14.0% °
H 0,
hand OA prevalence !n men 2.3% 6.2%
prevalence in women 9.5%

Table 3. Study on the prevalence and impact of rheumatic diseases carried out by the Spanish Society for
Rheumatology (EPISER 2000 project27). There might be variations in OA prevalence depending on the different diagnosis
criteria (e.g. symptomatic, radiologic or both) used in population-based studies (Comas et al., 2010). All the data herein
mentioned come from the EPISER 2000 project.

Until very recently, pre-clinical research on OA was mainly focused on the study of the
progression of the disease rather than on the chronic pain associated to this condition
(Ayala and Ferndndez-Lopez, 2007). Nowadays pain is just considered the major symptom

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

%7 EPISER 2000 project consisted on a study to determine the prevalence of lumbalgia, hand and knee OA, rheumatoid
arthritis, fibromialgia and osteoporosis in the Spanish population. It also counted on the development of a pilot study
on the prevalence of systemic lupus erythematosus. Basically, a population-based survey was conducted in 20 Spanish
cities to 2.998 individuals over an age of 20, random 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 applied (Carmona, 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 degree of joint damage

and the severity of pain in different patients (Hunter et 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

Table 4. Biological and psychological factors 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 remodelling. (2) Peripheral nervous system. Neuro -inflammation and -sensitisation at
the peripheral terminals may cause hyperexitability of nerve afferent fibres leading to spontaneous firing. (3) Altered
spinal cord gating. Continuous discharge at the spinal dorsal horn might result in synapse plasticity and cause disruptive
phenomena such as referred pain and muscle hyperalgesia even though the pain source originates at the knee joint. (4)
Altered cortical processing. Past experiences and sociocultural background may influence subjective judgment of pain
and lead to dysfunction of descending noxious inhibitory control. Motor disfunction. Tissue injury and consequent
release of proinflammatory molecules may lead to changes in the environment bathing nociceptor terminals, resulting in
lowered thresholds and increased responsiveness to stimuli. Additionally, hypertrophy 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 stimuli misinterpretation by the spinal cord and brain.

Despite the underlying chronic pain condition, whether OA has a neuropathic or a rather
nociceptive component has long been subject of debate (Combe et al., 2004; Hochman et
al., 2010; Kelly et al., 2013). National (Oteo et al., 2013) and international (Hochman et al.,
2010) clinical studies have recently shown up the presence of a neuropathic component in
not less than 33% of all cases diagnosed as chronic knee joint pain caused by knee
osteoarthritis. That said, both peripheral and central sensitisation are relevant elements in
the pathology as elicited for clinical evidence in the recent years (Arendt-Nielsen et al.,
2010; Finan et al., 2013). In fact, all indicators of pain sensititisation (both peripheral and
central) have been observed in patients with knee osteoarthritis to a greater or lesser
extent: hyperalgesia, allodynia, spatial summation, temporal summation (wind-up) and
aftersensations (Harden et al., 2013; Skou et al., 2013). On the one hand, peripheral
sensitisation is normally related to local and neurogenic inflammation, which shows up
mainly as primary hyperalgesia and aftersensations but only little primary allodynia. On the

other hand central sensitisation is characterised by allodynia and hyperalgesia spread to
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adjacent and remote sites from the affected joint (spatial summation) and may involve

impared descending pain modulation mechanisms (Courtney et al., 2012).

4.1.1.Pain 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 the chondrocytes; hence the cell cannot produce the fibres needed

for repairing the ECM of the cartilage (Beyreuther et al., 2007).

The knee receives a nerve supply from cutaneous nerves in the overlying skin, branches
of peripheral nerves passing near the joint (primary nerves) and branches of
intramuscular nerves crossing the joint capsule (accessory nerves) (Fig.14). Most
afferent fibres in articular nerves are unmyelinated, comprising C and sympathetic nerve
fibres. Heavily myelinated AP fibres and thinly myelinated A fibres comprise about 20%
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 directly stimulate 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 sensitisation and neurogenic plasticity may

operate at both, peripheral and spinal levels.
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Figure 14. 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 saphenous nerve. Saphenous nerve divides into
three branches at the knee joint, all gathered in the infrapatellar branch, but also continues downstream to the feet
basically innervating skin tissues. Sciatic nerve innervates the lower leg and foot and devides in two branches at the
popliteal fossa: the tibial and the common peroneal nerves. The tibial nerve gives rise to articular, muscle and skin
branches, whereas the common peroneal nerve gives off articular and cutaneous (lateral sural nerve) branches.

In the rat, 80% of all knee joint afferent nerve fibres are nociceptive. Nociceptors are
located throughout the entire joint, including the capsule (McDougall, 2006), ligaments
(McDougall et al., 1997), tendons, menisci, periosteum and subchondral bone (Mach et
al.,, 2002). Even the synovium contains a good supply of large-(AB), middle-(Ad) and
small-diameter (C) axons (Wenham and Conaghan, 2009). The former are especially
located around the larger blood vessels and responsible for the control of articular
blood flow, while the middle- and small-sized are basically silent and responsible for
pain transmission only during tissue damage or when sensitised during an inflammatory
response (McDougall et al., 1997). Paradoxically, the cartilage (McCormack et al., 2009),
the primary site of injury in OA, is avascular and aneural (Bora and Miller, 1987;
Henrotin et al., 2005). This may explain why in the early states, 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 superficial synovia and in areas of intense inflammation,
whilst deeper synovia keeps its innervation around the vessels (Im et al., 2010). Contrary
to this, nerve and vascular ingrowth have been reported to occur in damaged
osteoarthritic cartilage (Fig.15) (Ashraf and Walsh, 2008). This may suggest that the
inflammatory soup straining from the nearby vessels 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 bone (Beyreuther et al., 2007).
Overexpression of matrix-degrading proteases and pronflammatory cytokines
contribute to the progression of the pathology by diverse mechanisms involving down-
regulation of anabolic processes and up-regulation of catabolic and inflammatory
responses (Kapoor et al., 2010). As a result, high-threshold mechanoreceptors,
polymodal nociceptors, and "silent" nociceptors in the joint capsules and ligaments
become sensitised, reducing their activation thresholds and increasing the firing rate of

action potentials to the spinal dorsal horn.
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Figure 15. 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 factors. (1)
OA generally initiates with mechanical erosion. (2) Particles released from the knee cartilage to the interstitial fluid
provoke a “knock on effect” on immune cells causing the joint cavity to swell up, thus increasing the tension at the
connective tissue and causing the articular space to distend the capsule. Initial thickening of the synovial membrane
and capsule causes the knee cartilage to stop being lubricated, being deprived of the nutritional supply. (3) 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 mass all along the articular line, together with angiogenesis and nerve
growth at the epiphyseal plate of the metaphysis. Fissures in the cartilage on the one side and subchondral
angiogenesis on the other side increase permeability allowing further plasma cells to enter the cartilage-bone unit.

Despite the clear evidence for a central role on pain production in OA, current
treatments are chiefly palliative and aimed at peripheral mechanisms ( Jordan et al.,

2003; Barron and Rubin, 2007; Benito et al., 2008) (table 5). There are, additionally, a
36



INTRODUCTION

few drawbacks associated with many of the drugs being used. For instance, analgesia
induced by peri- or intra-articular knee infiltration with corticorsteroids (Wittich et al.,
2009; Erturk et al., 2014) or local anaesthetics (Creamer et al., 1996; Eker et al., 2008;
Jorgensen et al., 2014) lasts only 2-3 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 controversial (Lo et al., 2003; Arrich et al., 2005).
Other conventional treatments such as NSAID have shown both insufficient efficacy and
gastrointestinal or cardiovascular side effects (Caldwell et al., 1999; Brandt, 2003; van
Laar et al., 2012;). On the other hand, topic capsaicin (Kosuwon et al., 2010; Laslett and
Jones, 2014) and oral SYSADOA?® (Clegg et 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 therapies for treating

osteoarthritis-knee painzg.

Type of administration Treatment

paracetamol (acetaminophen)
NSAID

ORAL opioids*

tramadol

SYSADOA (glucosamine sulfate, chondroitin sulfate, diacetylrhein)

local anaesthetics (lidocaine)
TOPICAL NSAID

capsaicin

corticosteroids
INTRA-ARTICULAR hyaluronan (SYSADOA)

local anaesthetics

Table 5. Current pharmacological treatment on knee osteoarthritis. Treatments for OA-knee pain are chiefly
palliative and aimed at peripheral mechanisms, except the use of tramadol and opioids, which can bind receptors
located in the CNS. Treatment guidelines recommend starting with paracetamol as the first-line therapy for oral
administration, followed by NSAID, opioids and tramadol. Patients not responding to paracetamol nor willing to
undergo further systemic therapy are prescribed topical administration as a stand-alone therapy or in combination
with oral drugs. Condroprotective drugs (SYSADOA) may be also given as coadjuvants to oral paracetamol. While
paracetamol achieves acute pain relief, these medicines provide long-therm acting but prolonged effect and are
considered as disease-modifying drugs. The latter effect can also be appreciated with intra-articular therapy however,
this is an invasive technique and requires both aseptic conditions and spaced-time 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 systems are intended to best imitate syndromes and
pathologies currently occurring in patients and to this purpose, they 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 in other chronic 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
monosiodium iodoacetate (MIA) into the articular cavity of the rat knee reproduces the
knee degenerative disease observed in clinics in a very precise way. Since 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 model, MIA binds the active site of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) enzyme rendering the enzyme useless. As a consequence, the
following steps in glycolysis are inhibited. Therefore, the blockade of glycolisis leads to
their own cellular death and subsequent disruption of articular cartilage (Lefebvre et al.,

2011).

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

typical in central sensitisation (Sagar et 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
day 3-7 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 neutrophils and
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 cartilage in some
areas in order to patch the damaged area (Fig.16A). Subsequently, patches of new-
forming tissue extend to the calcified cartilage and repair of the deep zone occurs during
the second week post-MIA (Bove et al., 2003; Combe et 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 function of 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 tibial condiles to stick together (Fig.16B).

____________ .
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Figure 16. A. Representative micrograph of a toluidine-blue stained section of the tibial plateau in a healthy (left
side) and MIA-induced osteoarthritic (right side) knee, 22 days post-injection. Healthy cartilage is made up of three
well-diferentiated zones: (1) superfitial tangential zone (10-20%), (2) middle zone (40-60%), (3) deep zone (30%).
Proportion of each of these zones is altered in the pathological cartilage. During OA process, the superficial zone,
consisting in the resting cartilage (navy blue), thins or completely fades away. Structural disruption of the synovial
membrane allows plasma to massively enter the intra-articular space and the wound (before, referred as articular
surface) is covered 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 zone (proliferative 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 cartilage (A). Marked
damage can also affect the deep zone from the calcified cartilage and show decreased thickness. The tidemark—the
demarcation line between calcified and articular cartilage—shifts upwards, representing a thinning of the overall
articular cartilage. Note excess pannus (%) formed in the joint between femur and tibia with the disruption of the
synovium (dotted-line box). B. Gross appearance of the knee joint following surplus fibrosis, 22 days post-MIA.
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4.2. Postsurgical pain.

Nearly every surgery evokes postoperative pain. This is often classified within the acute
pain category regarding the ailment duration, which in many cases in more or less short
order resolves, but may shift into a rather outlasting subchronic pain state in some
therapy-resistant cases (Deumens et al., 2013). To this respect, the IASP defined persistent
post-operative pain as the pain state that generally lasts more than two months after
surgical intervention and cannot be explained by other causes (Schug and Pogatzki-Zahn,

2011).

During the last decade an increasing number of articles enhanced transition into chronic
post-surgical pain as a not so uncommon 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 peripheral (Brennan
et al., 1996) and central (Obata et al., 2006; Ito et al., 2009; Chen et al., 2012) sensitisation

are considered important hallmarks of this long-lasting postoperative (PO) 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 undermanaged (Wu and Raja, 2011) and insufficiently represented

in clinical literature (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 incisional pain was first characterised by Brennan and colls.
(Brennan et al., 1996). Considering that pain caused by inflammation, nerve injury or
incision is constructed by different pathophysiologic mechanisms, the authors
designed an incisional model for postoperative pain able to sensitise on the one hand
primary afferences (A& and C-fibres) and on the other hand wide dynamic range
(WDR) neurons in the spinal dorsal horn (Pogatzki et al., 2002; Zahn et al., 2002;

Banik and Brennan, 2004). This model is based on a surgical incision performed on
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the plantar aspect of the animal’s hind paw. Information is transmitted by both sural
and tibial nerves (Fig.17) 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). In other words: the development of primary and

secondary hyperalgesia.
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Figure 17. 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 branches of the femoral (the former) and sciatic (the latters) nerves
are shown. Areas of primary and secondary hypersensitivity detected in the model after incision onto the rat’s
paw are also shown (dotted line box). L2 to L6 correspond to lumbar sections of the spinal 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 nociceptive response during wound
healing but may also initiate the sensitisation of peripheral nociceptors (Magerl and

Klein, 2006; Voscopoulos and Lema, 2010).
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Observations derivative from this model may lead to test theories of sensitisation
and plasticity in postoperative pain but also to assess the contribution of different

analgesic drugs and therapies to the management of incisional pain.

Regarding a basic science context, the pain incisional model in rodents is a well-
characterised method to assess morphine-derived pro- or anti-nociceptive effects.
Regarding this last point in particular, diverse studies seem to indicate that reading of
opioid induced hypersensitibility (OIH) apparently depends on the nature of the
model and on the tests used for measuring the experimentally evoked pain. To cite
but a couple of examples, a single medium/low-dose of morphine administered
subcutaneously into the skin of the back prior to the surgery (Clark et al., 2007) has
shown to reduce early proinflammatory cytokines levels within the wound
environment, with the consequent although short-lasting anti-nociception. In the
same line, an intrathecal administration of high-dose morphine (Nagakura et 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 time the 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 removal (Sinatra and Ford, 1979).
This was later followed by the discovery of opiates affecting other immune-like cells
such as the glia. For instance, studies on repeated administration of high systemic
doses of morphine show hypertrophy and overexpression of several molecular
markers in spinal glial cells, what is related to facilitation of pain transmission (Song
and Zhao, 2001; Cui et al., 2006). Furthermore, chronic subcutaneous 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 days as evidence of changes in neural plasticity
(Horvath et al., 2010). Additionally, enhanced levels of proinflammatory cytokines at
the peri-incisional skin area have also been reported under chronic high doses of
morphine (Liang et al., 2008). This could be explained by the development of a

physiological tolerance to morphine immunosuppressive effects (West et al., 1997).
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OBIJECTIVES

Animal pain models are basically used for two reasons: to explore the mechanisms that underlie
both physiological and pathological pain, and to study or develop currently existing or new

synthetic analgesic drugs. According to this:

e On the one hand the present work intended to accurately assess the nociceptive thresholds

in animals suffering from osteoarthritis-induced knee joint pain,

1. to achieve therefore a better understanding of the chronic pain state
2. to study the role of toll-like receptor 4 (TLR4) by means of a TLR4 blocking molecule on:
a. hampering the development of the disease,

b. diminishing nociception once the disease is developed.

e On the other hand, the work also aimed to evaluate the nociceptive thresholds in a rat

model of incisional pain to study the role of toll-like receptor 4 (TLR4) by means of a TLR4

blocking molecule on time recovery and the mechanisms involved in such an acute pain

state.

e An additional objective consisted in studying the involvement of glia in 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 cages (4-6 rats/cage) under standard
laboratory conditions: temperature- (23 + 12C), humidity- (50-55%) and light- (12/12-h light/dark
cycle; lights on at 7.30) controlled rooms with standard rodent chow and water available ad
libitum. All rats were left at least for five days to be acclimatized in the environment of our animal
facilities before the initiation of any experiment in accordance with animal protection standards
(BOE, 2005; Capdevila et 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 by the Ethical
Committee of Universidad Rey Juan Carlos (URJC) and in agreement with the guidelines of the

International Association for the Study of Pain (IASP) (Zimmermann, 1983).

2. Surgical procedures.

2.1. MIA model of osteoarthritic pain.

OA was induced in rats (weighing 200-250 g or 250-300 g for i.p. or i.t. administration
respectively) by intra-articular infiltration of monosodium iodoacetate (MIA) into the knee
cavity. As it has been previously reported (Schuelert and McDougall, 2008; Schuelert et 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 anaesthetised with 0.3 ml / 100 g (i.p.) Equithesin (176 mM MgS04.7H,0,
5.6% Dolethal Vétoquinol S.A., 5.62 mM propylene glycol Codex®, 254 mM chloral hydrate
Sigma-Aldrich®, 11.4% absolute ethanol)®*. A single intraarticular injection of 2 mg MIA

(Sigma-Aldrich®) in 50 pl (Pomonis et al., 2005; Cifuentes et 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 in year 2013, (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 infra-patellar ligament of the right knee®' (Fig.18). The
dose of MIA was based on the previous literature (Fernihough et al., 2004; Kalff et al., 2010).
Control contralateral hind paw received a single intra-articular injection of normal saline (50
ul) (Bove et al., 2003; Cialdai et al., 2009). 50 ul saline was also intra-articularly administered

into both knee joints in a distinct control naive group. All injections were executed by means

of a 30 G insulin syringe (Becton Dickinson) (Clements et al., 2009).

Bl Equithesin

: knee joint (
C.I*‘_,

. diarthrosis - %
I +

/’
’

glycolisis disruptor |

(

30 G syringe needle

Figure 18. Chemical-induced model of osteoarthritic pain: knee joint injection.

2.2. Intrathecal surgery: osteoarthritic pain.

Intrathecal surgery was performed as previously described (Matsunaga et al., 2007; Avila-
Martin et al., 2011) with slight modifications. Briefly, rats were surgically prepared under
pentobarbital (Dolethal, 0.225 ml-kg™, i.p., Vetéquinol) and 2% xylazine (Xilagesic, 0.43 ml-kg™,
i.p., Calier) anaesthesia, followed by an atropine dose (0.05 mI-kg'l, B. Braun) in order to avoid
spasms and bradycardia. In addition 0.1 ml of antibiotic was administered (Enrofloxacin, 2.5%

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

n Portugal knee joint injection was performed 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; PE-10, Becton Dickinson) was
purchased for catheter implantation and externalized 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 overlying the vertebrae, a small hemi-laminectomy 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 rostrally and medially
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 catheter was 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 custom-made steel wire. Artificial dura mater
(Neuropatch, B. Braun) was placed on top of the small tear and the overlying muscle layers
were ligated with a continuous 4-0 polyglycolic acid absorbable suture. Skin was finally closed
with individual 2-0 silk suture stitches (Fig.19). Rats were housed individually and carefully
observed during recovery. 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 intra-articular injection of MIA (Liu et al., 2011) or saline

accordingly under isoflurane anaesthesia.

49



MATERIAL AND METHODS

2.3.
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Figure 19. Intrathecal surgery. A. Representation of the skeleton of a rat. B. Schematic representation of topographic
relations of spinal cord and vertebral column. C. Cross section of the spinal cord. D. Laminectomy and catheterisation
performed on a rat. Since 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 the subdural space in order to reach the desired site for the
release of the drugs (as shown in A and B).

Surgical incision: incisional pain.

Surgery was performed according to the rat model of incisional pain developed by Brennan et
al.(Brennan et al., 1996) with slight modifications (Fig.20). Rats (weighing 250-300 g) were
anaesthetised with 2% isoflurane delivered via a nose cone. The right hind paw was prepared
in a sterile manner applying a 10% povidone-iodine solution (Betadine®) onto its plantar
aspect and a 1-cm 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 needle and likewise incised longitudinally. Haemostasis
was achieved with gentle pressure and the skin was gathered with 2 mattress sutures of 5-0
nylon. Finally the wound site was covered with topical antibiotic ointment (0.2% nitrofurazone,
Furacin®) and the animals were then allowed to recover in their cages. The left contralateral

paw remained intact.
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Figure 20. 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 characterisation (Fig.21).
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3.2.

\ application| __»
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Figure 21. 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, a five-try paradigm was assumed.
Essentially, 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 a
response; if not, we moved on to the next filament (from low weight to high weight)
until we achieved four-five responses in a three-serial-row. That is, we pursued an all or
nothing response (Ferreira-Gomes et 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 modifications (Whiteside et 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 for each rat at each time
point. Average of these three readings was determined and used for subsequent

analyses.

Paw-flick test.

The response to noxious thermal stimulus was determined using a thermal plantar
devise (Ugo Basile, Italy) in a modified Bennett and Hargreaves’ method (Bennett and
Hargreaves, 1990) (Fig.22). 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
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3.3.

compartment on a glass floor. 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 2-5 min apart was recorded. The intensity of the heat source was
adjusted such that baseline latencies to withdrawal were 8-10 s, with a 15 s cut off to

avoid tissue damage.
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application|
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Figure 22. Paw-flick test.

Knee bend test.

To assess the sensitivity to a natural mechanical stimulus such as the knee-bend
movement and therefore, to elucidate the existence of proximal hyperalgesia, a knee-
bend test was performed as described by Ferreira-Gomes et al. (Ferreira-Gomes et al.,
2008) in a rat model of MIA-induced osteoarthritic pain. All 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 reactions in
response to five extensions and five flexions of the knee joint (Fig. 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
Vocalisation occurs to maximal flexion/extension

2 Vocalisation occurs to moderate flexion/extension

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

knee-bend score.

53



MATERIAL AND METHODS

3.4.
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Figure 23. Knee bend test. Str. = struggle; voc. = vocalisation.

Catwalk test.

The Catwalk test was used to evaluate the disability induced by the OA model and the
disconformity after receiving the treatment (Ferreira-Gomes et al., 2012). OA animals
show a decreased 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 a tubular 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 print (Fig.24). 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 contact with the 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 wide-angle objective, placed
under the glass platform and connected 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 consecutive contralateral and ipsilateral footprints) and 3 frames
corresponding to distant trials with the animal standing still. The number and intensity
of pixels above a defined threshold were quantified using Imagel) 1.47, allowing the
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comparison between the area/pressure 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

Figure 24. Catwalk test.

Drugs used.
4.1. TLR4-A1.

Based on the studies carried out by Piazza et al. (Piazza et al., 2009) on in vitro cell cultures
and in vivo sepsis model in mice, we reproduced a benzylammonium lipid to be tested in our
in vivo rat model systems that we named as “TLR4 antagonist 1” (TLR4-A1). A TLR4 inhibitor
molecule (TLR4-Al) with target on its co-receptor CD14 protein (Arroyo-Espliguero et al.,
2004) was synthesized as previously described (Piazza et al., 2009; Peri and Piazza, 2012) and
presented in a 9:1 ratio of 0.9% saline and ethanol. For intrathecal administration, TLR4-A1l
was diluted only in sterile saline.

TLR4-A1 synthesis was modified by Dr Quesada starting from a commercially available and
inexpensive compound (methyl-B-D-glucopyranoside) (Fig.25). The identity and purity of the

compound was confirmed and verified by HPLC analysis and NMR.
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Figure 25. TLR4-A1 molecule.

4.2, Other drugs.

Morphine sulphate was purchased from Sigma-Aldrich Quimica (Spain) and diluted in 0.9%

innocuous saline.

All i.p. administrations consisted on a total volume of 0.5 ml. On its part, i.t. administrations
consisted on volumes of 0.01 ml preceded and followed by 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 model, behavioural
assessment was first performed during a 50-day period after the infiltration of 2 mg MIA.
The role of TLR4 targeting chronic or nociceptive pain was investigated using a new
synthetic experimental compound: TLR4-A1 (Table 6). Intraarticular injection 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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1. Acute administration of TLR4-A1 upon the development of osteoarthritis
blank group -> control

e MIAgroup - control

e MIAgroup + 10 mg-kg'1 TLR4-A1 (i.p.) onday 14

2. Chronic administration of TLR4-A1 upon the development of osteoarthritis

e blankgroup - control

e MIAgroup - control

e MIA group + 15-day treatment with 10 mg-kg™* TLR4-A1 (i.p.)

3. Chronic administration of TLR4-A1 parallel to the induction of the osteoarthritis
i.p.administration

e blankgroup - control
e MIAgroup - control
e MIA group + 5-day treatment with 10 mg-kg™ TLR4-A1 (i.p.)
i.t. administration
e blank group +surgery - control
e MIAgroup +surgery - control
MIA group + surgery + 5-day treatment with 0.1 mg-kg'1 TLR4-A1 (i.t.)
Table 6. Pharmacological treatments evaluated in the MIA-induced model of osteoarthritic pain.

a.1) Acute systemic administration.
In order to determine the anti-nociceptive properties of the TLR4-A1l compound after
the onset of the pathology, animals were given a single dose on day 14 after MIA
injection. This also enabled us to characterize the time course of drug effect. TLR4-Al
acute treatment consisted on a single dose (10 mg-kg™) on day 14 and animal
behaviour was evaluated before and 30 min, 60, 1 h 30 min, 2 h and 3 h following the

administration (Fig.26A).
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Figure 26. Experimental protocol followed at the FMUP. A. Acute administration. B. Chronic administration.

a.2) Chronic systemic administration.

In the protocol followed at the FMUP, chronic treatment with vehicle TLR4-A1 or TLR4-
Al (10 mg-kg'l) itself consisted on daily administrations during 15 days starting on day
14. Behavioural tests were carried out on days 3, 7, 14 and 15 post-MIA injection and
on days 18, 20, 22, 24, 26 and 28 before and 1 h after drug administration (Fig.26B).

In the protocol followed in Universidad Rey Juan Carlos (FCS-URJC), vehicle of TLR4-Al
or TLR4-A1 alone (10 mg-kg'l, i.p.) was daily administered during five consecutive days
starting on day 0 post-MIA injection. Withdrawal thresholds for tactile allodynia
(electronic von Frey) and heat hyperalgesia (paw-flick test) in 2 mg MIA- and sham

saline-treated knees were evaluated on the aforementioned days (Fig.27A).
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Figure 27. Experimental protocol for chronic administration of TLR4-Al followed at the FCS-URIC. A. i.p.
administration. B. i.t. administration.

a.3) Chronic intrathecal administration.
Two different baseline thresholds were recorded for groups undergoing intrathecal
surgery: just before catheterisation and four days after the surgery was performed.
Rats with no motor or sensitive impairment were classified into control naive or
osteoarthritic group and received innocuous saline or TLR4-A1 (0.1 mg-kg'l) during the
first five days immediately after 2 mg MIA- or saline-infiltration. Withdrawal threshold
and thermal latency were assessed every 7 days during the following three weeks

(Fig.27B).

b) Model of incisional, postoperative pain.
Von Frey and paw-flick 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 (Table 7).

Chronic administration of vehicle, morphine or/and TLR4-A1 (two doses of 5 mg-kg-day™)
e blank group - control

e incisional group - control = 9-days vehicle (i.p.)

e incisional group - 9-days 10 mg-kg'1 morphine (i.p.)

e incisional group - 9-days 10 mg-kg'1 TLR4-A1 (i.p.)

e incisional group > 9-days 10 mg-kg™ TLR4-A1 + morphine (i.p.)

Table 7. Pharmacological treatments evaluated in the postoperative model of incisional pain.
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Every compound was i.p. injected twice a day (5 mg-kg?), since higher doses of
morphine were seen to produce sedation. Each administration was separated by 6 hours
for 9 consecutive days and tested starting 24 h following plantar incision twice a day: 2
hours before and 45 min following the first administration of the day. In the case of
animals receiving both drugs, TLR4-A1 was administered 15 min prior to morphine and
behaviour was assessed 30 min after the latter (Fig.28). In sum, every animal had

received at the end of the day 10 mg-kg™ morphine or/and TLR4-A1.
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Figure 28. Experimental protocol for chronic administration of morphine and/or TLR4-Al: a 9-day treatment

starting one day following surgical incision.

Doses for TLR4-A1 were obtained comparing to previous works carried out by F Peri and

M Piazza (Piazza et al., 2009) on a mice sepsis model.

In vitro assays.

5.1. General histological methods.

5.1.1.Immunohistochemical study for glial activity.

5.1.1.1. Collection of spinal cords.

Animals were sacrified 22 or 10 days after surgery (OA and PO model respectively;
n = 4-5 rats for each group). Deep pentobarbital (60 mg-kg™, i.p.) anaesthetised
rats were intracardially perfused via the left ventricle with 200 ml of normal saline
(pumped by means of a peristaltic pump at a constant flow rate of approximately

20 ml-min’') followed by fresh-prepared 4% paraformaldehyde (PFA) fixative in 0.1
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M phosphate buffer saline (PBS), pH 7.4, 42C (referred to as fixative solution from

now on), once upon blood was cleared from the circulatory system (Fig.29).
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Figure 29. Transcardial perfusion.

A laminectomy of the entire thoracic and lumbar spinal cord was performed and a
L3-L5 spinal segment was excised 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% azide (cryopreservative solution)
at 42C until further processingsz. Alternatively, the knees or saphenous nerves

were also collected.

5.1.1.2. Tissue processing.

Following post-fixation treatment spinal cord specimens were transferred through
serial increasing concentrations of water miscible ethanol; then replaced with
xylene, which can be mixed with paraffin (Fig.30). In order to ease and hasten the
dehydratation protocol, samples were introduced into numbered cassettes and

placed into a basket located in a tissue-transfer 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 and starting the perfusion with Tyrodes’ solution instead of saline.
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performance. After dehydration, samples 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 # ...’/
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 d ‘ 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. Grading

-up concentrations of ethanol for specimens dehydration. On the left side of the image, a table shows the

programme entered into the tissue processor, consisting on grading-up concentrations of ethanol for specimens dehydration (initial

task on top).

Paraffin wax blocks of spinal sections corresponding to lumbar segments 3 to 5
were thaw-mounted in a Minot rotatory microtome and serial 5 um transverse
sections collected on 0.02% poly-L-lysine coated slides.

In order to not waste too much time nor materials, it was important to think about
a strategy. Each segment of spinal cord was too large to be placed onto a cassette,
so we placed it in two halves (as seen in Fig.30). Every spinal fragment was then
mounted on four different slides as 20 consecutive sections placed in order. Since
we aimed to obtain serial cuts for L3, L4 and L5 sections, after cutting, we could
have a series of possibilities: L4-L4, L3-L5, L4-L3 o L5-L4, depending on how we
placed the spinal cord segments (Fig.31). This disposal enabled thus comparison of
each section with the previous and following 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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beginning 1 beginning 1
beginning 2 beginning 2
four slides per animal four slides per animal
(5 um sections) (5 pm sections)

Figure 31. Disposal of paraffin wax-mounted spinal cord samples.

5.1.1.3. Immuno-staining.
All samples were immune-stained by the indirect peroxidase-labeled antibody

method (Fig.32).
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Indirect peroxidase-labeled antibody method
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Figure 32. Indirect peroxidase-labeled antibody method. DAB = 3,3’-diamino-benzidine-tetrahydrochloride.

Briefly, after deparaffinization samples followed an antigen retrieval-microwave
method in citrate buffer. Then treated with a fresh 3% solution of hydrogen
peroxide (H,0,) in sterile water for 15 min®®in 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 reduce non-specific
background staining. Sections were then treated for 1 hour with optimally diluted
Abcam7260 rabbit anti-GFAP (1:5000) or Abcam5076 goat anti-lba-1 (1:500)
serum immunoglobulins, washed and treated for an additional hour with one drop
of  histofine  kit®  (Cy'“2-conjugated)  anti-rabbit  or  Jackson
ImmunoReasearch711225152 alkaline-phosphatase (AP)-conjugated donkey anti-
goat serum immunoglobulin diluted 1:350. Samples were then washed to remove
any excess of antibody and treated with a freshly prepared solution of 0.05% 3,3’-
diamino-benzidine-tetrahydrochloride (DAB, Sigma®) for 5 min. A dark brown end-
product became then visible at the site of the antigen as the DAB reaction took

place (Fig.33).

*The protocol for immuno-staining had slight variations at the FMUP: 0.5% of H,0, 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
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Figure 33. Immunostaining protocol.

5.1.1.4.

Eventually, sections were washed well in tap water and followed a staining-dish
system of grading-up concentrations of ethanol inverse to the one just seen in the
previous figure (table8). A drop of Eukitt'™ mountaing medium (miscible with
xylene but not with water) was added onto the microscope slide and protected

with a cover-slip.

H,0

H,0

96% ethanol
96% ethanol
Absolute ethanol

Absolute etanol

Xylene
Xylene
Xylene
Table 8. Grading-up concentrations of ethanol.

Method for counting immunoreactive receptors: microscopic examination.
For each section corresponding to every lumbar region, total stained-cells were
counted separately in laminas I-Il, llI-IV and V-VI. Identification of spinal cord

layers was made according to the classification by Rexed (Rexed, 1952) and
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photomicrographs were recorded to make montages of the entire spinal cord at a

final magnification of 20x.
5.1.2.Macroscopic examination of the knees: osteoarthritic pain.

Regarding the MIA-induced model of 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 faces were exposed (Fig.34).
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Figura 34. Schematic frontal and cross sectional view of the right knee.

5.1.3.Processing 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 for the 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 at 49C 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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on a shaker run at low speed. Solution was renewed weekly for 4-5 weeks. A

cotton bud was provided in the solution as a scaffold for the withdrawing calcium.

5.1.3.2. Staining.
Following decalcification, tissues were washed, dehydrated in grading-up ethanol
series, and embedded in paraffin wax (Fig.35). Tissue sections were cut at 5 um
thickness on a rotary Minot microtome and used for 0.5% toluidine blue O
containing 1% sodium borate.
programme an TISSUE PROCESSOR
4% formalin o/n II II
cassette
tap water 10° II II # ...'/
——— — . l llll sample was mounted on a
okt ] paraffin embedding station
96% EtOH 35° :
GI1R1 left \\
5 ;
<[k 40 specimen tissue transfer
mould
100% EtOH 35" basket
100% EtOH 35°
100% EtOH 40°
xylene 35°
v f _ ‘ cassette with
xylene 35 rotating head / no cover
reagent containers < F——
xylene 40 (‘\\/[
paraffin wax 4h _@
GIRT leff
paraffin wax 24 h keypad control

Figure 35. Grading-up concentrations of ethanol for knee specimens dehydration: paraffin-embedded tissue protocol.

5.1.3.3.

Microscopic examination.

Photomicrographs of the 5 um sections were recorded to make montages of the
entire knee at a final magnification of 2.5x. 8-10 montages were made of each 4
experimental groups. OA pathology scores were determined by histologic analysis.
Toludine blue-stained sections were used to assess the structures, cells and
tidemarks of the articular cartilage (Hagiwara et al., 2009) by means of the

Pritzker-score (Pritzker et al., 2006) (see section 1V.2.1).

5.1.4.Saphenous nerve biopsy and microscopic examination.

One centimetre segments of ipsilateral (injured side) and contralateral (uninjured side)

saphenous nerve corresponding to the groin-knee (OA model) or knee-hip (PO model)

67



MATERIAL AND METHODS

extent were removed 22 or 10 days post-surgery, respectively, and immediately post-
fixed in the fixative solution. After 4 hours, sections were immersed in cryoprotective
solution and kept at 42C until further use. Tissue samples were fixated and embedded in
resin according to a protocol ran by a Service Request. The resulting resin blocks were
mounted in an Ultramicrotome Leica EM UC7 and serial transverse semithin sections of
800 nm-—thickness were cut. Since prolonged heating enables toluidine blue staining,
sections now displayed on microscope slides were warmed up and stained with
toluidine blue for morphological and morphometrical study. Image acquisition was
performed using optical microscopy. Micrographs were recorded to make montages of
entire saphenous nerve transverse sections at a final magnification of 63.5x. Six
montages per nerve were made for every animal of each experimental group (n = 2-4
animals). Myelinated nerve fibre, myelin sheath and axonal diameters, and percentage
of total endoneurial area were measured (Costa et al., 2005). The parameters were

analysed on digitised pictures using the ImageJ 1.47 software.

5.2. Protein determination by biochemical assays.

5.2.1.Collection of spinal cords.
Spinal cord collection was performed as previously described (Butt et al., 2007; Gil-
Dones et al., 2008) with modifications. Briefly, rats were decapitated and the spinal cord
tissue was extracted using hydraulic pressure by inserting an 18-gauge needle into the
caudal end of the vertebral canal and flushing the spinal cord out with ice-cold saline. A
0.5-cm segment corresponding to the medial part of the lumbosacral enlargement (LI-
LV) (Gilerovich et al., 2008) was excised from the isolated spinal cord, flash frozen on

liquid nitrogen and immediately stored at —80 2C for further processing.

5.2.2.Enzyme-Linked ImmunoSorbent Assay (ELISA).
Spinal cord homogenization was adapted from the method of Sweitzer et al. (Sweitzer et
al., 2001; Sweitzer and Deleo, 2002). In brief, spinal cord sections were weighed and
then mechanically disrupted in 0.5 ml of ice-cold lysis buffer (table 9) using a Polytron

homogenizer (Kinematica, Switzerland) at high speed for pulses of 10 s.
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Lysis buffer (pH 7.4) ‘ supplemented with Table 9. Lysis buffer for tissue homogenization and
50 mM NaCl protease inhibitor cocktail posterior disruption. Buffer cannot include any
10 mM Tris detergent among its components in order to avoid
2.5 mM MgCl, - 6H,0 altering absorbances when reading the ELISA plate.

. 2° b3
2.5 mM MgCl,

Lysates were ultracentrifuged at 16,000 x g for 30 min at 49C and the resulting
supernatant (soluble protein fraction) was divided equally: a 200 pl aliquot for IL-1B and

IL-6 and a 200 pl aliquot for TNF-a ELISA quantification.

Protein concentrations for IL-13, IL-6 and TNF-a were determined using Diaclone® rat
ELISA kits according to the manufacturer’s directions and comparing samples to the
standard curve generated from the respective kits. Protein levels in treated and
untreated operated animals were compared to those from control naive animals (n = 4-

6).

6. Statistical analysis.

GraphPad Prism5 software was used for all statistical analysis. Two-way repeated-measures
ANOVAs with Bonferroni post-hoc tests were used to determine statistical significance
between groups in all experiments. One-way ANOVA followed by Dunnett’s or Newman-Keuls
Multiple Comparison test was also used for comparing the different time-points of each group
to their respective baseline values (day 0). For all analyses, P<0.05 was considered as statically

significant.
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RESULTS

1. Invivo assays: behavioural experiments.
1.1. Implementation of the osteoarthritic model of pain.

As previously mentioned, a thorough investigation on dose-finding studies was performed
before making any choice of the volume and quantity of MIA administration to be used.
We concluded that a 2 mg-dose was ideal for causing irreversible damage and severe
chronic pain. Two different volumes of 25 and 50 pl were tested and the latter was chosen,
which actually corresponded to the maximum intake volume allowed by the knee joint
space’”.

In order to test if saline injection into the contralateral knee joint space caused any
alteration on the withdrawal threshold or latency values, behavioural tests were carried
out in parallel in a separate untreated group of rats. In this respect, test days were chosen

at random (Fig.36).

3 During the stay in the Faculty of Medicine at Universidad do Porto (FMUP), we assumed the volume they were

currently using (2 mg—MIA in 25 pl—saline).
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Figure 36. Time-course response to tactile (von Frey test) and heat (paw-flick test) acute stimuli applied on the plantar
aspect of the paw in a control untreated set of animals. Data represent the mean percentage of the modification of the
response * Standard Error of the Media (SEM). N = 10 animals per group. PWT = paw withdrawal threshold; PWL = paw

withdrawal latency.

As concerns the injected animals, limping was visible in most animals right on the following
day to MIA administration and decreased paw withdrawal thresholds and latencies were
observed along 50 days. A flattened time-threshold curve was perceptible for both tests:
MIA induced thermal hypersensitivity with withdrawal latencies always under the baseline
levels and produced significant tactile allodynia in the ipsilateral hindpaw (P<0.001

ipsilateral vs. contralateral paw) (Fig.37).
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Figure 37. Time-course response to tactile (von Frey test) and heat (Hargreaves’ test) acute stimuli plantarly applied in
rats’ innocuous saline or 2 mg MIA infiltrated-knees. Data represent the mean percentage of the modification of the
response + SEM of the responses. # contralateral vs. ipsilateral paw. 2-way ANOVA, Bonferroni post-hoc test. (®P<0.05,
®eDp<(0.01, ®®eP<(0.001). N = 10 animals per group.

1.1.1.TLR4-A1 acute anti-nociceptive effect.
To evaluate the antinociceptive effect of TLR4-A1, drug was acutely administered on
day 14 after saline or MIA infiltration. Ethanol:saline (1:9, i.p.) was given as vehicle.
Three different tests were used: von Frey test (tactile stimulus) at a distal site of the

injury, knee bend test (mechanical stimulus) at the precise site of the injury and
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Catlwalk test (no stimulus applied). Behavioural assessment was evaluated before and

30 min, 1 h, 1 h 30 min, 2 h and 3 h following administration.

MIA produced significant tactile allodynia in the ipsilateral hindpaw (Fig.38A).
Intraperitoneal TLR4-A1l (10 mg-kg™) attenuated MIA-induced tactile allodynia, with
peak effect at 1 h (75.00% + 7.82) post-administration (Fig.38A). Movement-induced
nociception was evaluated through the knee-bend and CatWalk tests. MIA induced an
increase in the knee-bend score for the injected knee significantly different (Fig. 38B)
from those for the control group. On its part, intraperitoneal TLR4-A1 (10 mg-kg™)
attenuated mechanical allodynia with peak effect at 30 min (3.13U £+ 0.87) — 1 h (3.13U
+ 0.86) post-administration (Fig. 38B). MIA also induced spontaneous pain from day 3
onwards as inferred from a decrease in the total ipsilateral paw print intensity
assessed by the Catwalk test. Intraperitoneal TLR4-A1 (10 mg-kg'l) partially recovered
control baseline with peak effect at 30 min (47.61% + 2.31) and 3 h (50.05% + 0.64)

post-administration (Fig. 38C).

In control rats, PWT, scores for the knee-bend test and intensity for the paw print

throughout the study did not significantly differ from the baseline values.
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Figure 38. Immediate time course of TLR4-A1 acute effect administered once the pathology is developed. (A) Von
Frey test. (B) Knee-bend test. (C) Catwalk test. * vs. CTRL (contra-) + vehicle (i.p.); 2-way ANOVA, Bonferroni post-
hoc test. + vs. respective baseline (day 0). 1-way ANOVA, Dunnett’s Multiple Comparison test (®P<0.05, ® ®P<0.01,
®00p<(0.001). N = 6-8 animals per group.
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1.1.2.TLR4-A1 chronic anti-nociceptive effect.

In order to assess if TLR4-Al effect was different when acutely or chronically given,

two different protocols on chronic administration were performed.

a.

5-day treatment

A 5-day intraperitoneal treatment with TLR4-Al (10 mg-kg'-day™) partially
attenuated MIA-induced tactile allodynia. During an initial phase (first 14 days
post-MIA), there were no statistically significant differences between TLR4-A1l- and
control-groups. However later the effect of TLR4-Al disappeared and a nociceptive
response became clear (day 21), appearing statistically significant differences with
the control group (P<0.001) and its baseline (day 0, P<0.01) (Fig.40A). On the
contrary, 5-day TLR4-Al (10 mg-kg’-day™) caused an overall blockage of MIA-
induced thermal hyperalgesia as compared to baseline and the control group

(Fig.40B).
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Figure 40. A short (5-day) TLR4-A1 treatment at the outbreak of the pathology. Data represent the mean
percentage of the modification of the response + SEM of the responses. * vs. different treatments (2-way
ANOVA, Bonferroni post-hoc test); * different treatments compared to their respective day 0 (1-way ANOVA,
Newman-Keuls Multiple Comparison test) (® P<0.05, ee P<0.01, eee P<0.001). N = 6-8 animals per group.

15-day treatment (once the pathology has settled).
A second protocol of administration was designed starting once the pathological
condition was evident. All behavioural tests were performed before and 1 hour

following 10 mg-kg™ TLR4-A1 daily administration.

Chronic effect of TLR4-A1 shows a trend to recover baseline threshold levels when

light touch stimuli was applied on the mid-plantar aspect of the paw, with a
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sustained effect all along the 15 days. Acute effect, that is, response studied 1 hour
right after daily administration, also showed an attenuation of MIA-induced tactile
allodynia, peaking on day 18 onward. These values were slightly closer to control
thresholds, showing a more defined trend to recover baseline threshold levels

(Fig.41A).

As previously mentioned, movement-induced nociception was evaluated through
the knee-bend and CatWalk tests. When the stimuli was applied right on the
damaged point (mechanical flexion and extension of the knee joint), chronic effect
of TLR4-Al showed a curve that close resembled that from the control group.
Acute effect showed a similar pattern with a more noticeable attenuation of MIA-
induced effects on days 18, 20 and 22 though. Despite the difference existing
between both effects and the control group, no statistical differences were

appreciated (Fig.41B).

Chronic effect of TLR4-Al seemed not to affect MIA-induced spontaneous pain,
remaining a similar pattern on the line graph. In the same way, acute effect of
TLR4-A1 did not seem to differ much from the values registered for the MIA-group
(Fig.41C).
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Figure 41. A 15-day TLR4-A1 treatment once the pathology is developped. A. Von Frey test. B. Knee-bend test.

C. Catwalk test. * control contralateral paw vs. different treatments (2-way ANOVA, Bonferroni post-hoc test);

+ different treatments vs. corresponding day 0. 1-way ANOVA, Dunnett’s Multiple Comparison test (®P<0.05,

®0p<0.01, ®®®p<0.001). N = 6-8 animals per group. Data are represented as the mean percentage + % SEM.

Dotted line represents the time point TLR4-A1 starts being administered at a ratio of 10 mg-kg'l-day'l during 15

consecutive days.
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1.1.3. Intrathecal administration of TLR4-A1l.
In sham animals (animals with catheter but not MIA-treated), saline-treatment®” did
not modify mechanical nor thermal thresholds during 3 weeks of experiments. MIA
infiltrations on catheterised saline-treated animals produced however significant
decrease on withdrawal thresholds at days 7 (55.6% + 11.3, P<0.01) and 14 (57.4 +
12.9, P<0.01) and on withdrawal latencies also at day 7 (72.7% + 4.7, P<0.05) and 14
(70.9 + 7.5, P<0.05) as compared to their corresponding baselines (day O0)
(Fig.42A,B); just similar to what happened in MIA-treated animals with no catheter
(Fig.40). On its part, 5-day intrathecal TLR4-Al-treatment (0.1 mg-kg™-day™) in MIA-
treated rats reduced tactile-allodynia and values returned to baseline on days 14
(92.9% + 7.6) and 21 (94.7% * 5.6) after a decreasing initial phase (67.3% + 13.4 on
day 7, P<0.05 vs. baseline). On the contrary, TLR4-Al did not modify heat-
hyperalgesia: day 14 (67.0% + 4.4, P<0.001 vs. baseline), day 21 (82.5% * 7.2, no
significant levels) (Fig.42A,B). This is at odds with what seen for intraperitoneally
TLR4-A1 (10 mg-kg'l-day'l) OA animals: an initial phase with no tactile allodynia and

complete recovery from heat hyperalgesia (Fig.40).

35 . . . . . . .
In this case, the vehicle used was saline since etanol causes spinal toxicity.
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1.1.4.
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Figure 42. Effect of intrathecal administration of TLR4-A1l on a same protocol of 5-day treatment at the
outbreak of the pathology. (A) Von Frey test. (B) Paw-flick test. * control contralateral paw vs. different
treatments (2-way ANOVA, Bonferroni post-hoc test); * different treatments compared to their respective day 0
(1-way ANOVA, Dunnett’s Multiple Comparison test). (®P<0.05, ®®P<0.01, ®®®p<(0.001). Data represent the
mean % + SEM % of > 8 animals per group.

Body weight.
Control- and MIA-group did not present any visible difference when compared with
each other in any of the vehicle given groups (intraperitoneal or intrathecal).

However, there were statistically significant differences when comparing
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catheterised and non-catheterised animals, remaining the weight gain rate lower in
the former (P<0.01 and P<0.001 for days 14 and 21 respectively). A short (5-day)
TLR4-A1l treatment at the outbreak of the pathology also hampered weight gain
during the first days when intrathecally (P<0.001, days 7 and 14) but not when
intraperitoneally administered. However, by the end of the experiments the
percentage weight increase matched in all catheterised rats, no matter it was
vehicle or TLR4-A1 what given (Fig.43A). On its part, even though a long (15-day)
TLR4-Al treatment once the pathology has fully developped also hindered weight
gain for several days, animals finally reached same weight levels as the control- and

MIA-groups by the end of the experiment (Fig.43B).
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Figure 43. Comparison of percentage weight increase among untreated and treated animals for all of the
groups tested. A. Comparison of catheterised and non-catheterised animals. B. 15-day TLR4-Al
intraperitoneally administered. * vs. control group (2-way ANOVA, Bonferroni test) (P<0.05 , e® P<0.01, eee
P<0.001). Data represent the mean % * % SEM of n = 8-10 rats per group.

1.2. Incisional model of surgical pain.

As previously described, in order to carry out an incisional model of nociceptive pain, we
focused on Brennan’s model and stimulated three different areas in the nearby of the
wound selecting the one we felt the most at ease with, which was also the one being

stimulated for the OA model.
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1.2.1. Pharmacological acute vs. cumulative chronic effects.

Daily drug 10 mg-kg™ (i.p.) administration was divided in two: a first 5 mg-kg™ dose to

assess animal behaviour and a booster dose to achieve the 10 mg-kg'day™.

Behavioural tests were performed before and right after daily drug administration.

a.

TLR4-A1 and morphine acute effect.

The mid-plantar surface of each hind paw was stimulated during 9 consecutive
days and responses to electronic von Frey stimuli were registered. Incision-
induced tactile allodynia gradually attenuated from day 1 to 9. Incised animals
recovered baseline thresholds by day 9. Statistical significant differences between
contra- and ipsi-lateral paws were present during the first 8 days, vanishing the
following day (Fig.43A-C). Acute intraperitoneal morphine (5 mg-kg™) totally
reversed incision-induced tactile allodynia, overlapping with the values registered
for the contralateral paw of untreated animals. Responses to electronic von Frey
registered statistical significant differences from day 1 to day 6 (also isolated day
9) when comparing ipsilateral paws of morphine-treated to untreated animals

(Fig.43A).

Acute TLR4-Al (5 mgkg’; i.p.) also achieved a reversion of tactile-induced
allodynia. Statistical significant differences between contra-(vehicle) and ipsi-
lateral (TLR4-Al) paws were present on postoperative days 1 (P<0.01) and 4
(P<0.05) and during all four first days when compared to the ipsilateral paw of
the untreated-group (vehicle) (Fig.43B). On its part, TLR4-A1l (5 mgkg™) +
morphine (5 mg-kg®) reversed incision-induced tactile allodynia, exisiting no
statisitical significant differences when comparison was made to the contralateral
paw of untreated animals (Fig.43C). Similar to morphine-treated group,
significant differences to ipsilateral paw of untreated-group were present all

along the 9-day period.

When a noxious thermal stimulus was applied, statistically significant differences
were found until day 2 between the contra- and ipsi-lateral hind paws of the
innocuous vehicle-treated (i.p.) group (untreated-group) (Fig.43D-F). Contrary to

the ipsilateral paw of the untreated-group, thresholds in all treated groups
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exceeded the values observed for the contralateral paw at all time-points;
presenting the TLR4-Al + morphine-treated group the greater degree of
antinociception (Fig.43F), followed by morphine (Fig.43D) and TLR4-A1 (Fig.43E).

ACUTE EFFECT: RESPONSE TO STIMULATION AFTER TREATMENT
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Figure 43. Response to a non-noxious (von Frey test, A-C) or noxious (paw-flick test, D-F) stimulus registered 45 min

following vehicle, morphine, TLR4-Al1 or TLR4-Al+morphine administration. Incision-induced tactile allodynia was
85



RESULTS

detectable throughout the first 8 days of experiments. Morphine (A) and TLR4-Al+morphine (C) administrations exhibited
no statistical significant differences compared to the contralateral paw of untreated animals. For TLR4-A1 administrations
(B) significant differences existed on two isolated days (P<0.01 for day 1 and P<0.05 for day 4). Comparison between
ipsilateral paws of untreated and treated groups showed statistical significant differences throughout all 9 days for
morphine- and morphine+TLR4-Al-treated groups, and for the first four days post-incision for the TLR4-Al-group.
Incision-induced heat hyperalgesia only presented statistical significant differences compared with contralateral paw
during the first two days post-incision. All of the treated groups exhibited antinociception after administrations (D,E,F). *
contra- vs. ipsi-lateral paw (untreated-group); * ipsilateral paw (treated-group) vs. control contralateral paw (untreated
group); # ipsilateral paw (treated-group) vs. ipsilateral paw (untreated-group).Two-way ANOVA, Bonferroni post-hoc test
(@ P<0.05, @@ P<0.01, ®@e P<0.001). Data represent mean + SEM of 10 rats. The dotted line represents the time point
when the treatments were started to be administered from. That is, treatment had been already administered to the rats
by day 1 on the graph. Electronic von Frey and not calibrated monofilaments was used.

b. TLR4-A1l and morphine chronic effects.
Withdrawal thresholds and latencies following stimulation of the mid plantar

aspect of the paw were also assessed before daily administrations.

Similar to what previously reported, incision-induced tactile allodynia gradually
attenuated from day 1 to 9 when electronic von Frey was applied onto the mid
plantar aspect of the hind paw. Statistical significant differences between contra-
and ipsi-lateral paws of incised animals were present until day 5, vanishing the
following day (Fig.44A-C). Register before daily intraperitoneal morphine on the
other hand showed a long-lasting tactile allodynia with statistical significant
differences (P<0.001 for all days) that extended over day 9 when comparing with
the contralateral paw of the control group. Even registers corresponding to
ipsilateral paws of untreated animals broke away from morphine-treated values
existing statistical significant differences from day 7 on (Fig.44A). Data before
daily i.p. TLR4-A1l showed a shorter recovery time compared to the control group,
existing statistically significant differences only until day 4 (Fig.44B). Eventually,
register before daily i.p. TLR4-Al+morphine showed once again a similar time
course recovery as the untreated group. Statistically significant differences
compared to the contralateral paw (untreated-group), resembled those seen for
the ipsiltateral paw of the untreated group; that is, repeated TLR4-Al+morphine
administration had no effect on time course recovery following plantar incision

(Fig.44C).

As regards withdrawal latencies, the untreated-group showed similar results to

what previously reported for the register after vehicle administration.
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Withdrawal latencies gradually recovered baseline and significant differences
between the contra- and ipsilateral paws remained visible until day 3 (Fig.44D-F).
Data before daily i.p. morphine showed withdrawal latencies that did not
recovered baseline and significant differences were seen on day 7 (P<0.01)
compared to the contralateral paw of the control group (Fig.44D). On the
contrary, register before daily intraperitoneal TLR4-A1 showed latencies closer to
what seen for the contralateral paw of the untreated (vehicle)-group (Fig.44E).
Furthermore, significant differences regarding the ipsilateral paw of the
untreated group were seen (days 3, 4, 6 and 8). Finally, time-course recovery
daily assessed before everyday TLR4-Al+morphine administration was
comparable stimulating with electronic von Frey and a heat beam. Latencies
practically overlapped the curve described by the ipsilateral paw of vehicle-

treated animals (Fig.44F).
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CHRONIC EFFECT: RESPONSE TO STIMULATION BEFORE TREATMENT
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Figure 44. Response to a non noxious (von frey test) or noxious (paw-flick test) stimulus registered during a 9-day
treatment protocol right before daily administration of any dose. Figure shows registers before morphine (A,D), TLR4-Al
(B,E) and TLR4-Al+morphine (C,F) administrations. * contra- vs. ipsi-lateral paw (untreated-group); * ipsilateral paw
(treated-group) vs. control contralateral paw (untreated group); # ipsilateral paw (treated-group) vs. ipsilateral paw
(untreated-group). Two-way ANOVA, Bonferroni post-hoc test (e P<0.05, ee P<0.01, eee P<0.001). Data represent mean
+ SEM of 10 rats. The dotted line represents the time point when the treatments were started to be administered from.
That is, by day 1 on the graph, no treatment had been administered to the rats yet. Electronic von Frey was used.
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c. Body weight.
In all analysed groups there were statistically significant differences compared to
the control group. Incised TLR4-Al- and TLR4-Al+morphine-treated groups
counted on the greatest significant differences, starting right after two days post-
incision. Morphine-treated group drifted apart from postoperative day 6 on and
the incised untreated-group (innocuous saline) showed significant differences at
days 8 and 9. Therefore, both incision and treatment affected general discomfort

along the 9-day observational period (Fig.46).
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Figure 46. Comparison of percentage weight increase among untreated and treated animals for all of the
groups tested. Weight increase represented as percentage increase considering the baseline measurement as
100%. * Comparison of ipsilateral paws of any group vs. contralateral paw of the untreated-group. Two-way
ANOVA followed by Bonferroni post-hoc test (e p<0.05, ee p<0.01, eee p<0.001).

2. Invitro assays.
2.1. Macroscopic evaluation and histologic analysis of the knee joint.

After sacrificing the animals, both knees were immediately examined macroscopically. 22
days after saline infiltration into the left knee revealed translucent and pearly pink
condyles, with an apparently smooth intact surface (Fig.47A). On the other hand, 2 mg
MIA-infiltrated knees showed a rather white and opaque aspect with surface undulation,
striking fibrillation and erosion (Fig.47B). Features observed for the left knee of vehicle-
treated animals equally described the aspect of the left knee of animals receiving TLR4-A1l

(10 mg-kg™, i.p.) during five consecutive days starting soon after the moment infiltrations
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were given (Fig.47C). On the contraty the right knee (MIA-injected) of TLR4-Al-treated
animals does not exactly correspond to the features observed for the right knee of vehicle-
treated rats, but rather shows an intermediate state with soft surface roughness and slight
glassy appearance (Fig.47D).

A B C D
saline MIA (2 mg) saline MIA (2 mg)

Femoral
condyles

Tibial
plateaus

Vehicle (no treatment) 5-days TLR4-A1l treatment
(10 mg-kg’l, i.p.)
Figure 47. Comparison of gross appearance of unstained tibia and femur articular cartilage surfaces in the
MIA-induced osteoarthritic model of pain at 4 weeks (22 days) following infiltrations. Representative images
of the contralateral saline-infiltrated joint (A) and the MIA-infiltrated joint (right knee) of the same animal (B).
Contralateral (C) and ipsilateral (D) knee joints of animals receiving TLR4-Al (10 mg-kg-1, i.p.) during five
consecutive days starting soon after the moment infiltrations were given. The medial condyle of the distal
femur exhibited an osteophyte formation at the intercondylar space (arrowhead).

Structural changes in the rat knee joint were microscopically assessed in the different
groups of rats and graded according to the Pritzker-score (Pritzker et al., 2006) (Tab. 11).

Parameter (key feature) Grade | Description
Surface and cartilage morphology intact 0 Normal matrix architecture and intact cells
Surface intact 1 Oedema and/or superficial abrasion in the matrix; death,

proliferation and/or hypertrophy of cells.

Surface discontinuity 2 Matrix discontinuity at superficial zone; death, proliferation
and/or hypertrophy of cells

Vertical fissures 3 Matrix vertical fissures and branched fissures into mid zone;
death, regeneration and/or hypertrophy of cells

Erosion 4 Cartilage matrix loss
Denudation 5 Sclerotic bone within denuded surface
Deformation 6 Bone remodeling: fibrocartilaginous and osseous cells

invading microfractures

Table 11. Cartilage degeneration score. OA cartilage histopathology grade assessment. Grade = depth progression into
cartilage.

For better analysing the cartilage status, toluidine blue staining was performed. At first
glance, toluidine blue stained sections obtained from control group (Fig.48A) showed

continuous intact surface layer with normal matrix architecture. On the contrary, injection
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of MIA into the femorotibial joint caused erosion and deformation of the subchondral
bones (Fig.48B). Nevertheless, a 5-day TLR4-A1 (10 mg-kg™-day™; i.p.) treatment apparently
had no influence on saline (Fig.48C) nor MIA injections (Fig.48D). However, even though
ipsilateral knees (MIA-treated) of rats receiving TLR4-Al showed irregular surfaces with
focally extensive area of cartilage loss and degeneration, inflammatory cells remained focal
in the cartilage matrix and did not extend as fibrosis areas outside the femoral condyle nor
the tibial plateau. Contrary to these findings, sections from MIA-treated knees of rats
receiving sterile saline showed a femoro-tibial unit where femur and tibia were stuck

together.

Subsequently, the tibial plateau was analysed and divided into three zones of equal width:
Z1, Z2 and Z3. A score was given to each cartilage zone and represented as a bar graph
(Fig.48E). A more detailed examination showed intact surface with no matrix loss for
contralateral tibiae (left knees) of saline-treated (i.p.) rats: Z1 =0.7,Z2 = 0.7 and Z3 = 0.6.
Ipsilateral tibiae (right knees) in the same group displayed degeneration scores more
suitable for an erosional state in all three zones: Z1 = 3.8, Z2 = 4.3 and Z3 = 4.1. On the
other hand, contralateral knees of TLR4-Al-treated animals showed superficial abrasion in
zone 1 (1.7), and intact surface with no matrix loss for zones 2 and 3: Z2 = 0.4 and Z3 = 0.3.
Ipsilateral knees in the same group exhibited a wider range of scores corresponding to
matrix discontinuity and incipient fissures in zone 1 (2.6), matrix vertical fissures and

incipient erosion in zone 2 (3.5), and complete erosion in zone 3 (4.5).

The mean of all three scores was plotted in a second bar graph (Fig.48F). Assuming the
mean score of the three zones as a realistic distribution of MIA solution into the articular
cavity, intact surface with no matrix loss was observed for contralateral saline-treated
tibiae (left knees) of both saline- and TLR4-Al-treated groups (grades 0.7 and 0.8
respectively). In flat opposition, tibiae corresponding to 2mg MIA-treated knees (right
knees) showed a complete loss of cartilage matrix (grade 4.1) for intraperitoneally saline

and an incipient erosion (grade 3.5) for TLR4-Al-treated animals (i.p.).
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Figure 48. Representative sagittal histologic sections from rat joints in the MIA-induced osteoarthritic model of pain
after 22 days following MIA or saline infiltration. Even columns (A and C) correspond to contralateral knees of i.p. vehicle
or TLR4-Al-treated groups respectively. Odd columns (B and D) correspond to MIA-treated knees of i.p. vehicle or TLR4-
Al-treated groups respectively. For better evaluation, only the tibial plateau was analysed and divided into three zones of
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equal width (marked by red lines): Z1 as the anterior part of the joint, Z2 in the middle and Z3 as the posterior part. A

numeric score was assigned based on the physical aspect of the cartilage tissue (E). The mean value of the three zones is

represented as well (F). Intact surface with no matrix loss was observed for contralateral saline-treated tibiae (left knees)

of both saline- and TLR4-Al-treated groups (grade 0-1). Tibiae corresponding to 2mg MIA-treated knees (right knees)

showed a completely loss of cartilage matrix (grade 4) for intraperitoneally saline and an incipient erosion (grade 3-4) for

TLR4-Al-treated animals (i.p.). * ipsilateral knees vs. contralateral knee + saline (i.p.); * ipsilateral knees vs. contralateral
knee + TLR4-A1 (i.p.). Two-way ANOVA, Bonferroni post-hoc test. (® p<0.05, ®ee® p<0.01, eee p<0.001). Sample size of 7-
11 animals per group. Micrographs correspond to individual 2.5x images gathered together by Microsoft® Image
Composite Editor (ICE).

2.2. Microscopic examination of the saphenous nerves.

2.2.1. Morphological analysis

a) Osteoarthritic model of pain.

In all samples analysed nervous tissue is mainly staining the colour of toluidine blue
and, at a first glance, all histological sections seem morphologically normal. Groups
exhibited a similar distribution of small- and large-diameter myelinated and
unmyelinated nerve fibres and Schwann cells, each surrounded by a well-defined
endoneurium, and regular proportions between myelin sheath thickness and fibre
diameter (Fig.49). However, various mast cells exhibiting the dark purple colour of
toluidine blue (metachromasia) were appreciated in sections corresponding to MIA
treated group under innocuous saline. On the contrary, the rest of the nerves only

showed occasionally a lonesome mast cell.

No striking differences regarding the nerve or connective (endoneurium) tissues were

appreciated among groups.
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b)

5-day vehicle

5-day TLR4-A1
(10 mg-kg™)

Figure 49. Light micrographs from saphenous nerve of rat in the MIA model of pain. (A) Contralateral and (B)
ipsilateral nerves of vehicle-treated animals. (C) Contalateral and (D) ipsilateral nerves of 5-day TLR4-Al-treated
rats. Note intensely stained mast cells exhibiting a metachromatic reddish-purple colour in the MIA group receiving
innocuous vehicle (arrowheads in B). Micrographs correspond to individual 63.5x images. Postoperative day 22.

Incisional model of pain.

No big differences were seen in the histological nerve sections from ipsilateral paws
(incised) concerning the distance between perineurium and the bundle of nerve fibres
or the endoneurium area as compared to their respective contralateral controls. No
obvious difference was either seen in the specimens analysed with respect to
demyelination or axonal injury as compared to the vehicle-treated control

contralateral tissue (Fig.50). Sections of all groups occasionally showed a mast cell.
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contralateral (non-incised paw) ipsilateral (incised paw)

Vehicle (i.p.)

morphine (i.p.)

TLR4-A1 (i.p.)

TLR4-A1 +
morphine (i.p.)

Figure 50.
ipsilateral nerves of vehicle, morphine, TLR4-A1 and TLR4-Al+morphine treated animals. Note the presence of scarce
(arrowheads) or none mast cells in the endoneurium of any section. Micrographs correspond to individual 63.5x images.
Postoperative day 10.
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2.2.2. Morphometrical analysis

a) Osteoarthritic model of pain.

The morphometrical analysis showed that no striking differences were observed
among groups for all the parameters studied. Notwithstanding, a more detailed
morphometrical analysis on different easily measurable parameters showed that
sections corresponding to the ipsilateral paw (MIA-treated) of intraperitoneally
vehicle-treated rats separated from the rest of groups (Table 12).

a.l. Fibre diameter. The diameter of myelinated nerve fibres was of greater
magnitude for the vehicle-treated group (contra-: 4.70 um + 0.04; ipsi-: 4.43 um *
0.06) than for the TLR4-Al-treated group (contra-: 4.33 = 0.03; ipsi-: 4.36 £ 0.03).
Comparisons made between the contra- and ipsilateral nerves of each group showed
a statistically significant decrease for the ipsilateral nerve (MIA, P<0.001) of the
vehicle-treated group. Diameters did not differ within the TLR4-Al-treated group,
although both were significatively shorter than that of the contralateral nerve from
the vehicle-treated group (P<0.001).

a.2. Axonal diameter. In a similar way, the axonal diameter was also greater for the
vehicle-treated group (contra-: 2.41 um % 0.03; ipsi-: 2.52 um % 0.04) than for the
TLR4-Al-treated group (contra-: 2.37 £ 0.03; ipsi-: 2.34 = 0.03). However the only
axonal diameter showing a statistically significant increase with regard to the others
was the ipsilateral nerve (MIA, P<0.001) from the vehicle-treated group.

a.3. Myelin sheath thickness was determined by the following formula: (D-d)/2, where
D corresponds to the fibre diameter and d to the axonal diameter. Comparisons made
between the contra- and ipsilateral nerves of each group showed a statistically
significant decrease for the ipsilateral nerve (MIA, P<0.001) of the vehicle-treated
group. Myelin sheath thickness did not differ within the TLR4-A1l-treated group; it was
significatively thinner than that of the contralateral nerve and thicker than that of the
ipsilateral nerve from the vehicle-treated group (P<0.001).

a.4. G ratio. The G-ratio was calculated as follows: d/D. MIA-treated paws from the
vehicle group exhibited statistically significant greater G-ratios than all the other

nerves.
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That is, the axoplasma's size was increased and the fibre size diminished in MIA-

treated paws of the vehicle group, whereas in the TLR4-Al-treated group just the

diameter of nerve fibres was decreased.

vehicle (0.9% NaCl; i.p.) TLR4-A1 (10 mg-kg-1; i.p.)
contralateral ipsilateral (MIA) contralateral ipsilateral (MIA)
diameter of nerve fibres (mean = S.E.M., um) 4.70+0.04 4.43+0.06*** 4.33+0.03+++ | 4.36+0.03+++
diameter of axons (mean £ S.E.M., um) 2.41+0.03 2.52+0.04* 2.37+0.03 2.34+0.03
myelin sheath thickness (mean + S.E.M., um) 1.15+0.01 0.95+0.02*** 0.98+0.01+++ | 1.01+0.01+++
G ratio 0.51+0.00 0.56+0.00*** 0.5410.01+++ 0.53+0.00+++

Table 12. Morphometrical analysis of nerve cross-sections 22 days post-infiltration. * vs. corresponding contralateral paw; + vs.
contralateral paw of the vehicle-treated group. Statistical significance between conditions was determined by one-way ANOVA test
followed by Newman-Keuls Multiple Comparison test. (® p<0.05, ee p<0.01, eee p<0.001). N = 6 sections from 2-4 saphenous
nerves in each case.

b) Incisional model of pain.
The morphometrical analysis showed no statistically significant differences among

groups (Table 13).

contralateral ipsilateral (incision)
vehicle morphine TLR4-A1 T+M vehicle morphine TLR4-A1 T+M

diameter of nerve fibres 4.0+0.5 44+0.1 42+0.1 4.1+0.2 3.7+0.6 4.0+0.1 4.1+0.0 4.4+03
(mean £ S.E.M., um)

diameter of axons 2.0+0.2 22+0.1 21+0.1 20+0.1 19+04 2.2+0.0 2.3+0.0 2.3+0.2
(mean £ S.E.M., um)

myelin sheath thickness 1.0+£0.2 1.1+0.1 1.1+0.1 1.1+0.1 0.9+0.1 0.9+0.0 0.9+0.0 1.0+0.1
(mean £ S.E.M., um)

G ratio 0.50+0.1 0.50+0.0| 0.49+0.0 | 049t0.0 0.50+0.0 0.54+0.0 0.54+0.0 [ 0.52+0.0

Table 13. Morphometrical analysis of nerve cross-sections 10 days post-surgery. N = 6 sections from 2-4 saphenous nerves in each
case.

2.3.  Inmunohistochemical study for glial activity.

2.3.1. Osteoarthritic model of pain.
2.3.1.1.  Microglial expression of ionized calcium binding adapter molecule 1 (lba1l).
Intraarticular injection of MIA increased the numbers of Iba-1 positive activated
microglia in the ipsilateral spinal cord at day 22; it was statistically significant for
the superficial (I-1l) laminae of L3 (P<0.01) and L4 (P<0.01) sections and for the
deeper (V-VI) laminae of the former (P<0.001). Aditionally, total microglia
counting in the overall ipsilateral dorsal horn of L3 sections was increased for
MIA-treated animals (P<0.05). Iba-1 in the ipsilateral dorsal horn of 5-day TLR4-

Al-treated rats showed on the contrary a similar pattern to the contralateral

dorsal horn; that is, TLR4-A1 prevented activation of microglia (Fig.51&52).
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VEHICLE-TREATED (I.P.) TLR4-A1-TREATED (I.P.)
L3 segment L3 segment
SUPERFICIALLAMINAE SUPERFICIALLAMINAE

contra- contra-

L4 segment L4 segment

SUPERFICIALLAMINAE SUPERFICIALLAMINAE
contra-

Figure 51. Representative images of microglial activation in the contralateral and ipsilateral spinal cord 22 days
following unilateral MIA injection. Iba-1 immunoreactivity in L3 superficial (upper row) and deeper laminae (middle row),
and in L4 superficial lamina (bottom row). The results shown are representative of experiments performed using six
animals per group (with three sections per lumbar segment for each animal). Arrowheads indicate Iba-1 immunoreactive
cells. Scale bar = 100um and 10um in insets.
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Figure 52. Quantification of microglia activation through laminae I-VI in the dorsal horn of rat lumbar spinal
cord after MIA injection. The number of Iba-1-positive microglia was counted in laminae I-VI for each lumbar
section and treatment. Data are expressed as mean % = % S.E.M. of the number of activated microglia in
contralateral dorsal horn (100% baseline). * vs. contralateral dorsal horn; + vs. ipsilateral dorsal horn of saline-
treated intact group. Two-way ANOVA, Bonferroni post-hoc test. (® p<0.05, ee p<0.01, eee p<0.001). All rats
were sacrificed 22 days following MIA-induced osteoarthritis. The results shown are representative of
experiments performed using six animals per group (with three sections per lumbar segment for each animal).

2.3.1.2.  Astrocyte expression of glial fibrillary acidic protein (GFAP).
Intraarticular injection of MIA also increased the numbers of GFAP postitive
activated astrocytes in the ipsilateral spinal cord at day 22; in this case, it was
statistically significant for the superficial (I-1l; p<0.01) and middle (IlI-1V; 0.001)
laminae of L3 sections. Moreover, total astrocyte counting in the overall
ipsilateral dorsal horn of L3 sections was increased for MIA-treated animals. On
the other hand, GFAP in the ipsilateral dorsal horn of 5-day TLR4-Al-treated rats
showed once again a similar pattern to the contralateral dorsal horn

(Fig.53&54). That is, TLR4-A1 prevented activation of astroglia.
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The results shown are representative of experiments performed using six animals per group (with three sections per
lumbar segment for each animal). Scale bar = 100um and 10um in insets.
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Figure 54. Quantification of astrocyte activation through laminae I-VI in the dorsal horn of rat lumbar spinal
cord after MIA injection. The number of GFAP—positive astrocytes was counted in laminae I-VI for each lumbar
section and treatment. Data are expressed as mean % * % S.E.M. of the number of activated astrocytes in
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contralateral dorsal horn (100% baseline). * vs. contralateral dorsal horn; + vs. ipsilateral dorsal horn of saline-
treated intact group. Two-way ANOVA, Bonferroni post-hoc test. (@ p<0.05, ee p<0.01, eee p<0.001). All rats
were sacrificed 22 days following MIA-induced osteoarthritis. The results shown are representative of
experiments performed using six animals per group (with three sections per lumbar segment for each animal).

2.3.2. Incisional model of pain.

2.3.2.1.  Microglial expression of ionized calcium-binding adapter molecule 1 (Ibal).
Numbers of Iba-1 positive activated microglia in the ipsilateral spinal cord of 9-
day saline-treated rats 10 days following surgical incision showed increased
immunoreactivity for the superficial (I-1l; p<0.05) laminae of L3 sections and for
the superficial (I-Il; p<0.001) and middle (lll-IV; 0.05) laminae of L4 sections.
Moreover, although not statistically significant, total microglia counting in the
overall ipsilateral dorsal horn of L3 and L4 sections was increased for incised
animals. None of the other treatments showed increased Iba-1 immunolabelling,
with the sole exception of TLR4-Al + morphine treatment, which showed
increased Iba-1 positive activated microglia for the superficial (I-1l; p<0.01)

laminae of L3 sections (Fig.55&56).

101



RESULTS
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Figure 55. Representative images of microglial activation in the contralateral and ipsilateral dorsal horn of the spinal
cord 10 days following unilateral incisional surgery. Iba-1 immunoreactivity in L3 superficial laminae (upper row) and L4
superficial (middle row) and middle laminae (bottom row) The results shown are representative of experiments
performed using six animals per group (with three sections per lumbar segment for each animal). Scale bar = 100um and
10pum in insets.
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Figure 56. Distribution of Iba-1 binding sites through laminae I-VI of the dorsal horn of rat lumbar spinal cord.
The number of Iba-1-positive microglia was counted in laminae I-VI for each lumbar section and treatment.
Data are expressed as mean % + % S.E.M. of the number of activated microglia in contralateral dorsal horn
(100% baseline). * vs. contralateral dorsal horn; + vs. ipsilateral dorsal horn of saline-treated intact group. Two-
way ANOVA, Bonferroni post-hoc test. (e p<0.05, ee p<0.01, eee p<0.001). All rats were sacrificed 22 days
following MIA-induced osteoarthritis. The results shown are representative of experiments performed using six
animals per group (with three sections per lumbar segment for each animal).

Astrocyte expression of glial fibrillary acidic protein (GFAP).

In general terms, no statistical significant differences were found between
ipsilateral and contralateral sides in any of the groups. However, middle (llI-IV)
laminae of ipsilateral dorsal horns in L5 sections showed a slight significant increase
(p<0.05) compared to the contralateral side in morphine-treated animals and,
although not statistically significant, total astrocyte counting in the overall

ipsilateral dorsal horn of L5 was also increased (Fig.57&58).
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MORPHINE-TREATED (I.P.)

L5 segment
MIDDLE LAMINAE

Figure 57. Representative images of astrocyte activation in the contralateral and ipsilateral spinal cord after hind paw
incision. Immunohistochemical labeling of L5 middle lamina of morphine-treated rats. The results shown are
representative of experiments performed using six animals per group (with three sections per lumbar segment for each
animal). Scale bar = 100um and 10um in insets.
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Figure 58. Distribution of GFAP binding sites through laminae I-VI of the dorsal horn of rat lumbar spinal cord.
The number of GFAP—positive astrocytes was counted in laminae I-VI for each lumbar section and treatment.
Data are expressed as mean % + % S.E.M. of the number of activated astrocytes in contralateral dorsal horn
(100% baseline). * vs. contralateral dorsal horn; + vs. ipsilateral dorsal horn of saline-treated intact group. Two-
way ANOVA, Bonferroni post-hoc test. (e p<0.05, ee p<0.01, eee p<0.001). All rats were sacrificed 22 days
following MIA-induced osteoarthritis. The results shown are representative of experiments performed using six
animals per group (with three sections per lumbar segment for each animal).

Enzyme-Linked ImmunoSorbent Assay (ELISA).

2.4.1. Osteoarthritic model of pain.

The effects of long-lasting osteoarthritic pain on spinal tumor necrosis factor-a
(TNF-a) levels were studied 22 and 50 days following MIA-induced knee
osteoarthritis. No statistical significant differences were observed in the lumbar
spinal cord when compared to normal healthy animals. No significant differences
were either seen in the 5-day TLR4-Al (10 mg-kg*-day™) group. However, MIA-
treated group displayed the lowest TNF-a levels among all the three groups

analysed (Fig.59).
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Figure 59. Comparison of TNF-a cytokine levels at the spinal cord among control, MIA-treated and MIA-
treated + 5-day TLR4-Al treatment groups. Control healthy animals first and MIA-treated animals next were
taken as controls for comparison with the remaining group (receiving 5-day TLR4-Al treatment right at the
onset of the pathology). TNF-a levels of each experimental group were also compared on two different days (22
and 50 post-saline or —MIA injection). No statistical significant differences were seen among groups. Significance
was determined using a Multiple Comparison Newman-Keuls post hoc test following a one-way ANOVA. For all
groups an homogenate of lumbar 2 (L2) to 6 (L6) spinal cord sections was loaded (n = 6 rats per group).

Incisional model of pain.

The effects of acute postoperative pain arising from an incisional procedure on
spinal TNF-a and on the early proinflammatory cytokines interleukin-6 (IL-6) and
interleukin-1b (IL-1b) levels were analysed at an earlier stage (day 4 and day 10)

(Fig.60). All experimental groups presented similar levels of each proinflammatory

protein by day 4.
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On day 10, only IL-6 levels displayed statistical significant differences in all groups
when compared to healthy control (intact). Besides, IL-6 levels of morphine- and
TLR4-Al-treated groups were even significantly higher than those of the incisional
group. All groups except intact control displayed higher IL-6 levels on day 10 vs. day
4.

On the other hand, even though not statistically significant, IL-1b levels were also
higher on day 10. No clear difference was observed among the experimental groups
though.

As regards TNF-a, levels remained stable for all groups by day 4. However, all
incised groups experienced a decrease by day 10, especially visible in the treated
groups (morphine, TLR4-A1 and TLR4-Al1l + morphine). Error bars might certainly

have impeded significant levels between both days analysed.
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Figure 60. — Comparison of IL-1b, IL-6 and TNF-a cytokine levels at the spinal cord among different treatment
groups. Control healthy animals first and incised animals next were taken as controls for comparison with the
remaining treated groups. Cytokine levels of each experimental group were also compared on two different days (4
and 10 post-incisional surgery). Only day-10 IL-6 levels displayed statistical significant differences in all groups when
compared to healthy controls. IL-6 levels of morphine- and TLR4-Al-treated groups were significantly higher than
those of the incisional group. All groups except intact control displayed higher IL-6 levels on day 10 vs. day 4. And
even though not statistically significant, IL-1b levels were also higher on day 10. ***P<0.001 vs. negative control
(intact) group (significance was determined using a Bonferroni post hoc test following a two-way ANOVA); "P<0.05
and *'P<0.01 vs. positive control (incision) group (significance was determined using a Bonferroni post hoc test
following a two-way ANOVA); %%%p<0.001 represent comparison of cytokines levels on day 4 vs. day 10 (Multiple
Comparison Newman-Keuls post hoc test following a one-way ANOVA). For all groups an homogenate of lumbar 2
(L2) to 6 (L6) spinal cord sections was loaded (n = 6 rats per group).
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General discussion.

In the past decade several studies have reported that glial cells in the spinal cord are critically
involved in the development and maintenance of chronic pain and Toll-like receptor 4 (TLR4) has
postulated its candidature as a pivotal element in this connection (Bettoni et al., 2008; Milligan
and Watkins, 2009). Binding of endogenous ligands to TLR4 activates these cells, which start to
produce and release a variety of substances (e.g. prostaglandins, excitatory aminoacids, growing
factors and proinflammatory cytokines) that enhance pain by increasing the excitability of nearby
neurons (Tanga et al., 2005; Sauer et al., 2014). In this regard, we endeavour to study and
compare the physiological changes that may occur at peripheral and spinal levels in two different
models of pain in experimental animals: one capable of generating mixed pain (neuropathic and

nociceptive) and one in principle only nociceptive.

A classic model of mixed pain in rat on the generation of an osteoarthritic disease state was
chosen for inducing high reproducible behavioural changes. In order to assess the reliability of a
synthetic TLR4 blocker (TLR4-A1) in unmasking presumable TLR4-mediated nociceptive signalling
pathways, three different administration protocols were followed: (1) intraperitoneally or (2)
intrathecally, during the first five days immediately after inducing the pathology; and (3)
intraperitoneally, after the pathology was fully developed. This part represents a continuation of a
previous work carried out in our laboratory on the analgesic action of two different TLR4 blocking
compounds (TAK-242 or CLI-095 and TLR4-A1l) in a model of neuropathic pain induced by a
chemotherapeutic agent (Goicoechea et al., 2011; Pascual et al., 2011; Rincén Carvajal et al.,
2011). As previously described, TLR4 may participate in the development of behavioural
hypersensitivity and the hystopathologic characteristics of the joint disease in an animal model of
iodoacetate-induced osteoarthritic pain. Since spinal glial cells have been reported to contribute
to this chronic pain behaviour (Sagar et al., 2011), our purpose consisted first to determine the
degree of involvement of TLR4 receptor in this hypersensitivity, and second to distinguish TLR4—
peripheral from —central mediated nociception through the integrative study of the many
physiological and histological changes occurring at different locations (peripheral nerve and spinal

cord).

A second objective was to analyse the involvement of TLR4 receptors in transitory postoperative
nociception in a typical model of nociceptive pain that courses with allodynia and hyperalgesia. In
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this case, besides the acute analgesic effect of a TLR4 blocker, time recovery after repeated
administrations was also assessed. The aim was basically addressed to determine the contribution
of TLR4 receptors in short-term nociception. The effect of repeated daily morphine on time
recovery after surgery and the phenomena of tolerance and opioid induced hypersensitivity were
also studied. Repeated morphine administration has been reported to potentiate the duration of
allodynia in peripheral inflammatory and neuropathic pain models and activate spinal glia (Loram
et al., 2012), and in this respect we aimed to look into what happens in a postsurgical model of
pain. Physiological and histological changes occurring at different locations (peripheral nerve and

spinal cord) were also assessed.

1. A model of osteoarthritic knee pain chemically induced with monosodium iodoacetate.
a) Comprehension of the “chronic pain state” and its mechanisms in the rat osteoarthritic

model.

During the growth process, mammalian epiphyses produce and incorporate new cartilage
matrix to the end of the long bones, whereas it is reabsorbed and ossified nearby their
diaphyses. That is, ossification and cartilage depletion in bones such as tibia and femur
advances from the medial zone of their diaphyses towards their epiphyses. Once the
epiphyses have replaced their entire cartilage matrix with bone, growth stops (Geneser,
2000). In humans, such growth process starts on the second trimester of gestation and
ends up when the adult state is fully accomplished, around the twenties (Garcia Poblete et
al., 2006). However in rats at this same equivalent age we use, the potential for long bone
growth still exists (Poole et al., 2010). In fact, the growth plates in adult rodents remain
open despite sexual maturity age is achieved (Aigner et al., 2010). This is probably the
reason why we observe a raising tendency that stabilises in a plateau after induction of
osteoarthritis when assessing the nociceptive behaviour of the animals. We suspect that a
remodelling of the joint might be happening possibly due to the chondrocytes arising from
the cordons in the mineralised bone. In fact, the histological sections of knees collected 22
days after MIA injection showed cartilage-bone unit remodelling with occasional new
cartilage synthesis near the articular surface (Fig.16). Therefore, despite the good approach

to the human OA disease the MIA model might represent, as long suggested, an optimal
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rodent model system for human OA may be rather impossible to achieve. At least not if

expecting long-term assessment.

All that said, the intra-articular injection of MIA creates an acute model for the study of
cartilage degradation and joint pain. Since OA is an active process resulting in the
breakdown of the balance between cartilage formation and destruction, taking a leaf out
of growth plates in rodents can be useful to understand how to fight imbalance of the
articular cartilage metabolism in human OA. In this connection, histomorphometric
measurements of cartilage and bone changes herein were, to the extent possible, assessed
and scored according to the procedures established by the OARSI in order to achieve better

standardisation of the assessment of structural change.

As previously reported (Ferreira-Gomes et al., 2008; Prochazkova et al., 2009), 2 mg
intraarticular MIA injection into the knee joint resulted in decreased nociceptive thresholds
as compared to the contralateral paw after both, acute mechanical stimulation of the knee
joint (knee-bend test) and tactile or heat stimulation of the plantar aspect of the hind paw
(von Fey and Hargreaves’ test respectively). However, this reduction was more pronounced
for the knee-bend and von Frey test (greater statistical significant differences) than for the
paw-flick (Hargreaves’) test. Actually, it is considered an established fact that following a
peripheral injury, there is an increased responsiveness to a normally innocuous mechanical
stimulus in the uninjured tissue surrounding the site of injury, but no change in the
threshold to thermal stimuli (Cousins et al., 2008; Kam and Power, 2008). Additionally, an
imbalance in weight bearing in favour of the not MIA-treated paw was also plausible
(Catwalk test), making obvious the existence of spontaneous nociception. These changes
are believed to be the result of processes that occur in the dorsal horn of the spinal cord

following injury, the watchword of central sensitisation.

Subsequently, an analysis of the gross appearance of the articular cartilage surfaces was
performed in order to correlate MIA-induced joint pain with structural alteration in the
knee joint components. Macroscopic evaluation of the knee joints showed extensive
damage of the tibial and femoral cartilage surfaces in the MIA-treated knees, in the form of
profuse degeneration and fibrosis, which in effect seemed to correlate with what observed
in the behavioural tests. Based on the principle that when only a part of a section is scored
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does not truly represent the entire section and when analysing an overview much detail is
lost, the tibial plateau was submitted to further histologic analyses under the microscope
and divided into three zones for precise examination. Once again, as previously reported
(Ferreira-Gomes et al., 2008), histology of the knee was in accordance to what assessed
with behavioural tests, showing profuse degeneration and completely loss of the cartilage

matrix all along the articular surface (from the outer lateral part to the inner medial part).

Peripheral sensitisation is characterised by the interplay between peripheral nociceptors
and inflammation, and may initiate typical osteoarthritic joint pain via central sensitisation.
Correlation of behavioural testing with quantitative peripheral neurophysiological
parameters may provide objective and further information on the pathophysiological
processes of pain generation. There is a very limited number of studies on changes in the
morphological composition of peripheral nerves in rats, perhaps on account of the relative
ease of electrophysiological studies compared to histological. As previously described in
the literature, the saphenous nerve, known to innervate the knee structure, is a purely
sensory nerve (Porr et al., 2013; Tassone and Raghavendra, 2015). The questions of
whether A- or C-fibres, and whether injured or uninjured fibres, are more important for the
generation of spontaneous pain, still remain unanswered. In the study carried out herein,
thick myelinated sensory nerve fibres (low-threshold tactile sensitive and proprioceptive)
and thinly myelinated (thermoreceptive) were evaluated. Unmyelinated C-fibres remained
unstudied. Peripheral axons are not quiescent structures. Their morphology (and also
physiological functions) is subjected to the myelinating Schwann cells that wrap them
around. Schwann cells seem to determine the packing density of axonal neurofilaments
and hence the axonal caliber. Myelination locally enlarges the axonal caliber whereas
hypomyelination of the axons results in a reduction of axonal diameter. Additionally,
increased neurofilament density (low axonal caliber) has been seen in certain cases of
neuropathies (Cole et al., 1994). Bearing this in mind, under normal conditions the
saphenous nerve consists of a single bundle (fascicle) of afferent nerve fibres. Inside this
fascicle, every single nerve fibre (myelinated or not) is surrounded by a loose connective
supporting tissue named endoneurium. In turn, the fascicle is surrounded by a collagen
layer coated by epithelial cells, that is, the perineurium. In the nerve sections

corresponding to MIA-injected knees, the percentage of endoneurium area showed no
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apparent differences compared to its contralateral, however an extensive oedema in the
sub-perineurial space and increased presence of mast cells were clearly evident. The most
feasible explanation is that inflammatory conditions confer a disruption of the perineurial
and/or endoneurial capillary barriers (Antonijevic et al., 1995), what would allow immune
cells to assidously patrol the endoneurium. Nerve fibre diameters and myelin sheath
thickness were reduced, whereas axonal diameters increased compared to the control
contralateral nerve. The ratio of the axon diameter to the total fibre diameter (G ratio)
was also calculated and showed increased values. This means the overall myelinated nerve
fibre size was reduced (hypomielinated), coursing with axoplasmic swelling that resulted in

an inflammatory milieu —as inferred from the numerous mast cells observed herein—.

Peroxidase-positive microglia or astrocytes were assayed using a combination of
diaminobenzidine (DAB) histochemistry and immunolabeling for the microglia-specific
marker Iba-1 or for the astrocyte-specific marker GFAP as corresponding. Increased
labelling of Iba-1, indicative of microglial activation, was observed at day 22 in MIA-treated
rats. Iba-1 immunolabelling was significantly increased in superficial and deeper laminae of
the ipsilateral dorsal horn in lumbar section L3 and in superficial laminae of the ipsilateral
dorsal horn in lumbar section L4 of MIA-treated rats, compared to the contralateral dorsal
horn. Numbers of GFAP positive activated astrocytes were also significantly increased in
the superficial and middle laminae of the ipsilateral dorsal horn in lumbar section L3 of
MIA-treated rats, compared to the contralateral dorsal horn. Superficial laminae in the
dorsal horn are thought to receive inputs from thinly myelinated (A8) and unmyelinated (C)
fibres of thermoreceptors and nociceptors (mechanosensitive nociceptors), whilst deeper
laminae receive their input from heavily myelinated (A) fibres known as low-threshold
mechanosensitive afferents (tactile receptors that signal vibration, touch and pressure) (Lu,
2008; Watson et al., 2012). Therefore, increased lba-1 and GFAP-labelling of superficial
laminae is consistent with the marked nociceptive behaviour seen for the paw flick test,
whilst increased Iba-1-labelling in deeper laminae is consistent with the more marked
nociceptive behaviour seen for von Frey and Knee-bend tests. Microglial activation is
considered the first stage of CNS inflammation. The absence of increased GFAP-labelling in
deeper laminae might attend to earlier activation of Iba-1. Activation in lumbar section L5

remained unaltered for both types of glial cells, compared to the contralateral spinal cord
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b)

and the ipsilateral spinal cord of saline-treated rats. This may be due to the fact that the
femoral nerve, which receives the articular branch of the saphenous nerve at the knee joint,
triggers L3 and L4 spinal sections but not L5, which is a domain exclusively of the sciatic
nerve. Therefore, at this point, the reproducibility of the model was considered proven in

our facilities.

Study on the role of TLR4 in the rat osteoarthritic model.

The analgesic effect of acute TLR4-Al administration occurred within 30 minutes, with
maximum effect between 30 minutes and 1 hour and duration up to 60 minutes — 1 hour
30 minutes, as elicited by acute stimulation tests. However the effects seemed to carry on
when no stimulus was applied (Catwalk test). This can be explained as follows. Neuropathic
pain is characterised by spontaneous pain, allodynia and hyperalgesia, with a crucial role
for inflammatory mediators in afferent sensitisation (Djouhri et al., 2006). The chemical
structure of the TLR4-Al compound, which presents a quaternary ammonium cation,
presumably impedes the drug to pass across the blood brain barrier. However, a small
portion might succeed in crossing from the periphery into the central nervous system;
hence the first effects to fade away correspond to those opposing the stimuli applied at a
remote site from the source of injury (von Frey test). The vast majority of the TLR4-A1l
molecules might remain in the periphery; hence the next effects to disappear match those
opposing stimuli applied at or immediately adjacent to the site of injury (knee-bend test).
Deletion of spontaneous pain is the last effect to cease. This makes particular sense for two
reasons: first, the absence of external stimulation; and second, being an amphiphilic
compound, TLR4-Al is prone to aggregate, existing thus the probability of a small residual

effect as the aggregates dissolve.

Repeated administration of TLR4-A1 did not result in tolerance, as inferred from the results
obtained from acute stimulation tests: the acute effect, assessed daily 1 hour following
intraperitoneal administration over the course of 15 days, showed similar analgesia for
every tested day. However, with the exception of the first day, TLR4-A1 seemed not to

have any effect on spontaneous nociception at any day.

A 5-day intraperitoneal administration of TLR4-A1 compound starting soon after intra-

articular injection of MIA showed a two-fold analgesic profile. During an early phase (first
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two weeks) allodynia was completely counteracted; however during a second phase (next
two weeks) there was a trend to the results obtained for MIA animals under no
pharmacological treatment. This might be explained as follows: during the first two weeks,
TLR4-Al repetitively administered during nearly one week blocks the pull effect for
immune cells that would have caused a rapid sensitisation of the afferent nerve fibres.
However, the damage (chondrocytes death) is evident. When TLR4-A1 presence ceases, the
reparation of the tissue progressively resumes, sensitising the peripheral nerve. No
difference is observed compared to the control contralateral paw when stimulating with a
heat beam. As stated before, the existence of increased responsiveness to a non noxious
mechanical (tactile) stimulus but absence of response to thermal stimuli in a remote zone
from the site of injury indicates the existence of central sensitisation. Since only pre-
existing heat hyperalgesia is completely blocked, this TLR4-Al treatment seems therefore
to be blocking the nociceptive but not the neuropathic component of pain. This is
consistent with the aforementioned hypothesis suggesting the predominance of a
peripheral role when systemically administered. TLR4-A1l effect was also sustained during
the 15 days of treatment when both the knee joint and a remote area were stimulated,
although analgesia was more marked for the former. Additionally, this pharmacological
protocol seemed not to have effect on spontaneous nociception. The presence of
spontaneous nociception together with scarce anti-allodynic effects when a remote site to
the wound was stimulated underscored the peripheral (but not central) effect that
systemic administration had. This was further corroborated with the results obtained from
intrathecal administration: a 5-day intrathecal administration of TLR4-Al compound
starting soon after intra-articular injection of MIA confined the drug to the central nervous
system. The drug could not cope with the massive inflammatory pull effect generating at
the periphery, therefore, during the first week allodynia was increased. However, as time
went by, no central sensitisation was observed, as elicited from the absence of distal
allodynia following the first week. On the contrary, nociception was evident throughout the
three weeks as elicited from thermal hyperalgesia. In this case, the neuropathic but not the
nociceptive component of pain seemed to be blocked. We can state that our assumptions
on that TLR4-Al molecule would practically not cross the blood brain barrier seem to be

proven at this moment.
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Macroscopic examination of the knee joints showed TLR4-Al protected somehow from
extensive damage. Even though the structures of the ipsilateral paws and their
contralateral were notably different at a first glance, the state seemed not to be as bad as
appreciated with the rats not receiving TLR4-Al. The scarce presence of osteocytes on the
femoral condyles and white opaque appearance of the tibial plateaus made us thought that
MIA was exerting its apoptosis-induced action, but no massive inflammatory response was
attracted to the damage tissue as no vast degree of fibrosis was seen. Indeed, when
examining the knee stained sections under the microscope, erosion of the cartilage
together with new cells filling and proliferating in the fissures of the cartilage matrix were
seen, however no uncontrolled pannus formation outside the articular surface (synovitis)
was appreciated. This more organised proliferation of cells in TLR4-Al-treated rats might
be explained by its peripheral action during the five days it was promptly systemically

administered.

Similar to the nerve sections corresponding to MIA-injected knees of saline-treated animals,
the percentage of endoneurium area in 5-day TLR4-Al treated animals showed no
apparent differences compared to its contralateral, and an extensive oedema was also
evident in the sub-perineurial space. However, no increased presence of mast cells was
observed. The diameters of myelinated nerve fibres, their corresponding axons and the
myelin sheath thickness remained unvaried as compared to the contralateral nerve. Same
for the G ratio. That is, early TLR4-A1 administration somehow protected the nerve from
axonal or myelin impairment, what just matched the absence of glial activation in the
ipsilateral dorsal horn. This was also in accordance with what provided by the behavioural
tests: lack of heat hyperalgesia and only late tactile allodynia when a remote site from the

knee joint was stimulated.

As a final remark, TNF-a level in spinal cord sections corresponding to L2-L6 was also
examined and as expected, no significant differences in the protein expression of this

cytokine were observed for any of the groups at the studied days (22 and 50).

117



DISCUSSION

2. A model of postoperative pain surgically induced by an incision on the plantar aspect of the
paw.
The postoperative pain model that has been used herein was first developed by Brennan
and colls. two decades ago. The model has been repeatedly used over the years by
different groups varying it with slight modifications. Tactile stimulation at a 1 cm-remote
site from the wound (area of secondary hyperalgesia) led to differences (compared to the
control group) that extended until day 9 for the von Frey test and until day 3-4 for the paw-
flick test. This presumable peripheral sensitisation may contribute to pain hypersensitivity
and inflammation. However, analyses of peripheral nerve fibres rarely showed a
macrophage ambulating in the endoneurium in both contralateral and incised paws, and
when so, they were considered as normal patrolling immune cells present in every healthy
tissue. Since the gross appearance of the nerves can address us to wrong conclusions, a
series of parameters were analysed to be more objective. The diameter of myelinated
nerve fibres and their corresponding axons, the myelin sheath thickness and the G-ratio did
not vary much among the different groups. That is, the incision on the plantar aspect of the

hind paw resulted after ten days in no measurable changes of the nerve.

Regarding the analyses in search of activated microglia in the spinal dorsal horns,
significantly increased labeling of Iba-1 was observed at day 10 in lumbar section L3
superficial laminae and L4 superficial and middle laminae of the ipsilateral dorsal horn from
vehicle-treated incised rats (compared to the contralateral dorsal horn). On the contrary,
no significant changes were observed for GFAP immunolabelling. Astrocytes contribute to
maintain chronic pain and the absence of activation by day 10 would be consistent with the
acute condition of the pain model. The substantial increased activation for microglia only in
superficial laminae is suggestive of nociceptive pain. This is consistent with the findings
carried out by a different group (Romero-Sandoval et al., 2008), stating that enhanced
expression of the microglial marker Ibal and the astrocytic marker GFAP in the dorsal horn
of the lumbar spinal cord is associated with behavioural allodynia following paw incision
surgery. However, as they mentioned, following resolution of behavioural hypersensitivity
Ibal and GFAP expression returned to baseline expression levels, so that significant
increase expression of Ibal and GFAP could be evident in the whole dorsal horn, or solely

in the superficial or deeper laminae depending upon the time after paw incision surgery.
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IL-6 level in an homogenate of spinal cord section L2-L6 was markedly increased on
postoperative day 10 as compared to postoperative day 4 and to the healthy control group.
Any other cytokine (TNF-a or IL-1B) showed similar levels to control group, slightly reduced
though on postoperative day 10 for TNF-a. High levels of IL-6 have been reported in some
chronic inflammatory conditions, especially related to the inflammatory process following
nerve injury, and the initiation and maintenance of neuropathic pain (Starkweather, 2010).
Elevated IL-6 activity has been likewise associated to the increased production of NGF in

astrocytes, as also found in some neuropathies (Vargas et al., 2004).

Study on the role of TLR4 in the rat postoperative model.

Following the same test scheduling system on the mid-plantar surface of the hind paw as
mentioned above, the effect of chronic, systemic TLR4-A1 treatment caused the dissipation
of any significant tactile allodynic sign from the fifth day onwards, five days earlier than it
did without treatment (vehicle group). Besides, heat hyperalgesia disappeared after the
first administration, two or three days earlier than it did in the untreated group. On the
other hand, acute effect of TLR4-A1l, that is, responses assessed soon after daily systemic
administration, proved to be analgesic. Only two intermittent days (4 and 5) showed
significantly decreased withdrawal thresholds compared to baseline, whereas the rest of
the days practically overlapped the data obtained for the intact paw. As for the paw-flick
test, an anti-hyperalgesic effect was observed for most of the days. This could suggest an
anti-inflammatory effect for TLR4-Al in the periphery, as inflammatory pain models are
characterised by decreased latency thresholds (Ren and Dubner, 1999; Huang et al., 2006).
However, the other component, tactile stimulation was only partially blocked, suggesting

that surgical pain is different from strict inflammatory pain, but also from neuropathic pain.

Peripheral nerves did not look at a first glance very different from those of the untreated
group. Myelinated nerve fibre and axonal diameters, myelin sheat thickness and G-ratio
remained practically invariant compared to the contralateral nerve. That is, TLR4-Al

seemed to have a protective effect.

In regards to the immunohistological labelling for glial activation, no statistical significant

differences were observed in the ipsilateral dorsal horn of incised rats, compared to the
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b)

contralateral side. The cytokine profile was similar to that from the untreated animals

undergoing incision of their hind paws.

Comprehension of the mechanisms underlying the transition from an acute to a sub-chronic
pain state after repeated administration of systemic morphine.

Opiates are thought to activate pain inhibitory and facilitative systems, and the
predominance of one over the other would lead to anti- or pro-nociceptive mechanisms
(Freye, 2010). There is major interest in development approaches driven to use
concomitant administration of drugs with opioids (e.g. NMDA-antagonist, NSAID, a-2-
agonist) or opioid rotation, so that the patient can enjoy the beneficial (analgesic) effects
of opioids preventing OIH (Herrera et al., 2009). However there are not full effective
strategies to avoid OIH at the present date (Horvath RJ, Romero-Sandoval EA, De Leo JA.,
2010). The use of minutely detailed opioid-induced hyperalgesia protocols (attending to
acute or chronic exposure, high or low doses, type of opioid and route of administration)
are essential for obtaining observable and measurable responses since even when animal
models are employed, OIH may resemble tolerance or be confused with opioid withdrawal.
And more importantly, different mechanisms might underlie the phenomenon in each

specific circumstance (Low et al., 2012).

OIH is normally referred as to opiate high doses but little is said about lower doses.
Therefore we took as a reference the dosage given in (Loram et al., 2012). We considered 5
mg-kg'1 as the limiting dose for producing analgesia without sedation and hence, the
boundary between low and high morphine dosage. Morphine was intraperitoneally
administered twice daily for nine consecutive days at 12 h and 18 h (Horvath et al., 2010).
Besides we counted on the knowledge that mice receiving chronic morphine treatment (10
mg-kg'l, s.c. twice daily for 4 days) did not develop tolerance in an inflammatory model of

pain (Zollner et al., 2008).

As stated before for the two other groups, the withdrawal threshold to von Frey filaments
and the withdrawal latency to radiant heat were measured before surgery and then twice
daily through postoperative day 9. Chronic effect of morphine in response to tactile stimuli
showed no recovery of baseline thresholds and was even far from the results obtained for
the incised paw of untreated animals. Similar occurred to withdrawal latencies to radiant
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heat, which can particularly be divided into two phases: an early phase with latencies
overlapping those from untreated animals, and a second phase where all groups leave the
morphine treated animals far behind, which achieves no recovery. Exactly in the same
manner as what just reported, no recovery was appreciated when stimuli were applied
immediately adjacent to the incision. Repeated morphine visibly slowed down normal time

recovery.

On the other hand, acute effect of morphine was preserved. Sustained antiallodynic effects
were observed all along the nine days, overlapping with healthy control thresholds
throughout the whole course of the experiment. Analgesia (that is, latencies over the
baseline) was also evident and maintained at all time points. We can conclude therefore
that no tolerance to morphine administration was developed, and hampered recovery

might correspond to physical dependence or opioid induced hypersensitivity.

The analysis of the nerve sections showed similar values for the fibre and axonal diameter
of myelinated nerve fibres, as well as for the myelin sheath thickness and G-ratio. That is,
morphine did not visibly affect to the paw. A previous study (Horvath et al., 2010) reported
that no changes in Ibal or GFAP expression are observed in the spinal dorsal horn between
groups when morphine is chronically given. In the same line, we observed no statistical
significant differences in the ipsilateral dorsal horn of incised rats, compared to its
corresponding contralateral side. Once again, the cytokine profile was similar to that from

the untreated animals undergoing incision of their hind paws.

Study on time recovery when repeated morphine is given with adjuvant administration of
TLR4-A1.

We initiate the discussion of this section bearing in mind the idea that modulation of glia
could attenuate neuropathic pain symptoms and enhance morphine effectiveness (Mika,
2008). According to Due and colls. (Due et al., 2012) activation of TLR4/MD2 complex by
morphine metabolite M3G is likely responsible for induction of tactile but not thermal
nociceptive behaviour. Therefore we used a TLR4 blocker molecule as a coadjuvant of
morphine administration in order to compare what we saw with the morphine-treated
group previously described. When the TLR4 blocker molecule preceded the administration
of morphine, the chronic effect on recovery times closely resembled that of the incised
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animals in the untreated group. That is, none of the administered compounds seem to
have any effect on the normal recovery time of rats undergoing hind paw surgeries.
However when examining the daily acute effect, it did have an acute antiallodynic effect
resulting from the synergy between the threshold patterns of TLR4-Al and morphine
treated rats. Acute analgesia in response to heat stimulation was also quite evident and
consistent with the synergistic effect of these two agents. Therefore, the combination of
the TLR4-Al blocking compound with morphine resulted in the beneficial (analgesic)
effects of morphine without worsening/impeding the average short-term recovery time.
That is, it was confirmed that none of the administered compounds seem to have any
effect on the normal recovery time of rats undergoing hind paw surgeries when given as a
combination of both and, which is more, in clear opposition to Due and colls., morphine-
triggered activation of TLR4 seemed to be responsible for induction of both tactile and

thermal nociceptive behaviour.

The nerve sections also showed unvariable fibre and axonal diameters in comparison to the
contralateral nerve. Myelin sheath thickness and G-ratio also remained unmodified. In
regards to glial immunolabelling, we observed no statistical significant differences in the
ipsilateral dorsal horn of incised rats, compared to the contralateral spinal cord. As
described for the other two treated groups, the cytokine profile was similar to that from

the untreated animals undergoing incision of their hind paws.

We can therefore conclude that incision altered IL-6 levels in a similar way in all groups

regardless of the treatment given.
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CONCLUSIONS

Based on the results derived from the model of osteoarthritic knee pain chemically induced with

monosodium iodoacetate, we can assert that:

1. TLR4 blockade can prevent the development of OA-induced sensitisation, since TLR4-Al
diminishes heat hyperalgesia when intraperitoneally administered and allodynia when

intrathecally administered.
2. In accordance with behavioural results, blocking TLR4 also prevents histological and

immunohistochemical alterations related with OA.

From the results obtained in the model of postoperative pain surgically induced by an incision on

the plantar aspect of the paw, we can sustain that:

1. Peripherally TLR4 blockade diminishes behavioural signs of central and peripheral sensitisation.
2. Morphine administration induced analgesia but does not reduce recovery time.
3. Since morphine and TLR4-Al co-administration do not induce any summative effect on pain

behaviour, opioid and TLR4 receptors do not seem to share common mechanisms of action.

Together, results from both models indicate that TLR4 is an interesting target to develop new

analgesic drugs focused to avoid central and peripheral sensitisation.
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1. INTRODUCCION

1.1. Introduccion al dolor.

De acuerdo con la definicion dada por la Asociacién Internacional para el Estudio del Dolor
(IASP, de su acrénimo en inglés International Association for the Study of Pain), el dolor es
una “experiencia sensorial y emocional desagradable, asociada principalmente a dafio
tisular o descrita en términos de dicho daifno” (Merskey 1986). No obstante, la presencia de
una sensacion desagradable confinada a un drea anatémica concreta no es suficiente para
categorizarla como dolor, sino que ha de coexistir con componentes cognitivos vy
emocionales que escapan al ojo del observador. Por tanto, el dolor es una experiencia

personal y subjetiva (Melzack and Katz 2001).

En términos generales, el dolor es un mecanismo natural que trabaja en pro del organismo
para evitar estimulos que puedan suponer un dafio a la integridad del mismo. Este
mecanismo de defensa se conoce como dolor agudo o fisioldgico y actua desencadenando
los comportamientos que alejan o minimizan el foco de la amenaza (IASP Scientific
Program Committee 2014). En resumidas cuentas, un estimulo nocivo, esto es, de alta
intensidad térmica, mecanica o quimica, pone en marcha un sistema que se activa en las
terminales sensoriales de las neuronas aferentes primarias en la periferia (los llamados
nociceptores o nocirreceptores). Dicho estimulo viaja entonces a lo largo de todo el nervio
en forma de impulsos eléctricos hasta el sistema nervioso central (SNC), donde se
producen relevos a nivel espinal y supra-espinal (bulbo raquideo y talamo). Finalmente,
con el ultimo relevo, una matriz de areas corticales asociadas con las multiples
dimensiones conscientes del dolor es activada. Esta descripcidn constituye en realidad un
complejo proceso modulado por diversos actores y sus dianas en diferentes puntos de las

vias sensoriales (Kitahata 1993).

Por su parte, el dolor crénico constituye un grupo de desdrdenes del sistema nervioso
producido por uno o mas mecanismos de sefializacién celular que funcionan de manera
anormal. A este respecto, los cambios de tipo inmunoldgico (células inmunes) o de tipo
electrolitico (pH) que ocurren en un tejido tras una lesidn, pueden dar lugar a una
sensibilizacion periférica y al desarrollo de hiperalgesia primaria. De hecho, la inflamacion
en las terminales nerviosas periféricas puede ejercer un efecto de reclutamiento de

nociceptores que se hallaban en un estado silente, o incluso provocar la conversion de
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fibras mecanicas no sensoriales en sensoriales. Esto incrementa significativamente la sefial
nociceptiva que llega a la médula espinal y, en parte, puede explicar el fenédmeno de la
sensibilizacién central y del desarrollo de alodinia; esto es, porqué estimulos que en
situaciones normales no nos resultan nocivos pueden sentirse como dolorosos (Schaible

2006).
Fisiopatologia del dolor.
MODULACION DEL ESTIMULO NOCICEPTIVO.

La informacidn procedente de estimulos nocivos originados en la periferia es transferida a
centros superiores del cerebro a través de dos vias nociceptivas ascendentes diferentes: el
tracto espinotaldmico —recibe las sefiales entrantes de fibras primarias AS y C, encargadas
de conducir la temperatura y la nocicepcion— y el tracto del lemnisco —recibe sefales
entrantes desde las fibras nerviosas primarias Aa, AB y A, encargadas de conducir el tacto

y la propiocepciéon— (Dubuc et al. 2013).

Por otra parte, el SNC presenta también vias nociceptivas descendentes, que pueden ser de
caracter facilitador o inhibidor. Estas se diferencian en su anatomia y actividad
farmacoldgica, y probablemente se activen de manera simultdnea cuando ocurra un
fenédmeno nociceptivo de tipo agudo. Las vias descendentes facilitadoras estan confinadas
a los funiculos ventrolaterales mientras que las vias descendentes inhibidoras descienden
en los funiculos dorsolaterales (Mulak et al., 2012). Dichas vias expresan diferentes
receptores que son activados de manera especifica por distintos tipos de transmisores
quimicos. La presencia continuada de un estimulo nocivo podria dar lugar a un
desequilibrio en la activacion entre estas vias moduladoras, resultando en cambios
anatémicos y/o bioquimicos a nivel de la médula espinal. Precisamente, se piensa que esta
condicidn subyace en algunos estados de dolor crdnico, en los que la sensacién dolorosa se
ve incrementada al producirse cierto grado de neuroplasticidad en favor de las vias

descendentes facilitadoras.

PLASTICIDAD EN EL ASTA DORSAL.

Las fibras nerviosas de las raices dorsales varian en grosor, lo que representa una funcién

directa de su velocidad de conduccion. Estimulaciones eléctricas de baja intensidad
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producen solo la activacidon de las fibras mielinicas de mayor grosor (Aa), y con forme
aumenta la intensidad del estimulo, las fibras de menor calibre van siendo también
reclutadas de manera progresiva: AB, A5 y C, en este orden (Brodal, 2010b). Por
consiguiente, puede deducirse facilmente que bajo condiciones normales de estimulacion,
los nociceptores permanecen silentes. Sin embargo, si la intensidad del estimulo es lo
suficientemente alta, como ocurre después de una lesidbn nerviosa o tisular, los
nociceptores pueden activarse y, si el estimulo continta, las fibras AR podrian incluso
establecer comunicaciones cruzadas con fibras Ad o C a nivel medular, lo que convertiria
sefiales sensoriales inocuas en sefiales nocivas (Cui y Fu, 2014). Esto se puede explicar de la
manera que se describe a continuacién. Las terminaciones centrales de las neuronas
sensoriales primarias en mamiferos se encuentran organizadas en planos horizontales
(dorsoventrales) en la sustancia gris de la médula espinal, cada uno de los cuales codifica
topograficamente un area especifica de la superficie del cuerpo (Doubell et al.,, 1997).
Rexed elabord una clasificaciéon de diez laminas diferentes de acuerdo a la heterogénea
distribucién de los cuerpos neuronales presentes en la sustancia gris de la médula espinal
(Rexed, 1952). Las neuronas aferentes somatosensoriales, capaces de transmitir
informacién nociceptiva, terminan en el asta dorsal de la médula (Brown, 1982),
organizado en seis laminas. Las laminas I, Il y V albergan sinapsis con neuronas de pequeiio
y medio calibre, esto es, fibras C y AS (conductoras de temperatura y nocicepcidn). Por el
contrario, las fibras de mayor tamafio, A, envian sus proyecciones a las [dminas Ill, IV y VI
(relacionadas con el tacto y la propiocepcion). Alteraciones en la naturaleza de estas
ultimas fibras de gran calibre pueden dar lugar por consiguiente a las comunicaciones
cruzadas mencionadas anteriormente, lo que permitiria interpretar un suave estimulo tactil

como una sefial nociceptiva (Cuiy Fu, 2014).

INTERACCIONES NEURONA-GLIA Y GLIA-GLIA.

Las interacciones reciprocas entre neurona y glia juegan un papel esencial en garantizar la
precision del procesamiento de la informacién en el sistema nervioso. A tal efecto, el
numero de células gliales aumenta de manera directa con forme lo hace la complejidad y
eficiencia del sistema nervioso (Edenfeld et al., 2005; Austin y Moalem-Taylor, 2010; Eroglu
y Barres, 2010). La glia en el SNC puede clasificarse en dos tipos celulares: microglia y

macroglia (astrocitos y oligodendrocitos).
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Las células gliales participan de manera activa en el mantenimiento de la homeostasis en el
SNC, asi como en la etiologia y progresion del dolor crénico (Scholz y Woolf, 2007). Se ha
demostrado en diferentes modelos de dolor neuropatico en roedores que lesiones en
nervios periféricos inducen una activacién glial en la médula espinal (Ito et al., 2009; Sagar
et al., 2011). El tiempo y duracién de la activacion microglial y astrocitica varia tras la lesidn
nerviosa. La microglia parece ser responsable de la iniciacion del estado de dolor
neuropatico, mientras que los astrocitos estarian implicados en el mantenimiento de la
condicién (Nakagawa y Kaneko, 2010). Ambos tipos celulares presentan al activarse un
aumento de la expresidn de los genes que codifican para citoquinas (ej.: IL-1B, IL-6, TNF-a,
IL-18) y quemocinas (ej.: CCL2, CXC3L1), lo que da lugar a una mayor atraccion y activacién
de células gliales. Bajo este estado de sobreexcitacién, las neuronas liberarian también
aminodcidos excitadores y quemocinas que estimularian la transmisién nociceptiva,
credndose un circulo vicioso que pondria en intercomunicacidon neuronas, microglia y

astroglia en las astas dorsales de la médula espinal (Norimoto et al., 2014).

Receptores de tipo Toll (TLR).
DISTRIBUCION DE LOS RECEPTORES TLR Y SU IMPLICACION EN LA PLASTICIDAD ESPINAL.

Los receptores de tipo toll (TLR) en humanos se distinguen por pertenecer a una
superfamilia de proteinas con regiones homoélogas al receptor de interleuquina-1 (IL-1R)
(Leon et al., 2008; McCormack et al., 2009). De entre todos los receptores TLR, TLR4 es
probablemente el mas estudiado al presentar dos caracteristicas singulares que lo
diferencian del resto y lo hacen por ende mas atractivo para su estudio: el requerimiento
de un correceptor para el reconocimiento del ligando, y la capacidad de sefalizar a través
de dos sistemas de proteinas adaptadoras diferentes segin su localizacién en la célula

(Tanimura et al., 2008; Gangloff, 2012).

Los receptores TLR4 juegan un papel clave en el reconocimiento de patrones moleculares
asociados a patégenos y de moléculas enddgenas producidas tras una lesion (Peri y
Calabrese, 2013). Han sido descritos en la superficie de un amplio nimero de distintos
tipos celulares, que incluyen: células inmunes (Gondokaryono et al., 2007; Huang et al.,
2007), células dendriticas (Takagi, 2011), células gliales (Li et al., 2015), el cartilago articular

(Meng et al., 2010; GOmez et al., 2014), neuronas (Ohara et al., 2013), fibroblastos (Ospelt
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et al., 2008), células de Sertoli (Winnall et al.,, 2011), células endoteliales y células
epiteliales (Erridge, 2010). Esta amplia ubicuidad y su evidente papel en la inflamacidn
(Piazza et al., 2009; Takashima et al., 2009) han llevado a que, en los ultimos afios, el
receptor TLR4 se esté teniendo especialmente en cuenta como un actor importante en la
nocicepcion. De hecho, se ha descrito una expresiéon predominante del receptor en la
microglia del sistema nervioso central (Olson y Miller, 2004) y en neuronas sensoriales
periféricas (Wadachi y Hargreaves, 2006). Ademas, el empleo de antagonistas de los
receptores TLR4 han confirmado un alivio de la hiperalgesia térmica y de la alodinia

mecdnica en modelos de dolor neuropatico en roedores (Bettoni et al., 2008).

En condiciones normales, la glia juega un papel clave en mantener la salud y el
funcionamiento normal del sistema nervioso. Sin embargo, cuando se produce una
condicién patoldgica, tal como las alteraciones producidas en estados de dolor crénico
neuropatico, la glia se activa y comienza a liberar una variedad de sustancias implicadas en
la iniciacién y el mantenimiento de dicho dolor (Watkins y Maier, 2003). A este respecto,
durante la pasada década se ha ido describiendo progresivamente la implicaciéon de los
receptores TLR4 en las interacciones neuroinmunes que tienen lugar a nivel medular en
situaciones de dolor neuropatico (Bettoni et al., 2008; Saito et al., 2010). Ademas, ensayos
knock-out y knock-down para el receptor TLR4 han demostrado una atenuacion de la
hipersensibilidad, asi como un descenso de la activacion glial y una disminucién de la

expresiéon de citoquinas proinflamatorias (Tanga et al., 2005; Lan et al., 2010).
HIPERSENSIBILIDAD INDUCIDA POR OPIOIDES.

Los opioides constituyen la segunda prescripcion en términos de frecuencia para el
tratamiento del dolor crénico, tan solo superados por los AINE (Clark, 2002; Angst and
Clark, 2006). Sin embargo, el dolor neuropatico se caracteriza por activacién incontrolada
de células gliales y parece ser resistente al tratamiento con morfina. Ya en el siglo pasado
era conocido que, en oposicion a su potente efecto analgésico, los opioides podian
también inducir efectos secundarios inmunosupresores cursando junto con la pérdida de
antinocicepcion (West et al., 1997). Este escenario convergente fue explicado
tradicionalmente por un mecanismo de tolerancia (de Conno et al., 1991; Sjggren et al.,
1993; Aley y Levine, 1997). No obstante, con el inicio de este siglo, ha emergido un

concepto que ha ido ganando poco a poco terreno como alternativa valida para explicar
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esta controversia: el fendmeno de la hipersensibilidad inducida por opioides (OIH, de su
acrénimo en inglés opioid induced hypersensitivity), también llamada hiperalgesia inducida
por opioides (Ocasio et al., 2004). A este respecto, el tratamiento agudo y/o crénico con
altas dosis de opioides ha demostrado inducir dolor espontdneo, alodinia e hiperalgesia
térmica en humanos (Raffa y Pergolizzi, 2013) y roedores (Li et al., 2001; Chang et al., 2007).
Sin embargo, todavia hoy en dia se hace dificil diferenciar entre tolerancia analgésica a la

morfina e hiperalgesia inducida por morfina.

1.4. Modelos animales para el estudio del dolor.
A. Dolor artrésico.
De acuerdo con la Asociacion Internacional para el Estudio del Dolor (IASP), la artrosis
es el desorden articular mas comun en todo el mundo, afectando aproximadamente al
37% de los ciudadanos de edad avanzada (IASP, 2009). La Sociedad Espafiola de
Reumatologia (SER) estimd una prevalencia similar del 43% en la poblacién espafiola en

general en el afio 2000 (Cano Montoro y Cases Gomez, 2002).

La artrosis se define como un desorden degenerativo, de etiologia multifactorial, que
afecta de manera crénica a toda la diartrosis, dando lugar a la degeneracion de los
elementos de la articulacién con la consecuente restriccion de movimientos y dolor
(Pomonis et al., 2005; Aigner et al., 2010). La rodilla recibe un aporte de nervios desde
los nervios cutaneos en la piel superficial, ramas de nervios periféricos que pasan cerca
de la articulacion (neuronas primarias) y ramas de nervios intramusculares que cruzan
la capsula de la articulacién (nervios accesorios). La mayoria de las fibras aferentes en
los nervios articulares son amielinicas (fibras nerviosas C y simpdticas). Por su parte, las
fibras mielinicas AB y A6 comprenden en torno al 20% del total de fibras (Kidd, 1996).
Estos nervios sensoriales responden a estimulos mecanicos como estiramientos de la
capsula de la articulacién pero también a mediadores inflamatorios quimicos, que
estimulan directamente fibras nociceptivas silentes o las sensibilizan a estimulos
mecanicos. Por tanto, el dolor se considera hoy en dia el mayor sintoma de la artrosis y
también el mayor determinante de la pérdida de funcionalidad, actuando una suma de

componentes de origen bioldgico, psicoldgico y social (Hunter et al., 2009).

A pesar de la clara condicidon de dolor crénico, el hecho de si la artrosis tiene un

componente neuropatico o mas bien nociceptivo ha sido un tema de debate durante
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mucho tiempo (Combe et al., 2004; Hochman et al., 2010; Kelly et al., 2013).
Recientemente, estudios clinicos de ambito nacional (Oteo et al., 2013) e internacional
(Hochman et al., 2010) han revelado la presencia de un componente neuropatico en la
artrosis de rodilla en mds de un 33% de todos los casos diagnosticados como dolor
crénico de articulacidn de la rodilla. Dicho esto, tanto la sensibilizacidn periférica como
central parecen ser elementos relevantes en la patologia (Arendt-Nielsen et al., 2010;
Finan et al., 2013). De hecho, todos los indicadores de sensibilizacién al dolor (tanto
periféricos como centrales) se han observado en pacientes con artrosis de rodilla en un
mayor o menor grado: hiperalgesia, alodinia, sumacién espacial, sumacién temporal
(wind-up) y sensacion persistente (aftersensations) (Harden et al., 2013; Skou et al.,
2013). Por un lado, la sensibilizaciéon periférica se relaciona normalmente con las
inflamaciones local y neurogénica que cursan con la hiperalgesia primaria y sensacién
persistente observadas en los ensayos de conducta. Por otro lado, la sensibilizacién
central se caracteriza por la presencia de alodinia e hiperalgesia distal (sumacién
espacial) y puede implicar mecanismos dafiados de modulacién nociceptiva
descendente (Courtney et al., 2012). Sin embargo, a pesar de la evidencia del papel
central de la produccién del dolor en la artrosis, los tratamientos actuales son
principalmente paliativos y enfocados a mecanismos periféricos (Jordan et al., 2003;

Barron and Rubin, 2007; Benito et al., 2008).
MODELO DE DOLOR ARTROSICO.

En la rata el 80% de todas las fibras nerviosas aferentes en la articulacién de la rodilla
son nociceptivas. Los nociceptores estan localizados a lo largo de toda la articulacién
(McDougall et al., 1997; Mach et al., 2002; McDougall, 2006; Wenham y Conaghan,
2009), a excepcion del cartilago (Bora y Miller, 1987; Henrotin et al., 2005). Esto puede
explicar por qué en los primeros estadios de la artrosis la articulacidon es normalmente
asintomatica. Sin embargo, la inervacion de la diartrosis en estado normal y bajo
condiciones patoldgicas es notablemente diferente, habiéndose descrito un

crecimiento nervioso y vascular en el cartilago artrdsico (Ashraf y Walsh, 2008).

La infiltracion del agente quimico monosodio iodoacetato (MIA) en la cavidad articular
de la rodilla reproduce la enfermedad degenerativa de la rodilla observada en la clinica

de una manera muy precisa, interrumpiendo el metabolismo de los condrocitos y
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dando lugar a la muerte celular y consiguiente degeneracién del cartilago articular
(Lefebvre et al., 2011). Atendiendo a un contexto fisiolégico, MIA es capaz de inducir
hiperalgesia mecdnica en la propia rodilla afectada, pero también alodinia tactil e
hiperalgesia térmica a nivel plantar de manera distal a la rodilla (Prochdzkova et al.,
2009). Este comportamiento se correlaciona con la tipica presencia de microglia y
astroglia espinal activada en la sensibilizaciéon central (Sagar et al., 2011). Desde un
punto de vista clinico,b MIA produce una marcada sinovitis seguida de un
adelgazamiento del cartilago, el desarrollo de fisuras y la alteracion de zonas mas
profundas en contacto directo con el hueso subcondral. La sinovitis e inflamacidn de la
capsula parecen remitir para el dia 3-7 y no se considera que jueguen ya mas un papel
en la produccién de dolor. Esta primera fase consiste principalmente en la interaccién
de las proteinas plasmaticas y los productos inflamatorios con los fibroblastos
residentes para restaurar la superficie del cartilago. Sin embargo, durante este proceso
la remodelacién de la zona superficial puede causar un exceso de depdsitos, que

conduciran a un fenotipo fibrético y engrosado del tejido.
Dolor postoperatorio.

Practicamente cualquier cirugia produce dolor postoperatorio. Este es a menudo
clasificado dentro de la categoria de dolor agudo de acuerdo con el tiempo de
convalecencia, el cual remite en muchos casos con mayor o menor rapidez, pero que
puede también convertirse en un dolor persistente en algunos casos de resistencia a la
terapia (Deumens et al., 2013). A este respecto, la IASP define el dolor postoperatorio
persistente, como aquel estado que dura generalmente mds de dos meses después de
una intervencién quirargica y que no puede ser explicado por otras causas (Schug y
Pogatzki-Zahn, 2011). Se han descrito cambios plasticos como la sumacién temporal y
espacial en sitios distantes a la herida, por lo que la sensibilizacién periférica (Brennan
etal., 1996) y central (Obata et al., 2006; Ito et al., 2009; Chen et al., 2012) pueden ser
consideradas importantes distintivos de este dolor postoperatorio de larga duracién.
Con el objeto de investigar los mecanismos fisiopatolégicos del dolor postquirdrgico
persistente y de evaluar nuevos analgésicos dirigidos contra el dolor postoperatorio, se
han desarrollado modelos preclinicos de dolor postquirurgico.

MODELO DE DOLOR POSTOPERATORIO.
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El modelo tipico de dolor por incision fue descrito por primera vez por Brennan y cols.
(Brennan et al., 1996). Considerando que el dolor causado por inflamacién, lesién
nerviosa o incision esta compuesto por diferentes mecanismos fisiopatoldgicos, los
autores disefiaron un modelo de dolor postoperatorio capaz de sensibilizar por un lado
las aferencias primarias (fibras AS y C) y por otro lado las neuronas de amplio rango
dinamico (WDR, de su acrénimo en inglés wide dynamic range) en el asta dorsal de la

médula espinal (Pogatzki et al., 2002; Zahn et al., 2002; Banik y Brennan, 2004).

El modelo estd basado en una incisién quirurgica realizada en la planta de la pata
trasera del animal. La informacion procedente de la incision es transmitida por medio
del nervio sural y tibial, y resulta en un aumento de la respuesta en lugares adyacentes
y distales a la incision frente a estimulos calorificos y/o tactiles (Zahn y Brennan, 1999).
En otras palabras, el desarrollo de hiperalgesia primaria y secundaria. Observaciones
derivadas de este modelo pueden conducir a comprobar teorias de sensibilizaciéon y
plasticidad en el dolor postoperatorio pero también a evaluar la contribucién de
diferentes farmacos analgésicos y terapias en el tratamiento del dolor postquirurgico,

como los efectos derivados de la morfina.

2. OBIJETIVOS.

Los modelos de dolor animal se utilizan basicamente por dos razones: explorar los mecanismos
que subyacen tanto al dolor fisiolégico como patolégico, y estudiar o desarrollar farmacos

anagesicos ya existentes o de nueva sintesis. De acuerdo con esto:

e Por un lado este trabajo intentd evaluar de manera detallada los umbrales de nocicepcion

en animales con dolor de la articulacion de la rodilla inducido por artrosis:

3. para conseguir un mejor entendimiento del estado de dolor crénico
4. para estudiar el papel del receptor de tipo toll 4 (TLR4) por medio de una molécula
blogueante del TLR4 en:

a. impedir/dificultar el desarrollo de la enfermedad,

b. disminuir la nocicepcidn una vez se ha desarrollado la enfermedad.
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e Porotro lado, el trabajo también traté evaluar los umbrales de nocicepciéon en un modelo de

dolor por incisién en rata para estudiar el papel de los receptores de tipo toll 4 (TLR4) por

medio de una molécula bloqueante del TLR4 en el tiempo de recuperaciéon y en los
mecanismos implicados,
e Un objetivo adicional consistié en estudiar la implicacidn de la glia en el mantenimiento de

ambos, el dolor artrdsico y el dolor quirargico.

3. MATERIALES Y METODOS.

3.1. Animales de experimentacion.

Ratas macho Wistar adultas obtenidas de Harlan Interfauna lbérica (Espafia) fueron
empleadas para todos los experimentos. Los animales fueron distribuidos a su llegada a
nuestras instalaciones en jaulas de plastico transparente (4-6 ratas/jaula) bajo condiciones
estandar de laboratorio: habitaciones con temperatura (23 + 12C), humedad (50-55%) y luz
(ciclos de luz/oscuridad de 12 horas) controlados de manera constante, con agua y comida
disponible ad libitum. Seguidamente se les mantuvo durante un periodo de cinco dias de
aclimatacién antes de la iniciacion de cualquier experimento, de acuerdo con los

estandares de proteccion animal de la Unidn Europea (BOE, 2005; Capdevila et al., 2007).

Con objeto de constatar que no habia respuestas andmalas en su comportamiento, los
animales fueron observados cuidadosamente y, a continuacién, fueron asignados al azar a
grupos control o de tratamiento. Un observador ciego a los tratamientos farmacolégicos
realizé todos los ensayos de comportamiento. Todos los procedimientos animales se
llevaron a cabo siguiendo un protocolo que fue aprobado por el Comité Etico de la
Universidad Rey Juan Carlos (URJC) y de acuerdo con las pautas establecidas por la

Asociacion Internacional para el Estudio del Dolor (IASP) (Zimmermann, 1983).

3.2. Procedimientos quirurgicos.

A. Modelo de dolor artrésico inducido por MIA.

La artrosis fue inducida en ratas (con pesos de 200-250 g o 250-300 g para
administracién i.p. o i.t. respectivamente) mediante la infiltracién intraarticular de

monosodio iodoacetato (MIA) en la cavidad articular de las rodillas. Como se ha
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descrito con anterioridad (Schuelert y McDougall, 2008; Schuelert et al., 2010), el
iodoacetato produce una degeneracién persistente de la articulacidon de la rodilla que

alcanza su estado maximo entre la segunda y la cuarta semana tras su administracion.

Los animales fueron anestesiados con 0,3 ml / 100 mg (i.p.) de Equithesin36, tras lo cual
se administré una Unica inyeccién intraarticular de 2 mg MIA (Sigma-Aldrich®) en 50 pl
de suero salino fisiolégico (Pomonis et al., 2005; Cifuentes et al., 2010) a través del
ligamento infrapatelar de la rodilla derecha®’. La dosis de MIA fue escogida de acuerdo
con la literatura cotejada (Fernihough et al., 2004; Kalff et al., 2010). La pata trasera
contralateral recibié una unica inyeccién de suero salino normal (50 ul) (Bove et al.,
2003; Cialdai et al., 2009). También se administré 50 pl de salino en ambas rodillas en
un grupo control distinto. Todas las inyecciones fueron llevadas a cabo por medio de

una jeringuilla de insulina de 30 G (Becton Dickinson) (Clements et al., 2009).

B. Cirugia intratecal: dolor artrésico.

La cirugia intratecal se realizé del mismo modo a como han descrito otros autores
(Matsunaga et al., 2007; Avila-Martin et al., 2011), con ligeras modificaciones. Las ratas
se prepararon quirdrgicamente bajo anestesia con pentobarbital (Dolethal, 0,225 ml-kg
! i.p., Vetoquinol) y 2% xilacina (Xilagesic, 0.43 ml-kg™, i.p., Calier), seguido de una
dosis de atropina (0.05 mI-kg'l, B. Braun) con objeto de evitar espasmos y bradicardia.
Ademas, se administré 0,1 ml de un antibidtico (Enrofloxacina, 2,5% Baytril®, Bayer)
después de la cirugia. Un tubo de polietileno disponible comercialmente (I.D.: 28 mm
0.D.: 61 mm; PE-10, Becton Dickinson) fue utilizado para su implantacion como catéter
y externalizado en la parte posterior del cuello. Inmediatamente antes de la
implantacion, el catéter fue esterilizado con etanol absoluto, y minuciosamente lavado

con suero salino fisiolégico estéril. Tras la incisidon en la piel y la diseccion roma de las

capas musculares superpuestas a las vértebras, se realizd una pequefia hemi-

*En los animales preparados para recibir administracion intratecal (i.t.), el MIA se administré bajo anestesia con
isoflurano al 2%. La razon principal consistié en que (1) el hidrato de cloral fue prohibido en el afio 2013, (2) el
protocolo de administracion intratecal fue llevado a cabo después del intraperioneal (i.p.), y (3) durante la tesis
descubrimos en la literatura que el isoflurano inducia menores efectos adversos que cualquier otro anestésico.

*En Portugal, la inyeccidn intraarticular se realizé en la rodilla izquierda, en un volumen de 25 pl, con una jeringuilla
de 26 G, y las rodillas contralaterales no recibieron inyeccidn.
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laminectomia a nivel L5 vertebral (Co3 espinal). La duramadre Co3 expuesta fue
sometida a una pequeia durectomia con tijeras de tipo-iris de manera que la punta del
catéter intratecal pudiera insertarse de manera rostral y medialmente por encima de la
médula espinal con una posicion final justo por debajo del sitio L5 de liberacién del
farmaco (L1 vertebral). El area fue limpiada para permitir la fijacion del catéter con un
adhesivo de cianocrilato a la vértebra L6. El extremo percutdneo del catéter fue
finalmente asegurado insertandolo a través de una pequefia incision cutdnea en la base
del craneo, el cual se rellend con suero salino y se tapo el orificio de entrada con ayuda
de un alambre personalizado. Una duramadre artifical (Neuropatch, B. Braun) se colocé
sobre la pequeiia abertura realizada a nivel Co3 espinal y las capas de musculo sobre
ésta fueron unidas con una sutura continua de acido poliglicélico absorbible de 4-0. Las
ratas fueron entonces enjauladas individualmente y observadas cuidadosamente
durante la recuperacién. Los animales que mostraron déficits neuroldgicos después de
la cirugia quedaron descartados. Cuatro dias después de la implantacién de los
catéteres intratecales, se tomaron nuevas medidas basales y las ratas recibieron una
inyeccion intraarticular de MIA (Liu et al., 2011) o salino, como correspondiese, bajo

anestesia con isoflurano al 2%.
Incision quirurgica: dolor incisional.

La cirugia se desarrollé de acuerdo al modelo de dolor incisional en rata desarrollado
por Brennan y cols. (Brennan et al.,, 1996), con ligeras modificaciones. Las ratas (con
pesos entre 250-300 g) fueron anestesiadas con isoflurano al 2% administrado por
medio de un cono nasal. La pata trasera derecha fue esterilizada con una solucion de
povidona yodada al 10% (Betadine®) y una incisién longitudinal de 1 cm fue realizada a
través de la piel y fascia en la planta de la pata del animal, comenzando a 0,5 cm del
extremo proximal del taléon en direccién hacia los dedos. El musculo plantaris fue
entonces elevado con ayuda de una aguja hipodérmica de 23 G e igualmente cortado
de manera longitudinal. Haciendo algo de presién con una gasa o torunda de algoddn
se consiguid la hemostasis de la zona y los dos pliegues de piel fueron finalmente
unidos con dos suturas maestras de nylon de 5-0. Finalmente la herida fue cubierta con

una untura de antibiético tépico (0.2% nitrofurazona, Furacin®) y se permitié que los
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animales se recuperaran en sus respectivas jaulas. La pata izquierda contralateral

permanecié intacta.

3.3. Ensayos in vivo:

A. Ensayos de conducta.

La nocicepcién fue evaluada mediante la comprobacién de la sensibilidad a estimulos

tactiles, térmicos y mecanicos como se describe en las siguientes lineas.

1. Testdevon Frey.

Durante la tesis, se utilizaron filamentos de von Frey o von Frey electrénico para una
mejor caracterizacién. Durante dos dias, previos a la evaluacién conductual, y cada dia
de evaluacién antes del experimento, los animales fueron colocados en una caja de
polimetilmetacrilato con una malla metdlica como suelo y se les permitioé aclimatarse.
Cuando se usaron los filamentos de von Frey, se asumié un paradigma basado en cinco
intentos. Los filamentos de von Frey fueron aplicados cinco veces seguidas de manera
perpendicular a la superficie media de la planta de la pata trasera mientras el animal
permanecia apoyado con las cuatro patas sobre el suelo. El proceso, de cinco intentos,
fue repetido tres veces solo si cuatro de cinco intentos lograban una respuesta; si no,
pasabamos al siguiente filamento (desde el de menor al de mayor calibre) hasta que se
conseguian cuatro/cinco respuestas en una misma serie. Esto es, se traté de perseguir
una respuesta de todo o nada (Ferreira-Gomes et al., 2008). Cuando utilizamos el von
Frey electrénico automatizado (Ugo Basile), el umbral de respuesta al tacto inocuo del
filamento en cada pata trasera era medido como se ha descrito anteriormente
(Whiteside et al., 2004), con ligeras modificaciones. El microfilamento de von Frey
electrdénico se aplicd perpendicularmente a la superficie de la mitad de la planta de la
pata trasera y se mantuvo presionado hasta que se consiguié una respuesta. La
estimulacidon mecdnica fue mantenida durante 2 s y se tomd un total de tres lecturas
para cada rata en cada tiempo testado. La media de estas tres medidas fue

determinada y utilizada para analisis posteriores.
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2. Test de retirada de la pata.

La respuesta a un estimulo calorifico nocivo fue determinada por medio de un aparato
térmico plantar (Ugo Basile, Italia) mediante el método modificado de Bennett y
Hargreaves (Bennett and Hargreaves, 1990). De manera similar a lo descrito para el test
anterior, las ratas fueron aclimatadas a las condiciones del test dos dias antes de los
experimentos y diez minutos cada dia de evaluacidn justo antes de los ensayos
conductuales, colocando las ratas en un compartimento de plastico sobre un suelo de
cristal. Una fuente de luz bajo el suelo fue dirigida a la superficie media plantar de la
pata trasera con objeto de calentarla, de manera que el reflejo de retirada de la pata
interrumpia la luz y automaticamente apagaba un contador, quedando registrado el
tiempo de latencia de retirada de la pata. La media de tres medidas separadas 2-5 min
entre si fue registrada. La intensidad de la fuente de calor fue ajustada de tal manera
gue las latencias basales de retirada fueran de 8-10 s con un tiempo de corte de 15 s

para evitar el dafio tisular.

3. Test de knee-bend.

Para evaluar la sensibilidad a un estimulo mecanico natural como el movimiento de
flexién de la rodilla y por consiguiente, para elucidar la posible existencia de
hiperalgesia proximal, se empled un test de flexién de la rodilla descrito por Ferreira-
Gomes y cols. (Ferreira-Gomes et al., 2008) en un modelo de rata de dolor artrésico
inducido por MIA. Todos los animales fueron habituados al experimentador y al test
durante un periodo de una semana antes de registrar cualquier valor. El test consistié
en registrar el nimero de vocalizaciones y/o reacciones de forcejeo en respuesta a
cinco extensiones y cinco flexiones de la articulacién de la rodilla y se puntué como

sigue:

puntuacion | Tipo de reaccion

0 Sin respuesta

0.5 El forcejeo ocurre ante el grado maximo de flexién/extension

El forcejeo ocurre ante un grado moderado de flexién/extension
La vocalizacién ocurre ante el grado maximo de flexion/extensién

2 La vocalizacidn ocurre ante un grado moderado de flexion/extension
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La suma de las reacciones registradas (con un hipotético maximo valor de 20)

representa la puntuacién del test de la flexion de la rodilla.

Test del catwalk.

El test del catwalk fue utilizado para evaluar la discapacidad inducida por el modelo
artrésico y el discomfort después de recibir tratamiento (Ferreira-Gomes et al., 2012).
Los animales con artrosis muestran una disminucién de la distribucion del peso sobre la
extremidad con artrosis probablemente debido a un aumento de la sensibilidad. Los
animales son colocados en una plataforma de cristal localizada en una habitacién
oscura y se les permite deambular libremente. La superficie es rociada con algo de agua
y un tubo fluorescente ilumina la plataforma para reflejar la luz hacia abajo solo en los
puntos en los que exista contacto entre el drea de cada pata con la plataforma de
cristal, resultando en una acusada imagen de la huella de la pata. La intensidad de la
sefial de la impresion de la pata aumenta con el area de contacto de la pata con la
plataforma y con la presion aplicada por ésta. Por consiguiente, la intensidad total de la
impresion de la pata ipsilateral es cuantificada determinando el area de la pata en
contacto con la plataforma, en numero de pixeles, y multiplicdndola por la intensidad

media de cada pixel, ddndonos la intensidad general de la impresién de la pata.

La plataforma de cristal fue monitorizada por medio de una videocamara con un
objetivo gran angular dispuesta bajo ésta. Un ordenador equipado con un programa de
video (Ulead Video Studio, USA) daba cuenta del registro obtenido a través de la
camara. Se obtuvieron seis fotogramas al azar de los videos grabados durante la
evaluacién de las ratas: 3 fotos con el animal caminando (correspondientes a pasos,
espaciados en el tiempo, de huellas contralaterales e ipsilaterales consecutivas) y 3
fotos correspondientes a posturas, distantes en el tiempo, del animal sobre sus cuatro
patas. El nUmero y la intensidad de los pixeles por encima de un umbral definido fueron
cuantificados utilizando el programa Image J 1.47, permitiendo la comparacién entre el
area/presioén ejercida por cada pata. Los resultados fueron expresados en intensidad
total de la pata trasera ipsilateral como porcentaje de la intensidad total de ambas

patas traseras.

140



B. Compuestos utilizados.
TLR4-Al.

Basado en estudios llevados a cabo por Piazza y cols.(Piazza et al., 2009) en cultivos
celulares in vitro e in vivo en modelos de sepsis en ratones, reprodujimos un lipido
benzilamonio para ser testado en nuestros modelos in vivo de rata, al que llamamos
como “TLR4 antagonista 1” (TLR4-A1). Este inhibidor del receptor TLR4 con diana en su
correceptor CD14 (Arroyo-Espliguero et al., 2004) fue sintetizado como se ha descrito
previamente (Piazza et al., 2009; Peri y Piazza, 2012) y presentado en una proporciéon
9:1 de suero salino y etanol. Para la administracién intratecal, el TLR4-A1l fue diluido

solo en suero salino estéril.
OTROS COMPUESTOS.

La morfina sulfato fue adquirida a Sigma-Aldrich Quimica (Espafia) y diluida en suero
salino inocuo. Todas las administraciones i.p. consistian en volimenes totales de 0,5 ml.
Por su parte, las administraciones i.t. consistieron en volimenes de 0,01 ml precedidos
y continuados por 0,01 ml de suero salino estéril. Todos los compuestos fueron

preparados en el dia del experimento.

Protocolos de administracion de fdrmacos.

1. Modelo de dolor artrésico inducido por MIA.

El papel del receptor de tipo toll 4 (TLR4) dirigido contra el dolor crénico o
nociceptivo fue investigado utilizando un nuevo compuesto experimental sintético
disefiado uUnicamente para fines de investigacion: el TLR4-Al. La inyeccion
intraarticular se administrd tras la habituacién al ambiente del test y después de
registrar los valores basales (dia 0). Los datos fueron registrados desde el dia
postoperatorio 7 en adelante como sigue: en los dias 7, 14 y 21, y de manera

alternativa en los dias 28, 35, 40 y 50 también.
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Administracion aguda de TLR4-A1l una vez establecida la artrosis

e grupo blanco - control
e grupo MIA - control
e grupo MIA +10 mg-kg'l TLR4-A1 (i.p.) en dia 14

Administracion crénica de TLR4-A1l una vez establecida la artrosis

e grupo blanco - control
e grupo MIA - control
e grupo MIA +15 dias de tratamiento con 10 mg-kg':l TLR4-A1 (i.p.)

Administracion crénica de TLR4-A1 paralelamente a la induccién de la artrosis

a) Administracion i.p.

e grupo blanco - control

e grupo MIA - control

e grupo MIA+5 dias de tratamiento con 10 mg-kg'1 TLR4-A1 (i.p.)

b) Administracion i.t.

e grupo blanco + cirugia - control

e grupo MIA +cirugia > control

® grupo MIA + cirugia + 5 dias tratados con 0,1 mg-kg'1 TLR4-A1 (i.t.)

= Administracion sistémica aguda.

El tratamiento agudo con TLR4-A1 consistié en una Unica dosis (10 mg-kg™) en el

dia 14 y el comportamiento animal fue evaluado antes y 30 min, 1h, 1h 30 min,

2 hy 3h tras la administracién.

= Administracion sistémica cronica.

En el protocolo seguido en la FMUP, el tratamiento crénico con el vehiculo o el

propio TLR4-A1 (10 mg-kg™) consistié en una administracién diaria durante un

periodo de 15 dias, una vez la patologia se habia establecido (a partir del dia 14).

Los tests de conducta se llevaron a cabo los dias 3, 7, 14 y 15 después de la

inyeccion de MIA y en los dias 18, 20, 22, 24, 26 y 28 antes y 1h después de la

administracion del compuesto.

En el protocolo de la Universidad Rey Juan Carlos (FCS-URIC), el vehiculo o el

propio TLR4-A1 (10 mg-kg™) fueron administrados i.p. de manera diaria durante

cinco dias consecutivos, desde el dia 0 hasta el dia 4 después de la inyeccion de

MIA. Los umbrales de retirada para la alodinia tactil y la hiperalgesia térmica se

evaluaron en los dias anteriormente citados.
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=  Administracion intratecal crénica.

Se registraron dos umbrales basales diferentes para los grupos con cirugia
intratecal: justo antes de la cateterizacion y cuatro dias después de la cirugia.
Las ratas sin descoordinacién motora o sensitiva en el segundo de estos dias,
fueron clasificadas en grupo control o artrdsico y recibieron suero salino inocuo
o TLR4-A1 (0,1 mgkg!) durante los primeros cinco dias inmediatamente
después de la infiltracion con 2 mg MIA o salino. Los umbrales de retirada o
latencias térmicas fueron evaluados cada 7 dias durante las siguientes tres

semanas.
2. Modelo postoperatorio de dolor incisional.

Los tests de von Frey y de retirada de la pata se emplearon para determinar el curso
temporal de la alodinia tactil y de la hiperalgesia térmica durante 10 dias
consecutivos en animales operados quirdrgicamente. Posteriormente se evalud
también el efecto de la administracion de tres tratamientos distintos en los

umbrales de nocicepcidn.

Administracién crénica de suero salino, morfina y/o TLR4-A1 (dos dosis de 5 mg-kg *-dia™)

e grupo blanco —»control

e grupo incisional-»control - 9 dias de suero salino (i.p.)

e grupo incisional->9 dias de 10 mg-kg'1 morfina (i.p.)

e grupo incisional->9 dias de 10 mg-kg'1 TLR4-A1 (i.p.)

e grupo incisional=>9 dias de 10 mg-kg™ TLR4-Al+morfina (i.p.)

Cada compuesto fue administrado de manera diaria como dos dosis
intraperitoneales de 5 mg-kg’, cada una separada por 6 horas durante 9 dias
consecutivos y testados 24 h después de la incision plantar dos veces al dia durante
toda la duracién del tratamiento: 2 horas antes y 45 minutos después de la primera
administracion del dia. En el caso de los animales que recibieron ambos farmacos,
TLR4-Al fue administrado 15 min antes de la morfina y el comportamiento se
evalué 30 min después de esta ultima. Esto permitid evaluar ambos, el efecto
resultante del tratamiento cronico (efecto crénico seriado) e inmediatamente
después de la administracion (efecto agudo seriado). La segunda administracion fue
considerada como una dosis de recuerdo. En resumen, cada animal recibid al final

de cada dia 10 mg-kg™ de morfina y/o de TLR4-ALl.
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3.4. Ensayos in vitro:
A. Métodos histoldgicos generales.

Estudio inmunohistoquimico para la actividad glial.

1. Recogida de médulas espinales.
Los animales se sacrificaron a los 22 o 10 dias después de la intervencidon quirlrgica
(modelo de artrosis y modelo postoperatorio respectivamente; n = 4-5 ratas por
grupo). Las ratas fueron anestesiadas con pentobarbital (60 mgkg?, i.p.) v
perfundidas intracardialmente a través del ventriculo izquierdo con 200 ml de suero
salino normal, seguido de paraformaldehido al 4% en tampdn salino fosfato (0,1M,
pH 7,4, 42C) (referido como solucién fijadora a partir de ahora). Se realizd una
laminectomia de la médula espinal toracica y lumbar y se recogieron las secciones
espinales L3-L5 para guardarlas en la solucion fijadora durante cuatro horas a
temperatura ambiente. A continuacion se criopreservaron en tampdn salino fosfato
(0,1M, pH7,4) suplementado con 30% de sacarosa y 0.05% de azida sddica a 4 2C
hasta su posterior procesamiento. De manera alternativa, las rodillas y los nervios
safenos fueron también recogidos.

2. Procesamiento de tejidos.
La deshidratacion de los especimenes se llevd a cabo mediante concentraciones
gradualmente crecientes de etanol. Posteriormente se cambiaron a un medio con
tolueno y finalmente se incluyeron en parafina. Los bloques de parafina de las
secciones espinales fueron montados en un micrétomo rotatorio de tipo Minot. Se
realizaron cortes seriados de 5 um de grosor y se recogieron sobre portaobjetos
tratados con 0.02% de poli-L-lisina. Dado que la parafina es poco permeable a las
tinturas, las muestras ya montadas fueron desparafinadas en concentraciones
gradualmente decrecientes de etanol.

3. Inmunodeteccion.
Después de la desparafinacion, las muestras siguieron un método para la exposiciéon
de antigenos enmascarados por la parafina y a continuacion fueron inmunoteifiidas
por el método indirecto de la peroxidasa. Las muestras fueron tratadas con una
solucién al 3% de perodxido de hidrégeno en agua estéril durante 15 min con el fin
de bloquear la actividad peroxidasa enddgena, seguido de una incubacion de 30
min con suero bovino fetal o seroalbumina bovina, como correspondiera, para
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reducir el ruido de fondo. Las secciones fueron entonces tratadas durante 1 hora
con los anticuerpos anti-GFAP o anti-Iba-1 debidamente diluidos, lavadas y tratadas
durante una hora adicional con un kit o anticuerpo secundario conjugado para
amplificar la sefial. Las muestras fueron entonces lavadas para retirar el exceso de
anticuerpo y tratadas con una solucién de DAB (Sigma®) durante 5 min. Finalmente
las secciones fueron lavadas con agua corriente y siguieron una bateria de
concentraciones crecientes de etanol (justo inversa a la descrita anteriormente)
para permitir su montaje. Por ultimo las preparaciones fueron cubiertas con un
cubreobjetos y observadas al microoscopio.

4. Meétodo para el contaje de las células marcadas: examinacion microscdpica.
Para cada seccién correspondiente a cada region lumbar (L3, L4 o L5), el numero
total de células marcadas fueron contadas de manera separada en l[dminas I-Il, IlI-1V
y V-VI. La identificacion de las ldminas del asta dorsal de la médula espinal se realizé
de acuerdo a la clasifcacién de Rexed (Rexed, 1952) y se tomaron fotografias de las
secciones para hacer montajes de la médula espinal completa a una magnificacion
final de 20x.

Examinacion macroscopica de las rodillas.
Después de su sacrificio, las rodillas de las ratas de los animales en el modelo de
dolor artrésico inducido por MIA fueron expuestas para verificar la correlacion
entre la accidn dafiina del MIA con los resultados observados durante la evaluacién
conductual. Para ello, los ligamentos fueron cuidadosamente escindidos vy las caras
articulares de la tibia y el fémur expuestas.

Procesamiento y examinacion microscépica de las rodillas: dolor artrésico.

1. Descalcificacion dsea.
La diseccién y procesamiento del tejido en las articulaciones de las rodillas fue
realizada como se ha descrito previamente (Memon et al., 2010) con ligeras
modificaciones. Los huesos fueron cortados lo mas préoximo a la articulacién de la
rodilla posible e inmediatamente transferidos a una solucion fijadora durante 72
horas adicionales. Los especimenes fueron entonces dispuestos en una solucién
crioprotectora y mantenidos a 49C hasta su uso. La retirada del contenido mineral
se llevd a cabo mediante la inmersion de las rodillas en una solucion de

descalcificacion (5% EDTA / 10% PFA) y dejandolas rotar a temperatura ambiente en
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un agitador a baja velocidad. La solucion fue renovada semanalmente durante 4-5
semanas. Una torunda de algoddn en la solucién sirvié de estructura para atrapar el
calcio que se retiraba del hueso.
2. Tincion.
Después de la descalcificacidon, los tejidos fueron lavados, deshidratados en series
de concentraciéon de etanol gradualmente creciente e incluidos en parafina.
Posteriormente, se cortaron secciones de tejido de 5 um de grosor en un
micréotomo de rotacién de Minot y se utilizaron para tincién con azul de toluidina al
0,5% (con borato de sodio al 1%).
3. Examinacion microscopica.
Fotografias de las secciones de rodilla fueron grabadas para hacer montajes de la
rodilla entera a una magnificacién final de 2,5x. El objeto de la tincidon con azul de
toluidina consistio en facilitar la evaluacion de las estructuras del cartilago mediante
el uso de la puntuacion de Pritzker (Pritzker et al., 2006).
Biopsia y examinacidn microscdpica de los nervios safenos.
Segmentos de un centimetro de longitud de nervios safenos ipsilateral (lado dafiado) y
contralateral (lado no danado) correspondientes a la extensién ingle-rodilla (modelo
de artrorsis) o espinilla-rodilla (modelo postoperatorio) fueron retiradas 22 o 10 dias
tras la cirugia (respctivamente), e inmediatamente fijadas en una solucidn fijadora.
Después de 4 horas, se incluyeron en una solucidn crioprotectora y se mantuvieron a
49C hasta su uso. Las muestras fueron fijadas e incluidas en resina de acuerdo a un
protocolo llevado a cabo por el Servicio de Apoyo Tecnoldgico. Los bloques resultantes
de resina fueron montados en un Ultramicrotomo Leica EM UC7 y se hicieron
secciones transversales semifinas de 800 nm de grosor. Las secciones se calentaron
entonces para permitir su tincion con azul de toluidina para su estudio morfolégico y
morfométrico (Sghirlanzoni et al., 2005). Se grabaron imagenes para realizar montajes
del nervio safeno entero a una magnificacidon final de 63,5x. Finalmente, distintos
parametros fueron analizados en fotografias digitalizadas utilizando el software Imagel.
B. Determinacion de proteinas mediante ensayos bioquimicos.
Recogida de médulas espinales.
La recogida de las médulas espinales se realizé como se ha descrito previamente (Butt
et al., 2007; Gil-Dones et al., 2008) con ligeras modificaciones. Las ratas fueron
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decapitadas y las médulas espinales se extrajeron del animal utilizando presion
hidraulica insertando una aguja de calibre 18 en el extremo caudal del canal vertebral y
descargando suero salino frio en su interior. Un segmento de 0,5 cm correspondiente a
la parte media del engrosamiento lumbar (LI-LV) (Gilerovich et al., 2008) fue cortada de
la médula espinal aislada, congelado en nitréogeno liquido e inmediatamente
almacenado a -802C para su posterior procesamiento.
ELISA.
La homogenizacién de las médulas espinales fue adaptada del método de Sweiter et al.
(Sweitzer et al., 2001; Sweitzer y Deleo, 2002). Los segmentos medulares que se
guardaban congelados fueron recogidos y pesados; a continuacién, se homogenizaron
en 0,5 ml de tampdn de lisis frio por medio de un homogenizador Polytron (Kinematica,
Suiza) a pulsos de alta velocidad de 10 s. Los productos resultantes fueron entonces
ultracentrifugados a 16.000x g durante 30 min a 42C y el sobrenadante (fracciéon de
proteina soluble) fue dividido igualmente en: una alicuota de 200 ul para la
cuantificacion de IL-1B e IL-6 y una alicuota de 200 pl para la cuantificacidon de TNF-a.
Las concentraciones de proteina para IL-1B, IL-6 y TNF-a fueron determinadas
utilizando kits de ELISA para rata de Diaclone® de acuerdo a las indicaciones del
fabricante y comparando las muestras con la curva patrén generada para cada kit. Los
niveles de proteina en los animales operados tratados y no tratados fueron
comparados con aquellos de los animales control (n =4-6).
3.5. Analisis estadistico.

El software GraphPad Prism5 se utilizd para todos los analisis estadisticos. Para determinar

la existencia de diferencias estadisticamente significativas entre los distintos grupos se usé

el test de ANOVA de dos vias seguido por el analisis posthoc de Bonferroni en todos los

experimentos. Un test de ANOVA de una via seguido por el test de Dunnett o el test de

comparacion multiple de Newman-Keuls fue usado para comparar los diferentes tiempos

con sus respectivos valores basales (dia 0). En todos los analisis se consideré una diferencia

estadisticamente significativa a partir de una P<0,05.

4. RESULTADOS
4.1. Ensayos in vivo: ensayos de conducta.

4.1.1. Modelo de dolor artrdsico.
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Como se ha mencionado anteriormente, se llevd a cabo una minuciosa
investigacion sobre estudios de determinacion de dosis antes de elegir cualquier
volumen o cantidad de MIA. Concluimos que 2 mg era ideal al causar un dafio
irreversible y dolor crénico severo. Dos diferentes volumenes (25 y 50 ul) fueron
utilizados, decantdndonos finalmente por 50 pl por su facilidad de administracién.
La cojera era evidente justo al dia siguiente de la inyeccion de MIA en la mayoria de
los animales y se mantuvieron umbrales de latencia y de retirada de la pata
disminuidos a lo largo de 50 dias, mas marcados en respuesta al tacto suave con
filamentos de von Frey que frente a un estimulo calorifico. La inyeccién de suero
fisiolégico en la pata contralateral no causd alteracidn alguna en el comportamiento
del animal, como se deduce de su comparaciéon con un grupo aparte de animales
con las rodillas intactas.
ii. Efecto antinociceptivo agudo de TLR4-A1.
Para estar seguros de la duracidn del efecto del compuesto, se utilizaron tres
tipos de test diferentes el dia postoperatorio 14: el test de von Frey (estimulo
tactil) en un lugar alejado de la rodilla, el test del knee bend (estimulo
mecanico) en la misma rodilla y el test del Catwalk (sin aplicacion de estimulo),
gue informaba sobre dolor espontaneo.
MIA producia alodinia tactil significativa en la pata trasera ipsilateral todos los
dias testados. La administracién intraperitorneal de TLR4-Al (10 mg-kg'l)
atenuaba dicha alodinia, con un efecto maximo pasada 1 h de la administracion.
La nocicepcién inducida por el movimiento fue evaluada por medio de los tests
de flexion de la rodilla (knee-bend) y del Catwalk. MIA inducia un aumento en la
puntuacion para el test de la flexion de la rodilla a lo largo de todos los tiempos
estudiados; mientras que la administracién intraperitoneal de TLR4-Al (10
mg-kg™) atenuaba la alodinia mecénica con un efecto maximo entre los 30 miny
1 h tras la administracién. El MIA también inducia dolor espontaneo desde el dia
3 en adelante y la administracion intraperitoneal de TLR4-Al (10 mg-kg™)
recuperaba parcilamente el umbral basal con un efecto maximo a los 30 miny 3
h tras la administracion.

iii. Efecto antinociceptivo crénico de TLR4-Al.
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TRATAMIENTO CORTO (5 DIAS) AL COMIENZO DE LA PATOLOGIA. Durante una fase inicial,
los primeros 14 dias después de la inyeccion del MIA, existian diferencias
estadisticamente significativas entre los grupos tratados con TLR4-A1l y sin tratar.
Sin embargo, con forme el efecto de TLR4-Al desaparecia, la respuesta
nociceptiva se hacia evidente (dias 21), desvaneciéndose las diferecias
significativas existentes entre ambos grupos y apareciendo con respecto al
grupo control. Por el contrario, la administracion intraperitoneal de TLR4-A1 (10
mg-kg™*-dia™!) producia un bloqueo total de la hiperalgesia térmica.

TRATAMIENTO LARGO (15 DIAS) UNA VEZ LA PATOLOGIA SE HA DESARROLLADO. La respuesta
estudiada antes de la administracidn diaria de TLR4-A1 muestra una tendencia a
recuperar los umbrales basales cuando se aplica un estimulo tactil en la planta
de la pata, con un efecto mantenido a lo largo de los 15 dias. A pesar de existir
diferencias manifiestas con el grupo control, se observaba uno u
ocasionalmente ningun nvel de significancia. El efecto una hora después de la
administracién diaria del compuesto mostraba también una atenuacién de la
alodinia tactil, haciéndose maxima a partir del dia 18. Cuando el estimulo se
aplicaba justo sobre la rodilla (test de flexidon de la rodilla), el efecto crénico
mostraba una curva que se asemejaba mucho a la del grupo control; mientras
que el efecto agudo mostraba incluso una atenuacion aun mayor,
especialmente los dias 18, 20 y 22. TLR4-A1 sin embargo parecia no tener efecto
sobre el dolor espontaneo (test del Catwalk).

Administracién intratecal de TLR4-Al.

La administracién intratecal durante 5 dias de TLR4-Al (0,1 mg-kg™’-dia?) en
ratas tratadas con MIA mostraban una reduccién en la alodinia tactil y los
valores volvian a los umbrales baseles la segunda y tercera semana. Por el
contrario, TLR4-A1 no modificaba la hiperalgesia térmica; justo lo contrario de lo
gue pasaba con los animales que recibian administraciones intraperitoneales.
Incremento del peso corporal.

Los grupos control y MIA no presentaban diferencias de peso en ninguno de los
grupos tratados con vehiculo. Sin embargo, existian diferencias
estadisticamente significativas cuando se comparaban animales cateterizados y
no cateterizados. La caterizacion reducia la velocidad de increment de peso. El
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4.1.2.

1.

tratamiento corto (5 dias) con TLR4-Al al inicio de la patologia también
dificultaba la ganancia de peso durante los primeros dias cuando se
administraba de manera intratecal pero no asi cuando se administraba de
manera intraperitoneal. Sin embargo, al final de los experimentos, el
incremento de peso en todos los animales cateterizados coincidia con
independencia de haber recibido salino o TLR4-Al. Por su parte, aunque el
tratamiento largo (15 dias) con TLR4-A1l una vez la patologia se ha desarrollado
también dificultaba la ganacia de peso durante varios dias, finalmente alcanzaba
niveles de peso similares a los de los grupos control y MIA.
Modelo de dolor quirdrgico por incision.
Efecto farmacolégico agudo vs. acumulativo crénico.
Con objeto de evitar posibles efectos indeseables como discomfort general o
sedacién que enmascarian la analgesia real, la administracién diaria de los
compuestos (10 mg-kg™) fue dividida en dos: una primera dosis de 5 mg-kg™ para
evaluar el comportamiento del animal y una dosis de reserva para alcanzar la dosis
final diaria de 10 mg-kg'l. Los ensayos de conducta fueron realizados antes y justo
después de cada administracion diaria.
Efecto antinociceptivo agudo del TLR4-Al y de la morfina.
Los animales con incisén recuperaban gradualmente los umbrales basales
hacia el noveno dia cuando se estimulaba el punto medio de la superficie de
la planta de la pata trasera con un aparato de von Frey electronico. La
administracién intraperitoneal de morfina (5 mg-kg'l) revertia
completamente la alodinia tactil durante todos los dias testados. La
administracion de TLR4-A1 (5 mg-kg™) también conseguia la reversion de la
alodinia tactil aunque de una manera mas sutil. Por su parte, TLR4-A1 (5
mg-kg™) + morfina (5 mg-kg’) revertia igualmente la alodinia téctil de
manera similar a la morfina.
Cuando se aplicaba un estimulo calorifico, se apreciaban diferencias
estadisticamente significativas hasta el dia 3 u 8 al comparar con la pata
contralateral o con la medida basal respectivamente en el grupo con incision
tratado con vehiculo. Por el contrario, todos los grupos tratados
presentaban valores que sobrepasaban los umbrales basales en todos los
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tiempos analizados, siendo el grupo TLR4-Al + morfina el que presentaba
mayor grado de analgesia, seguido por mofina y finalmente TLR4-A1.
2. Efecto crénico antinociceptivo del TLR4-Al y pronociceptivo de la morifina.

La alodinia tactil se atenuaba gradualmente desde el dia 1 al 9 cuando se
aplicaba el filamento electrénico de von Frey, recuperando niveles basales
para el dia 7. Sin embargo, diferencias estadisticamente significativas entre
ambas patas se mantenian hasta el dia 9, desapareciendo al dia siguiente.
Los registros antes de la administracion diaria de morfina, mostraron por el
contrario una alodinia tdactil de larga duracion con diferencias
estadisticamente significativas que se extendian hasta el dia 9 cuando se
comparaban con el umbral basal o con la pata contralateral. Los datos
recogidos antes de la administracién diaria de TLR4-A1 mostraban un tiempo
de recuperacion similar a los no tratados. El registro antes de la
administracion intraperitoneal de TLR4-A1 + morfina mostraba una vez mas
un tiempo de recuperacion similar al grupo no tratado, solapando incluso
con sus valores.
En cuanto a los umbrales de latencia, diferencias con el dia basal eran
visibles hasta el dia 5 en animales no tratados o hasta el dia 4 al comparar
con la pata contralateral. Los datos antes de la administracion diaria con
morfina mostraban latencias que no se recuperaban a lo largo de los 9 dias.
Contrariamente a esto, los registros obtenidos antes de la administracién
intraperitoneal de TLR4-Al mostraban Ilatencias similares a la pata
contralateral. De hecho la recuperacién ocurria de manera mas rapida que
en animales tratados con el vehiculo. Finalmente, el tiempo de recuperacién
evaluado diariamente antes de cada administracién de TLR4-Al + morfina
mostraba latencias que practicamente solapaban la curba descrita para los
animales tratados con vehiculo.

Incremento del peso corporal.

En todos los grupos analizados habia diferencias estadisticamente significativas en

comparacion con el grupo control (sin incision). Los grupos tratados con TLR4-Al o

TLR4-A1 + morfina contaban con las mayores diferencias significativas, empezando

ya desde el segundo dia tras la incision. El grupo tratado con morfina presentaba
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diferencias significativas a partir del dia seis, mientras que el grupo tratado con
vehiculo mostraba diferencias significativas a partir del dia 8. Por lo tanto, tanto la
incision como el tratamiento afectaban al discomfort general a lo largo de los 9 dias
estudiados.
4.2. Ensayos in vitro.
4.2.1. Evaluacidon macroscopica y analisis histoldgico de la articulacion de la rodilla.

22 dias después de la infiltracién de la rodilla derecha con 2 mg de MIA revelaron,
rodillas izquierdas con céndilos translucidos y rosa perlados, con superficie
aparentemente intacta y lisa. Por otro lado, la rodillas infiltradas con MIA
mostraban un aspecto mds blanco y opaco con superficie ondulosa, marcada
fibrosis y erosién. Esto se ajustaba a lo descrito previamente (Williams y Brandt,
1984; Im et al., 2010; Takeshita et al., 2011).

Los cambios estructurales en la articulacién de la rodilla de la rata fueron evaluados
microscdpicamente en los diferentes grupos de ratas y puntuados de acuerdo a la
puntuacion de Pritzker (Pritzker et al., 2006). Para analizar mejor el estado del
cartilago, se realizaron tinciones con azul de toluidina y hematosina y eosina. En un
primer vistazo, las secciones tefidas con azul de toluidina del grupo control
mostraron una superficie articualr intacta y continua con una arquitectura normal
de la matriz. Por el contrario, la inyeccion de MIA en la articulacién femorotibial
causaba erosién y deformacion de los huesos subcondrales. Sin embargo, el
tratamiento de 5 dias con TLR4-Al (10 mg-kg™-dia™’; i.p.) no parecia influir en las
inyecciones intraarticulares de salino o MIA. Sin embargo, aunque las patas
ipsilaterales (tratadas con MIA) de ratas tratadas con TLR4-Al mostraban
superficies articulares irregulares con un amplio drea de pérdida de cartilago y
degeneracion, las células inflamatorias permanecian localizadas en la matriz
cartilaginosa y no se extendia en forma de fibrosis fuera del céndilo del femur o de
la meseta tibial. De manera contraria a esto, las secciones de las rodillas tratadas
con MIA de ratas recibiendo salino estéril mostraban una unidad femoro-tibial
donde el fémur y la tibia permanecian pegados entres si. En la tincién hematosilina
y eosina, la pérdida de cartilago articular (reduccién de engrosamiento) y la
infiltracién de células inmunes a través de fisuras verticals a través de la matriz
cartilaginosa hacia el hueso subcondral se hicieron apreciables en las rodillas
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4.2.2.

ipsilaterales. Las secciones de las rodillas contralaterales mostraron cartilago

articular y hueso subcondral normales de la meseta de la tibia y del condilo femoral,

sin sintomas de discontinuidad cartilaginosa.

El andlisis de la meseta tibial en tres zonas independientes de igual amplitude

mostrd una superficie intact sin pérdida de matriz para las tibias contralaterales

(tratadas con salino) de ambos grupos, tratados con vehiculo o con TLR4-Al. En

clara oposicion, las tibias correspondientes a rodillas tratadas con 2 mg MIA

mostraron una pérdida complete de la matriz cartilaginosa para aquellos animales

tratados intraperitonealmente con salino y una erosion incipiente para los animales

tratados con TLR4-A1.

Evaluacion microscopica del nervio safeno.

a) Analisis morfoldgico.
MODELO DE DOLOR ARTROSICO. En un primer vistazo, las secciones histoldgicas
parecian morfolégicamente normales. Los grupos exhibian una distribuciéon
similar de fibras nerviosas mielinicas de pequefia y amplio didmetro y de fibras
no mielinicas. Las proporciones entre el grosor de la banda de mielina y los
didmetros de las fibras parecian también regulares. Sin embargo, se apreciaban
varios mastocitos exhibiendo metacromasia en secciones correspondientes al
grupo tratado con MIA bajo tratamiento con salino inocuo. Por el contrario, solo
la pata contralateral infiltrada con salino de ratas tratadas con salino
intraperitoneal mostraba ocasionalmente algin mastocito solitario patrolando
el endoneuro.
Los animales que recibieron MIA también exhibian sintomas claros de edema
extensivo en el espacio subperineural: una clara extensién entre el perineuro y
el fasciculo de fibras nerviosas. Estos efectos se extendian a ambos grupos de
animales: aquellos que recibian salino intraperitoneal y aquellos recibiendo
TLR4-A1 durante 5 dias. Por el contrario, en las patas contralaterales tratadas
con salino se observaban axones apretados en estrecha asociacién con el
perineuro.
MODELO DE DOLOR POSTOPERATORIO. No se apreciaron grandes diferencias entre las
secciones histoldgicas de los nervios de las patas ipsilaterales (con incisidn) en
referencia a la distancia del perineuro del fasciculo de fibras nerviosas o el area
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b)

del endoneuro comparado con sus respectivos controles contralaterales.
Tampoco se apreciaban diferencias obvias en los especimenes analizados
respecto a la demielinacién o dafio axonal en comparacion con los tejidos
control contralaterales de ratas tratadas con vehiculo. Las Unicas excepciones a
lo anteriormente citado parecian ser las patas con incisién de los grupos
tratados con salino y TLR4-Al+morfina, quienes aparentemente presentaban
menos densidad axonal por area de tejido nervioso (mayor endoneuro) y un
fasciculo de fibras nerviosas en estrecha asociacidon con el perineuro respecto a
las patas contralaterales. Sin embargo, cualquier fibra puede resultar diferente
dependiendo de la altura y del angulo a la que se ha cortado. Las secciones de
todos los grupos ocasionalmente presentaron algin mastocito solitario
patrullando el endoneuro.

Cabe mencionar que los nucleos de las células de Schwann en las secciones
correspondientes a ambos nervios safenos de animales tratados con morfina
vinieron marcadas por una alta intensidad de la tincién con azul de toluidina.
Andlisis morfométrico.

MODELO DE DOLOR ARTROSICO. El analisis morfométrico mostré la ausencia de
marcadas diferencias entre los grupos para todos los parametros utilizados. Sin
embargo, todos los parametros de las secciones correspondientes a la pata
ipsilateral (tratada con MIA) de ratas tratadas intraperitonealmente con TLR4-
A1l se distanciaban del resto de los grupos.

e Didmetro de la fibra. El didmetro de las fibras mielinicas era de mayor
magnitud para el grupo tratado con vehiculo (contra-: 4,70 um * 0,04; ipsi-:
4,43 um * 0,06) que para el grupo tratado con TLR4-Al (contra-: 4,33 + 0,03;
ipsi-: 4,36 + 0,03). La comparacién entre los nervios contra- e ipsa-lateral de
cada grupo mostraba una reduccidn estadisticamente significativa para el
nervio ipsilateral (MIA, P<0,001) del grupo al que se le administro el vehiculo.
Los didmetros no diferian dentro del grupo tratado con TLR4-Al, aunque
ambos nervios eran significativamente menores que el nervio contralateral
del grupo tratado con vehiculo (P<0,001).

e Didmetro del axén. De una manera similar, el didmetro de los axones

también era de mayor magnitud para el grupo tratado con vehiculo (contra-:
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2,41 um £ 0,03; ipsi-: 2,52 um * 0,04) que para el grupo tratado con TLR4-Al
(contra-: 2,37 + 0,03; ipsi-: 2,34 = 0,03). Sin embargo, el Unico didmetro que
presentaba un aumento estadisticamente significativo en comparacion con
los otros era aquel del nervio ipsilateral (MIA, P<0,001) del grupo al que se le
administro el vehiculo.

Grosor de la banda de mielina. Determinado por la férmula: (D/d)/2, donde D
corresponde al didmetro de la fibrea y d al didametro del axdén. La
comparacion entre los nervios contra- e ipsi-lateral de cada grupo mostraba
una reduccién estadisticamente significativa del grosor de la banda de
mielina del nervio ipsilateral (P<0,001) del grupo al que se le administré el
vehiculo. El grosor de la banda de mielina no diferia dentro del grupo tratado
con TLR4-Al; estaba reducido de manera estadisticamente significativa
respecto al del nervio contralateral y aumentado respecto al del nervio
ipsilateral del grupo tratado con vehiculo (P<0,001).

G-ratio (d/D). Los valores para la pata ipsilateral de animales tratados con
vehiculo eran significativamente mayores que los de cualquier otro grupo.
Por consiguiente, el tamafio del axoplasma estaba aumentado y el de la fibra
disminuido en las patas infiltradas con MIA del grupo tratado con el vehiculo,
mientras que en el grupo tratado con TLR4-A1l solo el didmetro de las fibras

se veia disminuido.

MODELO DE DOLOR POSTOPERATORIO. El andlisis morfométrico no mostraba
diferencias estadisticamente significativas entre grupos para ninguno de los

pardmetros estudiados.

4.2.3. Estudio inmunohistoquimico para la actividad glial.

MODELO DE DOLOR ARTROSICO.

Expresion de la molécula adaptadora de unidén a calcio ionizado 1 (lbal) en
microglia. La inyeccién intraarticular de MIA aumento los niveles de microglia
activada positiva para Iba-1 en la médula ipsilateral a dia 22; aunque solo de
manera estadisticamente significativa para las laminas superficiales (I-1I) de L3
(P<0,01) y L4 (P<0,01) y para las laminas profundas (V-VI) de L3 (P<0,001).
Ademas, el numero de microglia en el asta dorsal ipsilateral en general de las

secciones L3 estaba incrementado para los animales tratados con MIA (P<0,05).
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El marcaje para Iba-1 en el asta dorsal ipsilateral de las ratas tratadas con TLR4-
Al durante 5 dias por el contrario mostraban una patrén similar al del asta
dorsal contralateral; esto es, el TLR4-A1 prevenia la activacién de la microglia.

Expresion de la proteina dcida fibrilar glial (GFAP) en astrocitos. La inyeccion
intraarticular de MIA también incrementaba los numeros de astrocitos activados
positivos para GFAP en la médula ipsilateral a dia 22; aunque en este caso, solo
era estadisticamente significativo para las laminas superficiales (I-Il; p<0,01) y
medias (lll-IV; p<0,001) de las secciones L3. Ademas, el numero total de
astrocitos en el asta dorsal ipsilateral en general en las secciones L3 estaba
incrementado para los animales tratados con MIA. Por otro lado, el marcaje
para GFAP en el asta dorsal ipsilateral de las ratas tratadas con TLR4-A1l durante
5 dias mostraba una vez mas un patrén similar al del asta contralateral. Esto es,

el TLR4-A1 prevenia la activacion de la astroglia.

MODELO DE DOLOR POSTOPERATORIO.

Expresion de la molécula adaptadora de union a calcio ionizado 1 (Ibal) en
microglia. El nimero de microglia activada postivia para Iba-1 en el asta dorsal
ipsilateral de las ratas tratadas con salino 10 dias tras la incision quirdrgica
mostraba un aumento del marcaje para las laminas superficiales (I-1l; p<0,05) de
las secciones L3 y para las laminas superficiales (I-1l; p<0,001) y medias (llI-1V;
0,05) de las secciones L4. Ademas, aunque no de manera estadisticamente
significativa, el marcaje total de microglia en el asta dorsal ipsilateral en general
de las secciones L3 y L4 estaba aumentado para los animales con incision.
Ninguno de los otros tratamientos mostraba marcaje aumentado para lba-1,
con la solo excepcidn del tratamiento con TLR4-Al+morfina, que mostraba un
aumento de la microglia positiva para lba-1 en las l[dminas superficiales (I-11;
p<0,01) de las secciones L3.

Expresion de la proteina dcida fibrilar glial (GFAP) en astrocitos. En general, no
se apreciaron diferencias estadisticamente significativas entre los lados
ipsilateral y contralateral para ninguno de los grupos. Sin embargo, las ldaminas
medias (IlI-1V) de las astas dorsales ipsilaterales en las secciones L5 mostraban
un aumento ligeramente significativo (p<0,05) comparado con el lado

contralateral en los animales tratados con morfina y, aunque no de manera
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significativa, el nUmero total de astrocitos en el asta dorsal ipsilateral en general
de la seccion L5 estaba también aumentado.
4.2.4. ELISA (ensayo por inmunoabsorcion ligado a enzimas)
MODELO DE DOLOR ARTROSICO. Los efectos en los niveles de factor de necrosis tumoral-
a (TNF-a) en la médula espinal del dolor artrésico de larga duracién se estudiaron
los dias 22 y 50 después de la artrosis de rodilla inducida por MIA. No se observaron
diferencias estadisticamente significativas en la seccion lumbar de las médulas
espinales comparado con animales sanos normales. Tampoco se observaron
diferencias estadisticamente significativas en el grupo tratado durante 5-dias con
TLR4-A1 (10 mg-kg™-day™). Sin embargo, el grupo tratado con MIA mostraba los

niveles de TNF-a mas bajos de entre lost res grupos analizados.

MODELO DE DOLOR POSTOPERATORIO. Los efectos del dolor agudo postoperatorio que
surgen de un procedimiento quirdrgico se analizaron para los niveles del factor de
necrosis tumoral (TNF-a) y de las citoquinas proinflamatorias de expresién
temprana interleucina-6 (IL-6) e interleucina-1B (IL-1B) en un estadio mas temprano
(dia 4 y 10). Todos los grupos experimentales presentaron niveles similares para
cada proteina proinflamatoria para el dia 4.

En el dia 10, solo los niveles de IL-6 mostraban diferencias estadisticamente
significativas en todos los grupos cuando se comparaba con el control sano (intacto).
Ademas, los niveles de IL-6 de los grupos tratados con TLR4-Al y con morfina eran
significativamente mayores que aquellos del grupo con incisién. Dicho esto, todos
los grupos excepto el control intacto mostraban mayores niveles de IL-6 el dia 10

que el dia 4.

Por otra parte, aunque no de manera estadisticamente significativa, los niveles de
IL-1b también eran mayores para el dia 10. Aunque no se observaba ninguna

diferencia clara entre los grupos experimentales.

Con respecto al TNF-q, los niveles permanecieron estables para todos los grupos el
dia 4. Sin embargo, todos los grupos con incision experimentaron un descenso para
el dia 10, especialmente visible en los grupos tratados (morfina, TLR4-Al y TLR4-Al
+ morfina). Las barras de error deben seguramente haber dificultado la existencia

de niveles de significancia entre ambos dias analizados.
157



5. DISCUSION

Discusion general.

Durante la pasada década, diversos estudios han puesto de manifiesto la enorme contribucién
al desarrollo y mantenimiento del dolor crénico por parte de las células gliales en la médula
espinal y, a tal efecto, los receptores TLR4 se han postulado como elementos con un papel
fundamental en este asunto (Bettoni et al., 2008; Milligan y Watkins, 2009). La unién de
ligandos enddgenos a los receptores TLR4 activa la célula, la cual comienza a producir y liberar
una serie de sustancias (prostaglandinas, aminoacidos excitadores, factores de crecimiento y
citoquinas proinflamatorias) que potencian el dolor incrementando la excitabilidad de las
neuronas vecinas (Tanga et al., 2005; Sauer et al., 2014). A este respecto, nos propusimos
estudiar y comparar los cambios fisiolégicos que pudieran ocurrir a nivel tanto periférico como
espinal en dos modelos de dolor en animales de experimentacidon: uno capaz de generar dolor
mixto (neuropdtico y nociceptivo) y otro en principio solo nociceptivo. A pesar de la existencia
de una evidente relacién, los resultados de este trabajo se discutirdn por separado en dos

bloques diferentes, de acuerdo al mecanismo de nocicepcion subyacente en cada modelo.

En primer lugar, se eligié por su gran reproducibilidad un modelo clasico de dolor mixto,
consistente en la generaciéon de un estado artrdsico en rata. Se llevd a cabo un estudio
comparativo entre la analgesia resultante de la administraciéon de un bloqueante sintético del
receptor TLR4 (TLR4-Al) y la morfina. Seguidamente, con objeto de evaluar la fiabilidad de esta
molécula TLR4-A1 en desenmascarar presuntas vias de sefializacién nociceptiva mediadas por
el receptor TLR4, tres diferentes protocolos farmacolégicos fueron llevados a cabo: (1)
administracion intraperitoneal o (2) intratecal, durante los primeros cinco dias
inmediatamente después de inducir la patologia; y (3) de administracién intraperitoneal,
después de que la patologia se hubiera desarrollado completamente. Esta parte representa
una continuacién de trabajos previos desarrollados en nuestro laboratorio sobre la accidon
analgésica de dos diferentes bloqueantes del receptor TLR4 (TAK-242 o CLI-095 y TLR4-A1l) en
un modelo de dolor neuropatico inducido por un agente quimioterapéutico (Goicoechea et al.,
2011; Pascual et al., 2011; Rincdn Carvajal et al., 2011). Como se ha descrito anteriormente, los
receptores TLR4 podrian no solo estar participando en el desarrollo de un comportamiento de
hipesensibilidad en un modelo de dolor artrdsico inducido por iodoacetato, sino también estar
tomando parte en las caracteristicas histopatolégicas de la enfermedad. Dado que las células

gliales en la médula espinal contribuyen a este comportamiento de dolor crénico (Sagar et al.,
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2011), nuestro propdsito consistié primero en determinar el grado de implicacion del receptor
TLR4 en esta hipersensibilidad, y segundo en distinguir la nocicepcién mediada por receptores
TLR4 periféricos de receptores centrales, a través de un estudio integrativo de los muchos
cambios fisioldgicos e histoldgicos que ocurren en diferentes localizaciones (nervio periférico y

médula espinal).

El segundo bloque, analiza la implicacion de los receptores TLR4 en la nocicepcion de caracter
transitorio que tiene lugar tras el postoperatorio en un modelo tipico de dolor nociceptivo en
rata y que cursa con alodinia e hiperalgesia durante menos de una semana. En este caso,
ademads del efecto analgésico agudo del compuesto TLR4-Al, se evalué también el tiempo de
recuperacién tras repetidas administraciones del farmaco. El objetivo estaba basicamente
dirigido a determinar la contribucién de los receptores TLR4 en la nocicepcién a corto plazo.
De manera sinérgica, el efecto de la morfina administrada de manera repetida durante dias
sobre el tiempo de recuperacion después de la cirugia y el fendmeno de tolerancia e
hipersensibilidad inducida por opioides fueron también estudiados. Se ha descrito que la
administracion repetida de morfina potencia la duracién de la alodinia en modelos de dolor
periférico e inflamatorio y activa las células gliales en la médula espinal (Loram et al., 2012),y a
este respecto nos propusimos comprobar qué pasaba en un modelo de dolor postquirdrgico.
Los cambios fisioldgicos e histoldgicos que ocurrian en diferentes localizaciones fueron

evaluados de la misma forma y manera que en el bloque previo.

5.1. Modelo de dolor artrésico de rodilla inducido quimicamente con monosodio iodoacetato
a) Comprension del estado de dolor crénico y sus mecanismos en el modelo de artrosis en

rata.

Durante el proceso de crecimiento, la epifisis, en los mamiferos, produce e incorpora
nueva matriz cartilaginosa al extremo de los huesos largos, mientras que se reabsorbe y
osifica en la zona mas cercana a la diafisis del hueso. Es decir, la osificacion y eliminacion
de cartilago en huesos como tibia o fémur avanza desde la diéfisis (o centro) hacia sus
epifisis (o extremos). Una vez que las epifisis han sustituido toda la matriz cartilaginosa
por hueso, el crecimiento se detiene (Geneser, 2000). En humanos, dicho proceso de
crecimiento comienza en el segundo trimestre de la gestacion y finaliza alcanzado el
estado adulto, hacia los veinte afios de edad (Garcia Poblete et al., 2006). Sin embargo,
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a esta misma edad equivalente en ratas, todavia existe potencial de crecimiento del
hueso largo (Poole et al.,, 2010). De hecho, las placas de crecimiento en roedores
adultos permanecen abiertas a pesar de haber alcanzado la edad de madurez sexual
(Aigner et al., 2010). Esta es probablemente la razén por la que después de inducir la
artrosis en el modelo aqui empleado, observemos al analizar los comportamientos
nociceptivos de los animales, una tendencia al alza que acaba por estabilizarse sin
alcanzar los umbrales basales. Sospechamos por tanto, que podria estar dandose un
proceso de remodelacién de la articulacion de la rodilla debido posiblemente al
afloramiento de los condrocitos desde las columnas dispuestas de manera
perpendicular y ordenada en la zona de mineralizacion. De hecho, los analisis de las
secciones histoldgicas de las rodillas recogidas 22 dias después de la inyecciéon de MIA
mostraban una remodelacién de la unidad hueso-cartilago con sintesis ocasional de
cartilago junto a la superficie articular (Fig.16). Por consiguiente, a pesar de la buena
aproximacion a la enfermedad artrdsica en humanos que el modelo inducido por MIA
pueda representar, un modelo de roedores ideal para la artrosis en humanos parece ser,

como se ha sugerido desde hace tiempo, imposible de alcanzar.

Dicho esto, la inyeccidn intra-articular de MIA en la rodilla origina un modelo agudo
para el estudio de la degradacion del cartilago y del dolor articular y, a este respecto,
debemos ser criticos respecto a lo que el modelo nos cuenta. Dado que la artrosis es un
proceso activo que resulta en la ruptura del equilibrio entre la formacién y destruccién
de cartilago, tomar como ejemplo las placas de crecimiento de los roedores puede ser
de gran utilidad para entender como combatir el desequilibrio metabdlico originado en
el cartilago articular en la enfermedad artrésica en humanos. En este sentido, las
medidas histomorfométricas de los cambios estructurales en la unidad hueso-cartilago
en este trabajo han sido, en la medida de lo posible, evaluadas y valoradas de acuerdo a
los procedimientos establecidos por la OARSI, para asi poder alcanzar una mejor

estandarizacion del analisis de dichos cambios.

Como se ha descrito con anterioridad ( Ferreira-Gomes et al., 2008; Prochazkova et al.,
2009), la inyeccidén intraarticular de 2 mg de iodoacetato sédico (MIA) en la cavidad
articular de la rodilla resulta en la reduccion de los umbrales de nocicepcidon tras
estimular, de manera aguda, la articulacion de la rodilla mecanicamente (knee-bend
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test) o la planta de la pata de manera tactil o térmica (tests de von Frey test y de
Hargreaves respectivamente). Sin embargo, esta reduccién era mas pronunciada (mayor
grado de nocicepcion; mayores diferencias estadisticamente significativas) para el knee-
bend y von Frey tests que para el test de retirada de la pata (test de Hargreaves). En
realidad, se considera un hecho establecido que tras una lesidn periférica, se produce
un aumento en la intensidad de la respuesta frente a un estimulo mecanico, normal e
inocuo en el tejido intacto situado alrededor del lugar de la lesidn, pero no asi un
cambio en el umbral nociceptivo frente a estimulos térmicos (Cousins et al., 2008; Kam
y Power, 2008). Ademas de esto, también se hizo evidente una mayor distribucién del
peso corporal sobre la pata no tratada con MIA (Catwalk test), evidenciando la
existencia de nocicepcién espontanea. Se cree que estos cambios son el resultado de
procesos que tienen lugar en el asta dorsal de la médula espinal tras una lesién, y
constituyen el santo y sefia de la sensibilizacion central.

Seguidamente, se llevd a cabo un andlisis del aspecto macroscépico de la superficie del
cartilago articular con objeto de correlacionar el dolor articular inducido por MIA con
alteraciones estructurales en los componentes de la articulaciéon de la rodilla. Dicha
evaluacién mostré un extenso deterioro de las superficies del cartilago en tibia y fémur,
con abundante fibrosis, lo que en efecto parecia correlacionarse con lo observado en los
tests de comportamiento. Dado que cuando se estudia una Unica parte de una seccion
no suele representar exactamente la seccion entera, y dado que un analisis general del
conjunto pierde mucho detalle, la meseta tibial fue sometida a analisis histolégicos bajo
el microscopio y examinada de manera mas precisa en tres zonas. Una vez mas, como se
ha descrito anteriormente (Ferreira-Gomes et al., 2008), la histologia de la rodilla
casaba con los tests de comportamiento, mostrando una amplia degeneracién y una
pérdida completa de la matriz cartilaginosa a lo largo de toda la superficie articular

(desde la parte lateral mas externa hasta parte medial mas interna).

La sensibilizacion periférica estd caracterizada por la interaccion entre los nociceptores
periféricos y la inflamacidén, y puede iniciar el tipico dolor de articulacion artrdsica via
sensibilizacidn central. La correlacion del analisis del comportamiento animal junto con
parametros neurofisioldégicos periféricos numéricamente cuantificables puede
proporcionar informacion objetiva sobre los procesos fisiopatoldgicos de la génesis de

dolor. Existe un numero muy reducido de estudios sobre los cambios en la composicion
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morfoldgica de los nervios periféricos en ratas, quizas debido a la relativa facilidad de
los estudios electrofisiolégicos comparados con los histoldgicos. Como se ha descrito
previamente en la literatura, el nervio safeno, conocido por inervar la estructura de la
rodilla, es un nervio puramente sesitivo (Porr et al., 2013; Tassone y Raghavendra, 2015).
La pregunta acerca de si las fibras A o C, o si las fibras dafiadas o intactas son mas
importantes para la produccion de dolor espontdneo permanece aun sin respuesta. En
este estudio, las fribras nerviosas gruesamente mielinadas (tactiles de bajo umbral y
propioceptivas) y las finamente mielinadas (termorreceptivas) fueron evaluadas. Las
fibras amielinicas C permanecieron sin estudiarse. Los axones periféricos no son
estructuras quiescentes. Su morfologia (y también sus funciones fisioldgicas) estd sujeta
a las células de Schwann mielinizantes que las enrollan. Parece ser que las células de
Schwann determinan la densidad de empaquetado de los neurofilamentos axdnicos y
de ahi, el calibre del axén. La mielinizacion aumenta localmente el calibre del axdn,
mientras que la hipomielinizacidon de los axones resulta en la reduccién del diametro
axonal. De manera adicional, una elevada densidad de neurofilamentos (bajo calibre
axonal) se ha visto en ciertos casos de neuropatia (Cole et al., 1994). Teniendo esto en
cuenta, bajo condiciones normales el nervio consiste en un simple haz (fasciculo) de
fibras nerviosas aferentes. Dentro de este fasciculo, cada fibra nerviosa (mielinica o no)
estd envuelta por un laxo tejido conjuntivo de sostén llamado endoneuro. A su vez, el
fasciculo esta rodeado de una capa de colageno cubierta de células epiteliales, esto es,
el perineuro. En las secciones de nervio correspondientes a las rodillas inyectadas con
MIA, el porcentaje del drea de endoneuro parecia no tener diferencias en comparacién
con su contralateral, sin embargo se apreciaba claramente un amplio edema en el
espacio subperineural y un aumento de la presencia de mastocitos. La explicacién mas
factible es que las condiciones inflamatorias confieren una alteracion del perineuro y/o
de las berreras capilares en el endoneuro (Antonijevic et al., 1995), lo que perimitiria a
las células inmunes patrullar el endoneuro con asiduidad. Los didmetros de las fibras
nerviosas mielinizadas y el grosor de la banda de mielina se habia visto reducido,
mientras que los didmetros de los axones estaba aumentado en comparacién con el
nervio control contralateral. La proporcién del diametro del axdn respecto al didmetro
total de la fibra (G ratio) fue también calculada y mostré valores incrementados. Esto
significa que el tamafio de la fibra nerviosa en su conjunto estaba reducido
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(hipomielinazado), cursando con engrosamiento axoplasmico que resultaba en un

medio inflamado — como se deduce de los numerosos mastocitos observados—.

La determinacion de células microgliales o astrocitos peroxidasa positivas fue
determinada por medio de histoquimica con DAB e inmunodeteccidn contra el
marcador especifico de microglia Iba-1 o contra el marcador especifico de astrocitos
GFAP como corresponda. Se observd un aumento del marcaje para lba-1 en las ratas
tratadas con MIA para el dia 22, lo que indica activacion glial. El marcaje para lba-1
estaba aumentado de manera significativa en las [dminas superficiales y profundas del
asta dorsal ipsilateral en la seccion lumbar L3 y en las laminas superficiales del asta
ipsilateral en la seccion lumbar L4 de ratas tratadas con MIA, comparado con elasta
dorsal contralateral. El marcaje positivo para GFAP en astrocitos también se vid
significativamente aumentado en las laminas superficiales y medias del asta dorsal
ipsilateral en la seccion lumbar L3 de ratas tratadas con MIA, en comparacién con el
asta dorsal contralateral. Se piensa que las laminas superficiales en el asta dorsal
reciben la llegada de fibras finamente mielinadas (A8) y amielinicas (C) de
termorreceptores y nociceptores (nociceptores mecanosensitivos), mientras que las
ldminas mas profundas reciben la llegada de fibras gruesamente mielinadas (A)
conocidas como aferencias mecanosensitivas de bajo umbral (receptores tactiles que
sefializan vibracidn, tacto y presidn) (Lu, 2008;Watson et al., 2012). Por consiguiente, el
incremento del marcaje para lba-1 y GFAP de las [dminas superficiales es consistente
con el comportamiento nociceptivo visto para el test de retirada de la pata (paw-flick),
mientras que el incremento del marcaje para lba-1 en las ldminas profundas es
consistente con el comportamiento nociceptivo mas marcado visto para los tests de von
Frey y knee-bend. La activacién microglial se considera el primer estadio de la
inflamacién del Sistema Nervioso Central (SNC). La ausencia de elevado marcaje para
GFAP en [dminas mas profundas puede atender a la activacién mds temprana de Iba-1.
La activacion en la seccidon lumbar L5 permanecié inalterada para ambos tipos de células
gliales, al comparar con la médula contralateral y con la médula ipsilateral de ratas
tratadas con salino. Esto debe ser debido al hecho de que el nervio femoral, que recibe
la rama articular del nervio safeno de la articulaciéon de la rodilla, contacta con las

secciones espinales L3 y L4, pero no con L5, la cual es dominio exclusivo del nervio
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ciatico. Por consiguiente, hasta aqui, consideramos probada la reproducibilidad del
modelo en nuestras instalaciones.

Estudio sobre el papel de los receptores TLR4 en un modelo de artrosis en rata.

El efecto analgésico de la administracién aguda de TLR4-A1 ocurria a los 30 minutos, con
un efecto maximo entre los 30 minutos y 1 hora de duracién hasta 1 hora—1 hora 30
minutos, como se deduce de los tests de estimulaciéon aguda. Sin embargo, los efectos
parecia continuarse cuando ningln estimulo era aplicado (Catwalk test). Este puede
explicarse de la siguiente manera. El dolor neuropatico esta caracterizado por dolor
espontdneo, alodinia e hiperalgesia, con un papel determinante de los mediadores
inflamatorios en la sensibilizacidon aferente (Djouhri et al., 2006). La estructura quimica
del compuesto TLR4-Al, que presenta un cation amonio cuaternario, presumiblemente
le dificulta atravesar la barrera hematoencefalica. Sin embargo, una pequeiia cantidad
debe conseguir cruzar desde la periferia al sistema nervioso central; por consiguiente,
los primeros efectos en desaparecer corresponden a aquellos que se oponen al estimulo
aplicado en un lugar remoto de la fuente de dafo (von Frey test). La gran mayoria de
moléculas de TLR4-Al deben permanecer en la periferia; por lo tanto los siguientes
efectos en desaparecer concuerdan con aquellos que se oponen a estimulos aplicados
en el sitio preciso de la lesidon (knee-bend test). La delecién del dolor espontaneo es el
ultimo efecto en desaparecer. Este tiene especial sentido por dos razones: primero, la
ausencia de un estimulo externo; y segundo, siendo TLR4-A1 un compuesto anfifilico, es
dado a agregar, existiendo por consiguiente la probabilidad de un pequeiio efecto
residual con forme los agregados se disuelven.

La administracion repetida de TLR4-A1 no resultaba en tolerancia, como demuestran los
resultados obtenidos de los tests de estimulacién aguda: el efecto agudo, evaluado
diariamente 1 hora después de la administracion intraperitoneal durante el curso de
guince dias, mostraba una analgesia similar para cada dia testado. Sin embargo, con la
excepcion del primer dia, TLR4-Al parecia no tener efecto alguno sobre la nocicepcion
espontanea ningun dia.

La administracién intraperitoneal del compuesto TLR4-Al durante 5 dias comenzando
poco después de la inyeccién intra-articular de MIA demostré un perfil analgésico doble.
Durante una primera fase (primeras dos semanas) la alodinia estaba completamente
contrarrestada; sin embargo, durante una segunda fase (siguientes dos semanas) habia
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una tendencia a imitar los resultados obtenidos para los animales tratados con MIA sin
tratamiento farmacoldgico. Esto podria explicarse de la siguiente manera: durante las
primeras dos semanas, TLR4-Al administrado de manera repetida durante casi una
semana bloquea el efecto llamada de las células inmunes que habria causado una rapida
sensibilizacion de las fibras nerviosas aferentes. Sin embargo, el dafio (muerte de
condrocitos) es evidente. Cuando la presencia de TLR4-Al cesa, la reparacion del tejido
se reanuda progresivamente, sensibilizando el nervio periférico. No se observaron
diferencias comparadas con la pata contralateral control cuando se estimulaba con una
fuente de calor. Como se ha mencionado anteriormente, la existencia de una respuesta
aumentada a un estimulo mecanico (tactil) no nocivo pero ausencia de respuesta a un
estimulo térmico en una zona remota al sitio de la lesidon indica la existencia de
sensibilizacién central. Dado que solo la hiperalgesia térmica ha sido completamente
bloqueada, este tratamiento con TLR4-Al parece estar bloqueando el componente
nociceptivo pero no neuropatico del dolor. Este es consistente con la hipdtesis
mencionada anteriormente que sugeria la predominancia de un papel periférico cuando
es administrado de manera sistémica. El efecto de TLR4-Al también se mantenia
durante los 15 dias de tratamiento cuando ambas articulaciones de la rodilla y un area
remota eran estimuladas, aunque la analgesia era mds marcada para el primero. Por
otra parte, este protocolo farmacolégico no parecia tener efecto sobre la nocicepcion
espontanea. La presencia de nocicepcidn espontdnea junto con los escasos efectos anti-
alodinicos cuando un lugar remoto a la lesién era estimulado subrayaron el efecto
periférico (pero no central) que la administracion sistémica tenia. Este fue corroborado
mas adelante con los resultados obtenidos en la administracién intratecal: una
administracidon intratecal durante 5 dias del compuesto TLR4-Al, empezando poco
después de la inyeccion intra-articular de MIA, confinaba el compuesto al sistema
nervioso central. El compuesto no podia hacer frente al masivo efecto llamada
inflamatorio generado en la periferia, por consiguiente, durante la primera semana la
alodinia se vio incrementada. Sin embargo, con forme pasaba el tiempo, no se
observaba sensibilizacion central alguna, como sugiere la ausencia de alodinia distal tras
la primera semana. Por el contrario, la nocicepcién era evidente a lo largo de tres
semanas como se deduce de la hiperalgesia térmica. En este caso, el componente
neuropatico del dolor pero no el nociceptivo parecia estar bloqueado.
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El examen macroscépico de las articulaciones de las rodillas mostraba que TLR4-Al
protegia de alguna manera del extenso dafo. Aunque las estructuras de las patas
ipsilaterales y sus contralaterales eran notablemente diferentes a primera vista, el
estado no parecia ser tan malo como se apreciaba con las ratas a las que no se le dio
TLR4-A1l. La escasa presencia de osteocitos en los céndilos femorales y la apariencia
blanco opaca de las mesetas tibiales nos hizo pensar que el MIA estaba ejerciendo su
accion inductora de apotosis, pero no se producia una respuesta inflamatoria masiva
reclutada al tejido dafiado ya que no se apreciaba ninglin grado de fibrosis. De hecho, al
examinar las secciones tefiidas de las rodillas al microscopio, se veia la erosiéon del
cartilago junto con las nuevas células que rellenaban y proliferaban en las fisuras de la
matriz cartilaginosa, sin embargo no se apreciaba un crecimiento incontrolado de
pannus mas alld del limite de la superficie articular (sinovitis). Esta proliferacién mas
organizada de células en las ratas tratadas con TLR4-Al puede ser explicada por su
accién periférica durante los cinco tempranos dias en que se administro
sistematicamente.

De manera similar a las secciones de nervio correspondientes a las rodillas inyectadas
con MIA de animales tratados con salino, el porcentaje del drea de endoneuro en
animales tratados durante 5 dias con TLR4-Al no mostraron diferencias aparentes en
comparacidon con su nervio contralateral, y un edema era también evidente en el
espacio subperineural. Sin embargo, no se observaba la presencia aumentada de
mastocitos. Los diametros de las fibras nerviosas, sus correspondientes axones y el
grosor de las bandas de mielina permanecieron invariables en comparacién con los
nervios contralaterales. Lo mismo ocurria para la razén G (G ratio). Esto es, la
administracion temprana de TLR4-Al protegia de alguna manera de alteraciones en el
grosor de la banda de mielina o en el calibre del axén. Ademds se correlacionaba
particularmente con la ausencia de activacion glial en el asta dorsal ipsilateral (con la
Unica excepcion del marcaje contra GFAP en las laminas profundas del segmento L3).
Esto también se correlacionaba con lo observado en los tests de comportamiento: falta
de hiperalgesia térmica y solo alodinia tactil en estados tardios cuando un sitio remoto a

la articulacion de la rodilla era estimulado.

Como apreciacion final, los niveles de TNF-a en las secciones de médula espinal

correspondientes a un fragmento aproximadamente L2-L6 también fueron examinados,
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observandose diferencias significativas en la expresion proteica de esta citoquina de

expresion temprana en ninguno de los grupos en los dias analizados (22 y 50).

5.2. Modelo de dolor postoperatorio inducido quirdrgicamente por incision en la planta de la

pata.

El modelo de dolor postoperatorio utilizado en este trabajo fue desarrollado por
primera vez hace dos décadas por Brennan y cols. El modelo ha sido usado de manera

repetida durante afios por diferentes grupos variandolo con ligeras modificaciones.

La estimulacion tactil en de un punto distante situado a 1 cm de la herida (area de
hiperalgesia secundaria) daba lugar a diferencias (comparado con el grupo control) que
se extendian hasta el dia 9 para el test de von Frey y hasta el dia 3-4 para el test de
retirada de la pata (paw-flick). Esta presunta sensibilizaciéon periférica puede contribuir a
la hipersensibilidad al dolor y a la inflamacién. Sin embargo, los analisis de las fibras
nerviosas periféricas rara vez mostraban algin macréfago patrullando el endoneuro en
ambas patas contralateral e ipsilateral. Dado que la apariencia macroscoépica de los
nervios puede conducirnos a conclusiones erréneas, una serie de parametros fueron
analizados con la intencion de ser mas objetivos. El diametro de las fibras nerviosas y el
de sus correspondientes axones, el grosor de la banda de mielina y la razén G no
variaban demasiado entre los diferentes grupos. Esto es, después de 10 dias, no se
apreciaban cambios a nivel nervioso inducidos por la incisién en la planta de la pata

trasera.

De acuerdo con los analisis en busca de marcador microglial (Iba-1) en las astas dorsales
de la médula espinal, se aprecid un aumento del marcaje para Iba-1 a dia 10 en las
ldminas superficiales del asta dorsal ipsilateral en secciones lumbares L3 y en ldminas
superficiales y medias del asta dorsal ipsilateral en la seccidn lumbar L4 de ratas con
incision, en comparacién con el asta dorsal contralateral. Por el contrario, no se
observaron cambios significativos para el marcaje contra la proteina GFAP. Los
astrocitos contribuyen a mantener el dolor crénico y la ausencia de activacién a dia 10
respaldaria la condicién aguda de este modelo de dolor. El aumento sustancial de la
activacion de la microgia solo en las laminas superficiales sugiere la existencia de dolor

nociceptivo. Esto guarda consistencia con los descubrimientos realizados por un grupo
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diferente (Romero-Sandoval et al., 2008), que afirmaban que la expresién aumentada
del marcador de microglia Ibal y del marcador de astrocitos GFAP en el asta dorsal de la
region lumbar de la médula espinal esta asociado con comportamientos alodinicos
después de una incision quirdrgica. Sin embargo, como ellos mismos mencionaban,
después de remitir el comportamiento hipersensitivo, la expresion de Ibal y GFAP volvia
a niveles de expresién basales, de tal manera que el aumento significativo de la
expresion de éstos podria ser evidente en todo el asta dorsal, o solo en las [dminas
superficiales y profundas dependiendo de cudnto tiempo hubiera pasado desde la

incisién quirdrgica.

El nivel de IL-6 en un homogeneizado de secciones L2-L6 de médulas espinales estaba
marcadamente incrementado a dia postoperatorio 10 comparado con el dia
postoperatorio 4 y con el grupo sano control. Cualquier otra citoquina (TNF-a o IL-18)
mostraba niveles similares a los del grupo control, aunque ligeramente reducidos en el
dia postoperatorio 10 para TNF-a. Se han descrito altos niveles de IL-6 en algunas
condiciones inflamatorias crénicas, especialmente relacionadas al proceso inflamatorio
gue sigue a una lesién nerviosa, y al inicio y mantenimiento del dolor neuropatico
(Starkweather, 2010). Una elevada actividad de IL-6 ha sido igualmente asociada a
elevadas producciones de NGF en astrocitos, como también se ha encontrado en

algunas neuropatias (Vargas et al., 2004).

Estudio del papel de los receptores TLR4 en el modelo postoperatorio en rata.

Siguiendo el mismo sistema de planteamiento de tests en el sitio medio de la planta de
la pata trasera mencionado antes, el efecto del tratamiento crénico con TLR4-Al
administrado de manera sistémica causaba la disipacidén de cualquier signo de alodinia
tactil significativa desde el dia cinco en adelante, cinco dias antes de lo que lo hacia sin
tratamiento (grupo con vehiculo). Ademas, la hiperalgesia térmica desaparecia después
de la primera administracién, dos o tres dias antes de lo que lo hacia en el grupo no
tratado. Por otro lado, el efecto agudo de TLR4-Al, es decir, las respuestas evaluadas
poco después de la administracion sistémica diaria, mostrd ser analgésica. Solo dos dias
(4 y 5) mostraban de manera significativa un descenso de los umbrales de retirada
comparado con el nivel basal, mientras que el resto de los dias practicamente solapaban
los datos obtenidos para la pata sin incision. Para el paw-flick test se veia un efecto
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antihiperalgésico para la mayoria de los dias. Esto podria sugerir un efecto
antiinflamatorio para TLR4-A1l en la periferia, ya que los modelos de dolor inflamatorio
estan caracterizados por un descenso de los umbrales de latencia (Ren y Dubner, 1999;
Huang et al., 2006). Sin embargo, el otro componente, la estimulacién tactil estaba solo
bloqueada parcialmente, lo que sugeria que el dolor quirurgico es diferente del dolor

inflamatorio estricto, pero también del dolor neuropatico.

Los nervios periféricos no parecian muy diferentes a los del grupo no tratado. Los
diametros de las fibras nerviosas y sus axones, el grosor de la banda de mielina y la
razén G permanecieron practicamente invariables comparados con los nervios

contralaterales. Esto es, TLR4-A1l parecia tener un efecto protector.

En relacidn al marcaje inmunohistoquimico para la activacion glial, no se observaron
diferencias estadisticamente significativas en el asta dorsal ipsilateral de las ratas con
incision, en comparacion con los astas dorsales contralaterales. El perfil de citoquinas
fue similar al de los animales no tratados que sufrieron una incisién en sus patas

traseras.

Comprension de los mecanismos subyacentes a la transicion desde un estado de dolor

agudo a subcronico después de administraciones sistémicas repetidas de morfina.

Se piensa que los opioides son capaces de activar sistemas de dolor tanto inhibitorio
como facilitatorio, y la predominancia de uno sobre otro conducia a mecanismos anti o
pronociceptivos (Freye, 2010). Existe un gran interés en desarrollar aproximaciones
conducidas a usar administraciones concomitantes de fdrmacos con opioides (ej.:
antagonistas de NMDA, NSAID, agonistas a-2) o rotaciones de opioides, de tal manera
gue el paciente puede disfrutar de los efectos beneficiosos (analgésicos) de los opioides
evitando la hipersensibilidad inducida por opioides (OIH) (Herrera et al., 2009). Sin
embargo no hay estrategias completamente efectivas para evitar la OIH a fecha de hoy
(Horvath RJ, Romero-Sandoval EA, De Leo JA., 2010). El uso de protocolos
minuciosamente detallados de hiperalgesia inducida por opioides (de acuerdo con la
exposiciéon aguda o crdnica, a altas o bajas dosis, tipo de opioide y ruta de
administracion) son esenciales para obtener respuestas observables y medibles ya que

incluso cuando se emplean modelos animales, la OIH puede parecen tolerancia o ser
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confundida con el efecto de retirada. Y mds importante, diferentes mecanismos pueden

subyacer al fendémeno en cada circunstancia especifica (Low et al., 2012).

Normalmente se refiere a la hiperalgesia inducida por opioides (OIH) como altas dosis
de opidceos, sin embargo se habla poco sobre dosis bajas. Por consiguiente, utilizamos
como referencia la dosis dada en (Loram et al., 2012). Consideramos 5 mg-kg™ como la
dosis limitante para producer analgesia sin sedacién, y por tanto el limite entre dosis
altas y bajas de morfina, y la administramos de manera intraperitoneal dos veces al dia
durante nueve dias consecutivos a las 12h y a las 18h ((Horvath et al., 2010), el
equivalente a dos inyecciones diarias de 10 mg-kg” durante el curso de 24 h, pero
reducida la dosis a la mitad). Ademads, contamos con el conocimiento de que los ratones
que recibian tratamiento de morfina crénica (10 mg-kg™, sc dos veces al dia durante 4
dias) no desarrollaban tolerancia en un modelo de dolor inflamatorio (Zollner et al.,

2008).

Como se ha afirmado antes para los otros dos grupos, el umbral de retirada por
estimulacion con filamentos de von Frey y el umbral de latencia ante un estimulo
calorifico fueron medidos antes de la cirugia y después dos veces diarias a lo largo de 9
dias. El efecto cronico de la morfina en respuesta a estimulos tactiles aplicados en un
sitio situado a 1 cm de la incisidn mostraba la ausencia de recuperacidn de los umbrales
basales y estaba incluso lejos de los resultados obtenidos para la pata con incisidn en
animales sin tratamiento. Lo mismo ocurria con las latencias de retirada ante un
estimulo calorifico, que pueden dividirse particularmente en dos fases: una fase
temprana con latencias que se solapan con aquellas de animales sin tratamiento, y una
segunda fase donde todos los grupos dejan a los animales tratados con morfina atras,
los cuales no se recuperan. Exactamente del mismo modo al ya descrito, no se
apreciaba recuperacién cuando los estimulos se aplicaban inmediatamente adyacentes
a la incisidn. La administracion repetida de morfina visiblemente enlentecia el tiempo

normal de recuperacion.

Por otra parte, el efecto agudo de la morfina estaba preservado. Efectos antialodinicos
sostenidos fueron observados durante todos los nueve dias, solapando con los umbrales
del grupo control sano a lo largo de todo el curso del experimento. La analgesia (esto es,

latencias superiores a la linea basal) eran también evidentes y manternidas en todos los
170



c)

tiempos. Podemos concluir por tanto que no se desarrollé tolerancia a la administracion
de morfina. Y el impedimento de la recuperacion debe corresponderse a dependencia

fisica o a la hipersensibilidad inducida por opioides.

El analisis de las secciones de los nervios periféricos mostraba valores similares para el
diametro de las fibras y sus axones correspondientes, asi como para el grosor de la
banda de mielina y la razén G. Es decir, la morfina no afectaba de una manera visible a
la pata. De acuerdo con un estudio anterior (Horvath et al., 2010), no se observan
cambios en la expresién de lbal y GFAP en el asta dorsal entre grupos cuando la
morfina es administrada de manera crénica. Del mismo modo, nosotros no observamos
diferencias estadisticamente significativas en el asta dorsal ipsilateral de ratas con
incision, comparadas con el asta contralateral. Una vez mas, el perfil de las citoquinas
fue similar al de los animales sin tratamiento que sufrieron una incisién en sus patas

traseras.

Estudio del tiempo de recuperacion cuando la morfina se administra de manera repetida
junto con TLR4-A1 como coadyuvante.

Iniciamos la discusidn de esta seccidn teniendo en cuenta la idea de que la modulacién
de la glia podria atenuar los sintomas del dolor neuropatico y aumentar la efectividad
de la morfina (Mika, 2008). De acuerdo con Due y cols. (Due et al., 2012), la activacidn
del complejo TLR4/MD2 por el metabolito M3G de la morfina parace ser responsible de
la induccion del comportamiento nociceptivo tactil pero no térmico. Por consiguiente,
utilizamos una molécula bloqueadora del receptor TLR4 como coadyuvante de la
administracion de morfina para comparar lo que veiamos con el grupo tratado con
morfina previamente descrito. Cuando la molécula bloqueante del receptor TLR4
precedia la administracién de morfina, el efecto crénico sobre los tiempos de
recuperacién se asemejaba estrechamente a aquél de los animales con incisién del
grupo sin tratamiento. Esto es, ninguno de los compuestos administrados parecia tener
ningun efecto sobre el tiempo de recuperacién normal de las ratas con cirugias en las
patas traseras. Sin embargo, cuando se examind el efecto agudo diario, se produjo un
efecto agudo antialodinico resultante de la sinergia entre los patrones de los umbrales
para ratas tratadas con TLR4-Al y con morfina. La analgesia aguda en respuesta a la
estimulacion térmica también parecia bastante evidente y consistente con el efecto
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sinérgico de estos dos agentes. Por consiguiente, la combinacion del compuesto
bloqueante TLR4-A1l con morfina resultaba en los efectos beneficiosos (analgésicos) de
la morfina sin empeorar o impedir el tiempo de recuperacién medio que se producia a
corto plazo. Es decir, se confirmaba que ninguno de los compuestos administrados
parecia tener efecto alguno en el tiempo normal de recuperacion de las ratas con
cirugias en las patas traseras cuando se daba una combinacion de ambos y, lo que es
mas, en clara oposicion a Due y cols., la activacién de los receptores TLR4 mediada por
morfina parecia ser responsable tanto del comportamiento nociceptivo tactil como

térmico.

Las secciones de los nervios también mostraron didmetros invariables para las fibras y
nerviosas y sus axones, en comparacién con el nervio contralateral. El grosor de la
banda de mielina y la razén G también permanecieron inalterados. En relacién al
marcaje glial, no apreciamos diferencias estadisticamente significativas en el asta dorsal
ipsilateral de ratas con incisidon, en comparacion el asta contralateral. Como ya se ha
descrito para los otros dos grupos tratados, el perfil de las citoquinas era similar al de

los animales no tratados con incisidn en las patas traseras.

Podemos por tanto concluir que la incisiéon alteraba los niveles de IL-6 de un modo

similar en todos los grupos con independencia del tratamiento dado.
6. CONCLUSIONES

En base a los resultados obtenidos a partir del modelo de dolor artrésico de rodilla inducido con

yodoacetato monosddico, podemos afirmar que:

1. El bloqueo de los receptores TLR4 puede prevenir el desarrollo de la sensibilizacion inducida
por la artrosis, ya que TLR4-Al disminuye la hiperalgesia térmica (al calor) cuando es
administrado intraperitonealmente y la alodinia tactil cuando es administrado de manera

intratecal.

2. En linea con los resultados obtenidos de los ensayos de conducta, bloquear los receptores
TLR4 también previene las alteraciones histolégicas e inmunohistoquimicas relacionadas con la

artrosis.
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De los resultados obtenidos en el modelo de dolor postoperatorio quirurgico inducido por una

incisidn en la planta de la pata, podemos confirmar que:

1. El bloqueo periférico de los receptores TLR4 disminuye las alteraciones del comportamiento

relacionadas con la sensibilizacidn periférica y central.

2. La administracién de morfina induce analgesia pero no reduce el tiempo de recuperacién.

3. Dado que la coadministracion de TLR4-Al y morfina no induce ningun efecto aditivo en la
conducta nociceptiva, los receptores TLR4 y opioide no parecen compartir mecasnimos de

accion comunes.

En conjunto, los resultos de ambos modelos indican que el receptor TLR4 puede ser una diana
interesante para desarrollar nuevos farmacos analgésicos centrados en evitar la sensibilizacién

periférica y central.
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