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Resumen

Los receptores sigma-1 son una diana farmacolégica prometedora para el tratamiento

del dolor (Sanchez-Fernandez et al., 2017). Entre los antagonistas selectivos sigma-1, el
qgue ha sido caracterizado con mayor profundidad es el SIRA (Vela et al., 2015). Este
farmaco ha sido evaluado en estudios de fase Il para el dolor neuropatico, con resultados
prometedores (Bruna et al., 2018). Ademas, diversos estudios preclinicos muestran que
la inhibicion del receptor sigma-1 incrementa la analgesia opioide (Zamanillo et al.,
2013; Sanchez-Fernandez et al., 2017), y de hecho, otra indicacion potencial para el uso
clinico del S1RA en pacientes humanos es como adyuvante a la analgesia opioide (Vela
et al., 2015). En esta Tesis Doctoral nos centramos en el estudio de la modulacién de la

analgesia opioide por los receptores sigma-1.

Inicialmente estudiamos esta modulaciéon en modelos de dolor nociceptivo producido
tanto por estimulos mecanicos como térmicos en el ratdon. Encontramos que la
administracion local de los agonistas opioides u morfina, oxicodona y buprenorfina
producia efectos antinociceptivos locales frente a un estimulo térmico (placa caliente
unilateral a 55 2C) pero no mecanico (presion plantar con 450 g). La inhibicion del
receptor sigma-1, tanto en ratones desprovistos de este receptor como por su
antagonismo farmacoldgico mediante el S1RA, indujo un gran incremento de la
analgesia opioide periférica frente al estimulo mecanico pero no frente al estimulo
térmico. Mediante ensayos inmunohistoquimicos, encontramos que el receptor sigma-
1 se encuentra presente a niveles muy elevados en las neuronas C no peptidéricas (1B4*)
de los ganglios de las raices dorsales espinales (donde se encuentran los somas de las
neuronas aferentes primarias), mientras que las neuronas C peptidérgicas (TRPV1*)
presentaban unos niveles de receptores sigma-1 mas reducidos. La eliminacién de las
neuronas C peptidérgicas mediante la administracion in vivo de resiniferatoxina, un
superagonista TRPV1, no alterd ni el dolor por el estimulo mecénico ni los efectos del
antagonismo sigma-1 en la analgesia opioide periférica frente a este tipo de
estimulacion dolorosa. Sin embargo, el tratamiento con esta toxina inhibid las
respuestas dolorosas frente al estimulo térmico, asi como el efecto analgésico de la
administracion local de morfina frente a este tipo de estimulo. Por lo tanto, la analgesia

opioide periférica frente al estimulo nociceptivo mecanico esta inhibida de manera
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tdénica por la actividad de los receptores sigma-1, mientras que la analgesia opioide
periférica frente al estimulo nociceptivo térmico (la cual es producida en neuronas C

peptidérigicas) no es modulable por este receptor.

Ademads, estudiamos la modulacidn de la analgesia opioide por los receptores sigma-1
durante el dolor patoldgico, en concreto en un modelo murino de inflamacién articular
dolorosa. Exploramos no sdlo los efectos de esta interaccidn en la alodinia mecdnica (la
medida estandar de dolor crénico en estudios preclinicos), sino que también estudiamos
los efectos de la modulaciéon de la analgesia opioide por el receptor sigma-1 en la
alteracién funcional inducida por el dolor articular. En concreto, focalizamos nuestros
esfuerzos en la fuerza de agarre como indicador de la interferencia del dolor en la
funcidn fisica. Este parametro se usa rutinariamente en las consultas de reumatologia,
y sus variaciones correlacionan no sdlo con la progresion de la patologia articular, sino
también con el dolor percibido por el paciente (Fraser et al., 1999; Overend et al., 1999).
Sin embargo, la vinculacién entre el dolor y la fuerza de agarre estd muy poco estudiada
en el roedor, por lo que hicimos una caracterizaciéon profunda de este parametro en
animales con inflamacidn articular, previa al estudio del papel del receptor sigma-1 en

el dolor inflamatorio.

Los animales con inflamacidén articular en los tobillos inducida por la administracién
periarticular de adyuvante completo de Freund (CFA, por sus siglas en inglés), mostraron
un masivo infiltrado inmunitario a nivel periarticular y alteraciones en la membrana
sinovial, junto con alodinia mecdnica (medida mediante filamentos de von Frey) y una
abrupta disminucién en la fuerza de agarre. La alodinia mecanica fue mucho mas
duradera que las alteraciones en la fuerza de agarre, por lo que no es la responsable de
la disminucién funcional. De hecho, cuando las alteraciones sinoviales inducidas por la
inflamacién desaparecieron, los animales recuperaron valores de fuerza de agarre
normales mientras que mantuvieron una marcada alodinia mecanica. Tanto la alodinia
mecanica como la disminucidn en la fuerza de agarre fueron revertidas por analgésicos
de grupos farmacoldgicos diferentes. Estos incluyen los farmacos opioides oxicodona y
tramadol, los antiinflamatorios no esteroideos (AINEs) ibuprofeno y celecoxib, asi como
el paracetamol, indicando que tanto la alodinia mecdnica como la disminucién en la

fuerza de agarre responden al tratamiento analgésico, y consecuentemente se deben a
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las alteraciones sensoriales propias del proceso inflamatorio. Tanto la administracion de
rojo rutenio (un antagonista TRP), como de resiniferatoxina para eliminar las neuronas
TRPV1+, inhibieron completamente la alodinia mecanica mientras que no alteraron la
fuerza de agarre de los animales con la inflamacién articular. Por consiguiente, la
disminucién en la fuerza de agarre por la inflamacién articular se produce por
mecanismos diferentes a la alodinia mecanica, y merece ser usada en estudios
preclinicos como una medida adicional de dolor articular para conseguir una vision mas

global y a la vez mds traslacional al humano de la eficacia de los farmacos analgésicos.

Por ultimo, dentro del estudio del papel del receptor sigma-1 en el dolor inflamatorio
articular, encontramos que el antagonismo del receptor sigma-1 por el S1IRA no alterd
la alodina mecanica inflamatoria, aunque incrementé levemente la fuerza de agarre de
los animales con la inflamacién articular. El antagonismo sigma-1 potencidé en gran
medida el efecto antialodinico de la morfina en los animales con inflamacion, sin
embargo no modificé el efecto de este opioide en la fuerza de agarre. Ademas, puesto
qgue la tolerancia analgésica producida tras el tratamiento repetido con agonistas
opioides es un problema de gran relevancia clinica (Morgan y Christie, 2011),
estudiamos el papel del receptor sigma-1 en la tolerancia analgésica a la morfina. El
S1RA, administrado a animales tolerantes a morfina, rescaté la analgesia morfinica tanto
en la alodinia mecanica como en la fuerza de agarre. Sin embargo, el tratamiento
preventivo con S1RA durante la induccion de la tolerancia a la morfina impidid el
desarrollo de la tolerancia morfinica Unicamente en la fuerza de agarre. Estos resultados
ponen de manifiesto tanto el papel del receptor sigma-1 como modulador de la
analgesia opioide durante el dolor inflamatorio articular, como las diferencias entre la

alodinia mecdnica y la fuerza de agarre.

En conclusion, los receptores sigma-1 juegan un papel importante en la modulacién de
la analgesia y la tolerancia opioide (aunque sus efectos dependen del tipo de estimulo
doloroso y del parametro indicador de dolor utilizado). Estos hallazgos podrian tener
interés terapéutico para el uso de los antagonistas sigma-1 como adyuvantes a los

farmacos opioides.
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1. p-OPIOID DRUGS

1.1. FROM THE EARLY USE OF OPIUM TILL THE DISCOVERY OF OPIOID
RECEPTORS

Opium is obtained from the latex of the opium poppy capsule (Papaver somniferum).
Archaeobotanical analyses place the first crops of the opium poppy even in the earliest
Neolithic period (4000 B.C.) (e.g. excavations in Granada and Banyoles —Spain-, Milan —
Italy- or Rhine river — Netherlands-), as they have been found in diverse settlements of
that period (Nencini et al., 1997; Tetenyi, 1997; Antolin et al., 2014). The Sumerian clay
tablet (dated in approximately 2100 B.C.) is considered to be the world's oldest recorded
list of medical prescriptions, and it is believed by some researchers that the opium poppy
is referred to on this tablet (Norn et al., 2005). However, the first reference to the milky
juice of the poppy are attributed to Theophrastus in the ancient Greece at the beginning
of the third century B.C., who refers its use as a strong analgesic (Macht, 1915). The
antidiarrheal properties of opium are well documented in the Roman Empire where it
was used in an epidemic of dysentery which occurred during the first century A.D.
(Macht, 1915; Delgado-Garcia et al., 2016). Much later, arabic physicians extended the
use of opium from the Middle East to India and China. In fact, the extensive use of opium
in China was relatively late (in the middle of the 1700s). The increased used of opium in
China became a major political issue giving rise to the opium wars between China and

England (Macht, 1915; Benyamin et al., 2008).

The active compounds of opium were later found to be alkaloids. The German
pharmacist Serturner, in 1805, was the first to isolate one of these alkaloids from opium
and named it Morphine, after Morpheus, the god of dreams from the Greek mythology
(reviewed in Trang et al., 2015). Despite the abundant use of opioids during centuries, it
was not until the early 1970s when the existence of an endogenous opioid system was
demonstrated, with specific receptors and selective ligands of these receptors (Hughes,
1975; Pasternak et al., 1975; Terenius and Wabhlstrom, 1975). Specifically, opioid
research rose with the demonstration of opioid receptors in 1973 (Pert et al., 1973;
Simon et al., 1973; Terenius, 1973). Shortly after the discovery of the opioid receptors,

the first endogenous opioid peptide, enkephalin, was described (Hughes et al., 1975).
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Endogenous opioids, which are now known to include several peptides such as
endorphins, enkephalins, dynorphins and endomorphins, have opium-like activity and
affinity for opioid receptors (Pasternak and Pan, 2013). The canonical opioid receptors
include mu (p), kappa (k), and delta (6) receptors. pu and k opioid receptors are named
after the representative drug which binds them: morphine and ketocyclazocine,
respectively; & opioid receptors were originally named after vas deferens, the tissue
within which it was first isolated (Pathan and Williams, 2012). In addition to these
classical opioid receptors, the opioid receptor like-1 (ORL-1) was much more recently
identified (reviewed by Fioravanti and Vanderah, 2008). This ORL-1 shares an overall
65% structure homology to the other members of the opioid family, being
nociceptin/orphanin FQ (N/OFQ) its endogenous ligand, although with an analgesic
potential much more limited (if any) than the other opioid agonists (reviewed by
Fioravanti and Vanderah, 2008). The p-opioid receptors are the main target of the opioid
drugs used in therapeutics (as it will be described in the next section). For this reason,

in this chapter we will focus in p-opioid drugs and their receptor.

Opioid drugs can be classified according to their origin in natural, semi-synthetic or
synthetic compounds. Naturally occurring opioids are those found in the capsule of the
opium poppy, such as morphine or codeine; semisynthetic opioid drugs are made by
chemical modifications of those found in the opium poppy, such as buprenorphine or
oxycodone, and fully synthetic compounds include drugs such as fentanyl or tapentadol
(Pathan and Williams, 2012). These drugs can be also classified according to their
chemical structure in: morphine analogs (e.g. heroin), benzomorphans (e.g.
ketocyclazocine) or oripavines (e.g. buprenorphine) among others (Pasternak and Pan,

2013).

Based on the clinical use of analgesics, the World Health Organization elaborated the
three-step ‘analgesic ladder’ to classify them based on their use according to the pain

intensity, and this remains the most standard classification of analgesics in the clinical
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practice. Step | drugs include non-steroidal anti-inflammatory drugs (NSAIDs) and
acetaminophen, and are used for pain of mild intensity. Codeine or tramadol, which are
considered to be weak opioids, are used when pain intensity is too high to be
appropriately managed with nonopioid analgesics (i.e. mild to moderate pain), and are
named step Il opioids. On the other hand, if pain is too intense (i.e. moderate to severe),
strong opioids with higher analgesic efficacy are needed. These drugs are also called step
Ill opioids and include drugs such as morphine, fentanyl, oxycodone or tapentadol
(Pergolizzi et al., 2008; Ramaswamy et al., 2015; Mercadante, 2017). All these opioid

drugs are p-opioid agonists (Pathan and Williams, 2012), as previously pointed out.

There is another classification of opioids based on the intrinsic activity of the compound
on opioid receptors (Flérez, 2008). This is important as it influences the effects of the
drugs both in the preclinical and clinical assays. According to their intrinsic activity the

opioid drugs can be classified as:

= Pure agonists: opioid drugs which display a maximum intrinsic efficacy and
therefore the highest efficacy inducing signaling through its receptor. The known p
agonists morphine, oxycodone, fentanyl, heroin and methadone are included in this
group (Florez, 2008).

= Partial agonists: opioid drugs that act with a lower intrinsic efficacy than a
pure agonist. The most relevant example of this group is the partial u agonist
buprenorphine (Khanna and Pillarisetti, 2015).

» Mixed agonist-antagonist: opioid drugs which act as agonists of a specific
subtype of opioid receptor while acting as antagonists of a different subtype.
Pentazocine is a known example, which is a k agonist but also a p antagonist (van Niel
et al., 2016).

= Agonists with additional mechanisms: some drugs show opioid agonism and
also additional mechanisms which contribute to their analgesic effects. Examples are
tramadol and tapentadol, which in addition to pu agonism inhibit the reuptake of
neurotransmitters. Specifically, tramadol inhibits the reuptake of both serotonin and
noradrenalin (Raffa et al., 2012), and tapentadol inhibits the reuptake of noradrenalin
(Vadivelu et al., 2013).

= Antagonists: drugs that have affinity for opioid receptors but lack of intrinsic
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efficacy and therefore of analgesic efficacy. Naloxone is the most widely used opioid
antagonist. This centrally-penetrant drug has affinity for all three opioid receptor
subtypes (although with some preference for p-opioid receptors) (Zador et al., 2017).
This drug is used in both preclinical research or in the clinical practice (in cases of opioid
intoxication) to reverse the effect of opioid agonists (Sanchez-Fernandez et al., 2014;
Wermeling, 2015). In addition, there have been developed opioid antagonists with
limited accessibility to the central nervous system, to reverse exclusively the peripheral
effects induced by opioid agonists. This is the case of naloxone methiodide, which has
been extensively used in preclinical research to dissect peripheral opioid effects (e.g.
Tejada et al., 2017), or methylnaltrexone, which is used in the clinical practice to reverse

peripherally-mediated opioid side effects (Mehta et al., 2016).

All u, k and 6 opioid receptors, and also the ORL-1, are G-protein-coupled receptors with
the typical seven transmembrane domains, an extracellular N terminus and an
intracellular C terminus (Al-Hashani and Bruchas, 2011; Costantino et al., 2012;
Pasternak and Pan, 2013). Interestingly, there has been reported several splice variants
of the p-opioid receptor, and it has been suggested that specific p-agonists might signal
preferentially through some of these specific splice variants of the receptor (reviewed
in Pasternak, 2014). The G-proteins coupled to p-opioid receptors are heterotrimeric
proteins composed by a Ga subunit which is coupled to the receptor, and the GBy dimer
which is anchored to the plasma membrane and binds to the Ga subunit (Raehal et al,
2011). After opioid receptors bind an agonist, the Ga and GBy subunits dissociate from
the complex and subsequently act on various intracellular effector pathways. Guanosine
triphosphate (GTP) is essential in this signal transduction, as it binds to the Ga subunit,
triggering the dissociation of the receptor complex. The activated Ga subunits, which
belong mainly to the Gi/o family (Sanchez-Blazquez et al., 2001), inhibit the activity of
adenylate cyclase with the consequent decrease in cAMP production and thereby
protein kinase A functioning (Pasternak et al., 2013). In addition to the inhibition of

protein kinase A, the action of agonists on p-opioid receptors can lead to the activation
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of other Ga subtypes and to the modulation of other second messenger systems,
including Gg-protein kinase C-phospholipase C pathway, and this is dependent on the
specific p-agonist used (Sanchez-Blazquez et al., 2001), indicating that the mechanisms
to induce analgesia are not fully overlapping between opioid drugs, and this might be

related with the previously mentioned splice variants of the p-opioid receptor.

Upon agonist stimulation of the opioid receptor, not only the Ga subunit dissociates
from the complex to induce biochemical effects, but also the GBy dimer is released from
the complex to modulate the activity of several ion channels, including voltage-
dependent Ca** channels, which are inhibited by the GBy reducing the Ca** current to
the cytosol and therefore decreasing neurotransmitter release (Al-Hasani and Bruchas,
2011). Moreover, the GPy dimer are able to open G-protein-regulated inwardly
rectifying K* channels (GIRKs) to hyperpolarize neurons (Mark and Herlitze, 2000; Ocafia
et al., 2004). Therefore, the activation of p-opioid receptors decreases neuronal activity
(Al-Hashani and Bruchas, 2011; Raehal et al., 2011). These actions of opioid agonism are

schematically summarized below (Fig. 1).

PKA

Fig. 1. Schematized mechanism of action of p-opioid receptors. Activation of an opioid receptor
by an agonist (e.g. morphine) inhibits the activity of adenylate cyclase resulting in a decrease in
the production of cAMP, an increase in the efflux of K* with the consequent cellular
hyperpolarization, and a decrease in the influx of Ca* which decreases neurotransmitter
release. Taken from Sanchez-Fernandez, 2014.
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There are other effectors which also mediate opioid analgesia. For instance, ATP-
sensitive K* channels are needed for the antinociceptive effect of morphine,
buprenorphine or methadone. However, fentanyl or levorphanol do not need of the
activation of these channels for inducing antinociception (Ocafia et al., 1995). This

indicates again that not all p-opioid agonists have identical mechanisms.

The p-opioid receptors interact with other proteins, including other receptors, which
impact in their signaling and in the intracellular events they trigger. The oligomerization
includes the existence of homodimers (the association of two p-opioid receptors) and
heterodimers (between different classes of opioid receptors or even between opioid
receptors and other GPCRs such as the cannabinoid receptor type 1) (Gomes et al., 2000;
Rios et al., 2006; Hojo et al., 2008). In addition to the dimerization of p-opioid receptors
with opioid and non-opioid GPCRs, they can also physically interact with ion channels,
such as the ionotropic receptor N-methyl-D-aspartate (NMDA) receptor (Rodriguez-
Mufioz et al., 2011a), and the transient receptor potential vanilloid 1 (TRPV1) (Scherer
et al., 2017), as well as numerous cytoskeletal trafficking proteins, most of which
participate in membrane protein endocytosis (Whistler et al., 2002; Milligan, 2005;
Charlton et al., 2008). Moreover, p-opioid receptors have been reported to directly
interact with sigma-1 receptors (Kim et al., 2010; Rodriguez-Mufioz et al., 2015a and b).
The interaction between sigma-1 receptors and the p-opioid receptors involve a
complex regulation between the NMDA receptor and the histidine triad nucleotide-
binding protein 1 (HINT1) (Rodriguez-Mufioz, 2015a and b), resulting in a fine
modulation of p-opioid signalling, as will be described in the next Chapter “Sigma-1

receptors and pain” of this PhD Thesis (Section 2.5.1.4.).

Opioid receptors are important modulators of neurotransmission, at both central and
peripheral levels. Consequently, opioid drugs have effects both at central sites and in
the peripheral nervous system. All opioid-induced effects, including their therapeutic

and side events, derive from the ability of these drugs to decrease neuronal function
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(Khansari et al., 2013). Although the main therapeutic use of opioid drugs is pain
treatment, these drugs can induce a variety of non-analgesic effects, as they have
antitussive and antidiarrheal properties, which can be used therapeutically (Khademi et
al., 2016), but also several side effects including respiratory depression, constipation,
sedation and confusion. Most of these effects have a mixed peripheral/central
contribution, although for most of them the actions of the opioid predominates at only

one of these locations (see Table 1).

Opioid-mediated analgesia has been classically attributed to the actions of these drugs
in the central nervous system (Christie et al., 2000; Greenwood-Van Meerveld and
Standifer, 2008; Thomas et al., 2008; Khalefa et al., 2012); however opioid receptors are
located at different sites along the pain-processing pathway, including both the central
and peripheral nervous system (Bigliardi-Qi et al., 2004; Khalefa et al., 2012), and it is
currently well documented that opioid agonism is able to exert peripheral analgesic
effects (Stein et al., 2003; Sehgal et al., 2011; Sanchez-Fernandez et al., 2014). In fact,
the use of peripherally-mediated opioid analgesia has been proposed as a way to
minimize centrally-induced opioid side effects (Sehgal et al., 2011; Ringkamp and Raja,
2012). We will also focus this section exclusively in the analgesic actions of opioids at
both peripheral and central levels, as well as the mechanisms for the tolerance to opioid
analgesia after prolonged opioid therapy. We will briefly describe the main features of
the pain pathways, at both the central and peripheral levels, to highlight the role of p-

opioid receptors on pain modulation at each level.

11
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Table 1. Non-analgesic effects of opioid drugs, distributed by their primary location of induction
(central or peripheral). The actions summarized in this table are observed for all clinically
available opioid agonists. Although several of these effects are known to have both a central and
a peripheral component, for clarity purposes only the predominant location of each side effect
was considered for this table. Taken from Sanchez-Fernandez, 2014, with modifications.

Location of action Effects

{ Cough reflex

N Nausea and vomiting

N Psychotomimetic alterations

Central Nervous System 1 Confusion

1 Sedation

{ Rate of respiration

N Truncal rigidity

{ Pupil size (miosis)

N Urinary retention

D Pruritus

{ Gastric motility

N Sphincter contraction
Gastrointestinal system
Peripheral { Intestinal secretion

Nervous System { Peristaltic waves in the colon

{ Blood pressure and heart rate if
Cardiovascular system
cardiovascular system is stressed

12
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1.5. GENERAL OVERVIEW OF THE PAIN PATHWAYS

In the XVII century, René Descartes published the theory of nerve reflexes in his book Le
traité de I'nomme (Fig. 2), which much later would be known as the “reflex arc”.
Descartes provided the first concept of sensory input-motor output which was mediated
by the nervous system. His findings were undoubtedly meritorious at that time, taking
into account that in depth anatomical descriptions of the structures involved could not
be technically performed, and that neural activity was of course not yet understood
(Brooks and Tracey, 2005). In recent times, our knowledge of the somatosensory system
has been dramatically increased by in depth anatomical studies and by the analysis of
the electrophysiological properties and molecular characteristics of sensory neurons, as

it will be described in this section.

Fig. 2. lllustration of the theory of nerve reflexes by René Descartes. With great insight, he wrote:
‘If for example fire A comes near the foot B, minute particles of this fire, which you know move
at great velocity, have the power to set in motion the spot of skin on the foot which they touch,
and by this means pulling on the delicate thread c which is attached to the spot of the skin, they
open up at the same instant the pore d against which the delicate thread ends, just as by pulling
on one end of a rope one makes to strike at the same instant a bell which hangs at the end.’

Taken from Brooks and Tracey, 2005.

Ramdn y Cajal described accurately the anatomical basis of many somatosensory

structures of the peripheral nervous system. He represented some of the specialized
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nerve endings typical of low threshold peripheral mechanoreceptors, as well as of bare
nerve endings which nowadays we know to be typical of nociceptive fibers (as it will be
described in the following paragraphs); also, he described the anatomy of the dorsal
root ganglia (DRG), including the pseudounipolar sensory neurons which are located in
this structure and which generate the peripheral nerve fibers and their central terminals

(Willis, 2007).

Primary afferent fibers can be classified in three main types, named AB-, Ad-, and C-
fibers. Most AB-fibers are low-threshold mechanoreceptors (LTM) which detect
pressure, stretch or hair movement, playing therefore an essential role for
discriminative touch and proprioception (Priestley, 2009). AB-fibers have distinct
specialized endings which detect specific types of non-noxious mechanical stimuli (such
as light touch or joint rotation). These nerve endings include: Merkel’s disks, Meissner’s
corpuscles, Ruffini’s endings and Pacini’s corpuscles (Hall, 2011a). The AP fibers are
characterized by a large diameter, high myelination and the consequent rapid
conduction velocity (Table 2) (Hall, 2011a). It is worth pointing out that in spite of the
variety of the types of mechanical stimuli detectable by AB-fibers, they are insensitive

to thermal stimuli.

Both AS- and C-fibers exhibit bare nerve endings able to detect noxious stimuli, and are
hence termed nociceptive fibers. However, they are distinct fibers with unique
properties. A8-fibers are characterized by their thinly myelinated axons, as opposed to
the unmyelinated axons of the C-fibers. This confers faster conduction velocities for AS-
than for C-fibers (Table 2) (Priestley, 2009). Therefore, whereas Ad-fibers mediate acute,
well-localized “first” or fast pain, C-fibers convey poorly localized, “second” or slow pain

(Basbaum et al., 2009; Beissner et al., 2010).
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Table 2. Main characteristics of peripheral sensory neurons (data from Hall, 2011a; Julius and

Basbaum, 2001).

AB-fibers

Adb-fibers

Myelin Highly myelinated Lightly myelinated Unmyelinated
Diameter 6-20 um 1-5um 0,2-0,5 um
Somatic sensibility Propioception and Nociception Nociception
modality discriminative touch

Speed conduction 80-120 m/s 35-75m/s 0,5-2m/s

Both C- and Ad-nociceptors can be categorized attending to the type of stimulus that
activates them: mechanical (M) and heat (H) stimulus (Farquhar-Smith, 2008; Dubin and
Patapoutian, 2010). However, some of them do not respond exclusively to a single type
of sensory stimulation, so overlapping neuronal populations of both C- and A&-
nociceptors are responsible for temperature sensing and the transmission of noxious
stimuli. According to their sensitivity to mechanical stimuli, they are termed as
mechanically sensitive and insensitive afferents (MSAs and MIAs, respectively). Both are
subclassified attending to their sensitivity to heat stimuli. MSAs can also respond to both
mechanical and heat stimuli (mechano-heat sensitive nociceptors, MH) or exclusively to
mechanical stimulations (M) (Dubin and Patapoutian, 2010). MIAs, can be sensitive to
heat (H), or may not respond to either mechanical or heat. In this latter case, they are
defined as silent nociceptors (mechanically insensitive and heat insensitive afferents,
MiHi) (Meyer et al., 2008; Dubin and Patapoutian, 2010), which are thought to develop
sensitivity to noxious mechanical or heat stimuli after tissue injury or inflammation,
when they are sensitized by inflammatory mediators (Farquhar-Smith, 2008; Dubin and

Patapoutian, 2010). In addition to sensing heat and painful mechanical stimuli, these C-
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and Ad&-nociceptors are also able to code for some types of non-noxious sensory
information. For instance, C-fibers not only code for painful heat information but also
for non-painful warm stimulus (Peier et al., 2002; Benham et al., 2003), and it is known
that some specialized C-fibers, termed C-tactile afferents (CT), are able to respond to
non-noxious stroking stimulus of the hairy skin (Olausson et al., 2008; McGlone and

Reilly, 2010).

The type of stimulus which is coded by each subset of sensory neuron are determined
by the differential expression of specific transducers. For instance, the expression of the
transient receptor potential vanilloid 1 (TRPV1) give the ability to C-neurons to respond
to noxious heat, as this cation channel is opened in response to temperatures in the
painful range (equal or above to 45 2C), and hence depolarizing the sensory neuron
(Basbaum et al., 2009; Scherrer et al., 2009; Bardoni et al., 2014). These TRPV1-
expressing C-neurons are therefore responsive to noxious heat, but interestingly, are
not responsive to mechanical stimulation (Cavanaugh et al., 2009; Zhang et al., 2013).
TRPV1-expressing C-neurons also express neuropeptides, such as substance P (SP) or
calcitonin gene related peptide (CGRP), and are termed peptidergic C-nociceptors
(Mishra and Hoon, 2010; Hsieh et al., 2012b; McCoy et al., 2012). As opposed to this
subtype of sensory neurons, non-peptidergic C-neurons bind isolectin B4 (IB4) and
express the Mas-related G-protein-coupled receptor D (Mrgprd) (Zylka et al. 2003, 2005;
Basbaum et al. 2009; Rau et al., 2009). These non-peptidergic C-neurons do not code for
noxious heat stimulus but sense noxious mechanical stimulation (Zylka et al., 2005;
Cavanaugh et al. 2009; Zhang et al., 2013). Therefore, the sensory modalities which are
coded by each type of sensory neuron are segregated in distinct labelled lines. However,
this distinction is clear in the mouse (Zwick et al., 2002; Woodbury et al., 2004), but in
the rat there is marked overlap between the TRPV1* and IB4* neurons (Woodbury et al.,
2004; Chen et al., 2006). In addition, the sensory selectivity of these populations might
be altered during pathological conditions, as it has been reported that TRPV1 neurons
play an important role in mechanical pain hypersensitivity during inflammation (Borbély
etal., 2015), although the exact inflammatory mediators responsible of this phenomena
remain unknown. Therefore, although it is clear that the properties of each sensory

neuron are determined by their molecular machinery, more studies are needed to

16



Introduction

increase our knowledge on how each type of sensory stimulation is transduced.

Primary afferent fibers project to the dorsal horn of the spinal cord, which is organized
into anatomically and electrophysiological distinct laminae, called Rexed laminae
(Rexed, 1952; Todd, 2010). The low threshold, rapidly conducting AB afferents, which
respond to light touch, project to deep laminae (lll, IV, and V). A& nociceptors project to
lamina | as well as to lamina V (deeper dorsal horn). By contrast, C nociceptors project
more superficially to laminae | and Il (Todd, 2010). Fig. 3 summarizes the projections of

the different primary afferent fibers in the spinal cord.
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Fig. 3. Connections between primary afferent fibers and the spinal cord. There is a very precise
laminar organization of the dorsal horn of the spinal cord; subsets of primary afferent fibers
target spinal neurons within discrete laminae. Taken from Basbaum et al., 2009.

It should be noted the peptidergic C-fibers population target dorsal horn projection
neurons in lamina | and interneurons in superficial lamina Il (outer), whereas the non-
peptidergic C-fibers population primarily target interneurons in inner lamina Il (Fig. 3,
red and blue fibers respectively) (Basbaum et al., 2009; Priestley et al., 2009). These

anatomical differences are paralleled by modality-specific contributions of these
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nociceptor populations to the processing of pain messages.

There are two ascending pathways that transmit the sensitive information received by
primary afferents from spinal cord to thalamus: the dorsal columns and the
anterolateral system. The dorsal columns of the spinal cord transmit information mainly
from low threshold mechanoreceptor (Willis, 2007); therefore, it transmits mainly
proprioceptive and fine tactile information (nonnoxious mechanical stimulation).
Anatomically, the fibers in the dorsal columns are originated from collaterals of the
primary afferents and decussate to the contralateral side in the medulla oblongata. On
the other hand, the anterolateral system transmits the information of noxious (painful)
stimuli to the brain; also, it indicates the location, intensity and type of stimulus (thermal
or mechanical), and is involved in the affective-motivational component of the
sensations, leading to the unpleasantness of the pain experience, and in the
autonomous activation following a noxious stimulus (Martins and Tavares, 2017).
Anatomically, ascending fibers in the anterolateral system come from second order
neurons located primarily in the dorsal horn (postsynaptic to primary afferent fibers)
and the fibers crosses in the spinal cord (Basbaum and Jessel, 2000). Ascending fibers of
the anterolateral system can be classified depending on if they directly or indirectly
project to the thalamus (Hall, 2011b). The tract which directly synapses with the
thalamus is denominated neospinothalamic tract, and constitutes the classical
contralateral spinothalamic tract (Martins and Tavares, 2017). The spinothalamic tract
projecting indirectly to the thalamus is termed paleospinothalamic tract, where a higher
proportion of fibers ascend bilaterally and before sending projections to the thalamus,

synapse with other brain areas (Ness and Randich, 2010).

After synapsing in the thalamus, the pathway continues to the somatosensory cortex
which is involved in the processing of somatic sensory information (Purves et al., 2006;
Hall, 2011a). The somatosensory cortex comprises two different regions: the primary
somatic sensory cortex that contributes to the discriminative analysis of painful stimuli
(Martins and Tavares, 2017), and the secondary somatic sensory cortex, that plays a
major role in pain-induced attention, learning and memory, as well as in the emotional
aspects of pain experience (Chen et al., 2008). This is because the secondary somatic

sensory cortex receives convergent projections from the primary somatic sensory cortex
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and sends projections to limbic structures such as the amygdala and hippocampus
(Martin and Jessel, 2000; Lorenz and Hauck, 2010), incorporating the emotional

interpretation to the sensory information (Garcia-Larrea, 2017).

The descending pain pathways are an endogenous analgesic system, consisting of a
series of inhibitory circuits which can be activated by different stimuli (stress, pain,
electrical stimulation or opioid agonism) (Reynolds, 1969; Calvino and Grilo, 2006; Sun

etal., 2017).

The secondary somatosensory cortex projects to two important areas of limbic system:
the amygdala and the hypothalamus which in turn send descending projections to the
brainstem (Bonica et al., 1990). The main brainstem areas involved are: the
periaqueductal gray matter (PAG), the locus coeruleus (LC) and the rostral ventromedial
medulla (RVM). These areas are interconnected between them and project directly to
the dorsal horn where they release neurotransmitters, which decrease painful
ascending information at the dorsal horn (Benarroch, 2008; Ossipov et al., 2010; Llorca-
Torralba et al.,, 2016). Specifically, the main neurotransmitters released are two:
norepinephrine (NE) and serotonin (5-HT) (Commons et al., 2016; Llorca-Torralba et al.,

2016) (Fig. 5).

Descending serotonergic and noradrenergic projections from the brainstem synapse
with primary afferent terminals, ascending projection neurons and modulatory
interneurons in the spinal cord, controlling therefore the “gate” of pain transmission
(Ossipov et al., 2010). There are fibers that carries predominantly descending inhibitory
signals (Ness and Randich, 2010); conversely, other fibers transmits predominantly
facilitatory influences from supraspinal origin (Zhuo and Gebhart, 1992). Therefore, the
balance between the inhibitory and facilitatory descending systems determines the

overall level of excitability of the neurons in the dorsal horn (Kirkpatrick et al., 2015).
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1.5.1. Opioid effects in the pain pathways

1.5.1.1.  Peripheral opioid receptors and analgesia

Peripheral p-opioid receptors are mainly present in cutaneous nociceptive peptidergic
C-fibers which express TRPV1* (Lawson et al., 2008; Yamamoto et al., 2008); these
afferents are heat sensitive and mechanically insensitive (Fig. 4). Moreover, p-opioid
receptors barely colocalizes with non-peptidergic C-fibers IB4* (Yamamoto el al., 2008).
By contrast, d-opioid receptors are expressed by non-peptidergic C-fibers 1B4* and
myelinated nociceptors that respond to mechanical stimulation (Fig. 4). Also, p-opioid
receptors are expressed by a relatively small population of myelinated NF200* neurons
(where mostly are coexpressed with d-opioid receptors) (Yamamoto et al., 2008;
Scherrer et al., 2009; Bardoni et al., 2014; Chiu et al., 2014). All the results commented
on in this section are referred to experiments in mouse, because in rat the population
proportions differ a lot; since many peptidergic C-fibers which express TRPV1*are also
IB4-binding neurons in rat (Guo et al., 1999; Michael and Priestley, 1999; Woodbury et
al., 2004).

In the early 1990s evidence began to accumulate that peripheral antinociceptive effects
of opioids were mediated by peripheral opioid receptors (Stein, 1995). Nowadays, for
its advantages minimizing side effects, the activation of peripheral opioid receptors as a
potential tool for the treatment of pain has aroused great scientific interest (Stein,
2003). However, it seems that opioid drugs induce much of their analgesic effects at the
central level as has been traditionally asserted, in both humans or rodents (e.g. Christie
et al., 2000; Thomas et al., 2008; Ringkamp and Raja, 2012). In addition, the contribution
of the effect of peripheral opioid receptors to the analgesic effect of conventional
systemic opioids with high central penetrability is controversial (Joshi et al., 2008;

Khalefa et al., 2012).
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Fig. 4. Expression of p-opioid receptors (MOR) in C-fibers. MOR are expressed mainly by heat-
sensitive (TRPV1+), peptidergic (SP+and CGRP+) unmyelinated nociceptors that innervate the
skin (peripheral terminals in red; skin box). These sensory neurons project to the laminae | and
outer Il (I-llo) of the spinal cord, where they activate neurons that transmit painful heat
messages to the brain. Modified from Scherrer et al., 2009.

Classically, the majority of in vivo studies have focused on the analgesic effect of opioids
preferably at the central level (e.g. Kuraishi et al., 1985; Tseng et al., 1995; Wegert et al.,
1997; Sato et al., 1999). However, there are reports which show that local opioids are
effective as analgesic (e.g. Kolesnikov et al., 2000; Menéndez et al., 2005; Curto-Reyes
et al, 2008; Hervera et al., 2011). Moreover, i.t. administration of the p-agonist DAMGO
([D-Ala?, N-MePhe* Gly-ol]-enkephalin) dose-dependently reduced heat pain
responsiveness in mice; however, the same doses of DAMGO were without significant
effect against mechanical pain (Scherrer et al., 2009). There results are explained by the
segregated opioid receptor expression in nociceptors, but futher studies are needed

where both types of sensory stimulation are compared more directly.

1.5.1.2.  Descending pain pathways: opioid modulation.

PAG, LC and RVM are the main supraspinal structures that participate in opioid

analgesia; the administration of opioids into any of these sites is enough to relieve pain
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(e.g. Millan, 2002; Porreca et al., 2002; Mei and Pasternak, 2007). The PAG was the first
brain region to have been explicitly demonstrated to activate an endogenous pain
inhibitory system. Analgesia produced by PAG stimulation or microinjection of opioids
is naloxone-reversible; therefore, it is a source of descending opioid-mediated inhibition

of nociceptive inputs (Ossipov et al., 2014).

Descending projections from the brainstem synapse with primary afferent terminals and
activate spinal interneurons that release endogenous opioid peptides (e.g. enkephalins)
(Fig. 5). The opioids act presynaptically to decrease the release of pain transmitters from
the central terminations of primary afferent neurons. They also act on postsynaptic
receptors on spinothalamic tract neurons in the spinal cord to decrease the rostral
transmission of the pain signal (Fig. 5). Moreover, opioid analgesics activate the
descending inhibitory pathways, and they also directly activate opioid receptors in the

spinal cord (reviewed by Ossipov et al., 2014).

The RVM exerts a bidirectional pain modulatory effect, both inhibiting and facilitating
pain owing to the actions of the subpopulations of on- and off-cells (Fig. 6A). On-cells
increase their activity immediately before a pain response occurs, and are thought to
exert a facilitating role for the nociceptive transmission. However, off-cells show a tonic
activity which is stopped immediately before the pain response, and are thought to be
responsible for the descending inhibition of nociception (Fig. 6A). The net effect of RVM
on pain modulation depends therefore on the balance between on- and off-cells activity

(Fields, 1992; Porreca et al., 2002; Calvino and Grilo, 2006; Ossipov et al., 2010).
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Fig. 5. Descending inhibitory pathways activated by opioids. Nerve fibers from brainstem areas
(PAG, LC and RVM) release serotonin (5-HT) and norepinephrine (NE) in the spinal cord, where
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they inhibit dorsal spinal cord neurons that transmit pain impulses to supraspinal sites (i.e.
inhibit the conduction of the painful information). Nerve fibers from brainstem areas also
activate spinal interneurons that release endogenous opioid peptides (e.g. enkephalins, Enk).
Opioids act to decrease the release of pain transmitters from the central terminations of primary
afferent neurons. They also act on spinothalamic tract neurons (STT neurons) to decrease the
rostral transmission of the pain signal. Modified from: https://basicmedicalkey.com/opioid-
analgesics-and-antagonists-2/

In the presence of opioids (when morphine is administered systemically or into the PAG),
the on-cells become silent and the off-cells fire continuously. Thus, opioids are able to

decrease the activation of on-cells (and not that of off-cells), resulting in the disinhibition

23



p-opioid drugs

of off-cells and therefore eliciting analgesia (reviewed by Fields, 2004; Ossipov et al.,
2014) (Fig. 6B left). If naloxone is given following systemic administration of an analgesic
dose of morphine, off-cell firing is shut down, on-cell firing increases and becomes
continuous, and withdrawal reflexes are enhanced (Fig. 6B right) (Bederson et al., 1990;

Kaplan and Fields, 1991).

NN\ PAN I;
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Naloxone

Fig. 6. Bidirectional control of pain transmission. (A) During the application of a nociceptive
stimulus on-cells facilitate and off-cells inhibit nociceptive transmission at the level of the spinal
cord dorsal horn. (B) Morphine facilitates off-cells firing to inhibit pain (lower left), whereas
when naloxone is used to precipitate acute abstinence, on-cells are activated and produce a
hyperalgesic state (lower right). PAN, primary afferent nociceptor; T, pain transmission neuron.
Modified from Fields, 2004.

1.6. ANALGESIC TOLERANCE TO pu-OPIOID DRUGS

Tolerance is defined as a decrease in the pharmacological response following repeated
or prolonged drug administration (Dumas and Pollack, 2008). This phenomenon occurs
with opioid agonists and leads to the increase in the doses required to maintain the

same level of analgesia (Raehal et al., 2011). The rate at which tolerance develops may
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vary between individuals, and does not develop at the same speed and extent to all
opioid effects (Pasternak and Pan, 2013). For instance, tolerance to the respiratory
depression and constipation in response to opioid treatment is developed much more
slowly than to analgesia (reviewed in Pasternak and Pan, 2013; and Hayhurst and
Durieux, 2016). As a consequence, the previously mentioned increase in the dose of
opioid agonist to maintain acceptable analgesia, leads to a marked increase in opioid-
induced side effects, with the consequent decrease of the therapeutic index during
chronic administration with opioids (reviewed in Morgan and Christie, 2011; Pasternak
and Pan, 2013; Hayhurst and Durieux, 2016). Therefore, analgesic tolerance is a
substantial drawback for the use of opioid analgesics. When opioid side effects due to
opioid dose escalation are poorly tolerated, the so called “opioid rotation” is often used.
Opioid rotation consists in the switch to a different p-opioid, and the patient often
regains some analgesic sensitivity because of incomplete cross-tolerance among the
analgesic effects of p-opioids (Stein, 2013; Williams et al., 2013). This might be
influenced by the diversity of L opioid receptors and the differences in the signalling and
effectors between the different p opioid drugs (see Section 1.3.), and also by intrinsic
differences in the mechanisms for the development of analgesic tolerance by different

p-opioid agonists which will be commented in the next paragraphs.

Inherent inter-individual pharmacokinetic variability can influence analgesia within a
population, but appears to play a minimal role in the development of opioid tolerance
(Dumas and Pollack, 2008), as it seems that opioid analgesic tolerance is fundamentally
a pharmacodynamic phenomenon (Al-Hasani and Bruchas, 2011). There are many
biochemical events that contribute to tolerance, such as desensitization and
internalization of the receptor, but also changes in second messenger systems. Some of

these processes are summarized in Fig. 7, and detailed below.

Chronic opioid exposure leads to the desensitization of the receptor, with the
consequent progressive reduction of signal transduction. The speed of receptor
desensitization depends on the specific agonist used (Allouche et al., 2014). Receptor
desensitization is triggered by the phosphorylation of the C-terminus of the p-opioid
receptor by G-protein receptor kinases (GRKs) in response to receptor activation by an

agonist. This phosphorylation leads to the uncoupling of the receptor from the G
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proteins, which attenuates the second messenger signal cascade, reducing agonist
efficacy (Allouche et al.,, 2014). B-arrestins, and in particular B-arrestin 2, exhibit an
increased affinity for the phosphorylated C-terminus of the receptor and facilitates the
internalization of the receptor (Groer at al.,, 2011; Allouche et al.,, 2014). Once
internalized, the receptor can follow different routes: recycling back to the cell surface
as a resensitized (dephosphorylated) receptor, sequestration into endosomes, or
degradation by lysosomes (if agonist exposure is persistent) (Dumas and Pollack, 2008;
Allouche et al., 2014). The degradation leads to the downregulation of the number of
opioid receptors available in the plasma membrane, and consequently decreases the
effects of the opioid agonists (reviewed by Garzén et al., 2008; Pasternak and Pan, 2013).
There are marked differences in the degree of internalization between agonists. For
instance, morphine-receptor binding promotes minimal receptor internalization
(Haberstock-Debic et al., 2005; Nowoczyn et al., 2013; Williams et al., 2013), whereas
DAMGO ([D-Ala?, N-MePhe* Gly-ol]-enkephalin) or fentanyl induce a marked
internalization (Whistler and Von Zastrow, 1998; Schulz et al., 2004; Garzén et al., 2008;

Morgan and Christie, 2011).

Moreover, changes during tolerance not only involve phosphorylation and
internalization of receptors, but also parallel changes in second messenger systems.
Whereas activation of the p-opioid receptor by an agonist such as morphine decreases
adenylate cyclase activity, and hence cAMP production, chronic morphine induces the
superactivation of adenylate cyclase, with the consequent increase in cAMP production.
This triggers cAMP-responsive element binding protein (CREB) phosphorylation and
overexpression, which in turn promotes gene expression changes (Dumas and Pollack,
2008). There are other processes that occur in conjunction with those described above,
that are also opposed to the normal signaling of the receptor upon stimulation with an
agonist, such as alterations in ion channel conductance, and an increase in
neurotransmitter release (Dumas and Pollack, 2008). It is well described that there is an
enhancement in glutamatergic neurotransmission, through the NMDA-nitric oxide
cascade, during tolerance development, and that NMDA receptor blockade is able to

rescue from opioid analgesic tolerance, indicating that during tolerance NMDA
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receptors restrain opioid analgesia (reviewed by Waldhoer et al., 2004; Garzén et al.,

2008; Pasternak and Pan, 2013).

Recent research has shown that phosphorylated arrestin-bound opioid receptor
complex is not simply inactive, but that it can recruit alternate signal transduction
cascades, including mitogen-activated protein kinases (MAPKs) (Lefkowitz and Shenoy,
2005). These MAPKs include the extracellular-related kinases 1/2 (ERK1/2), c-Jun N-
terminal kinase 2 (JNK2), and p38 (reviewed by Al-Hasani and Bruchas, 2011).
Interestingly, inhibition of MAPKs decreases morphine tolerance but not the tolerance
induced by other opioid agonists such as fentanyl or oxycodone (Melief et al., 2011),
indicating again that the mechanisms for the development of analgesic tolerance are

not fully overlapping for all p-agonists.
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Fig. 7. Mechanisms of analgesic tolerance induced by chronic opioid administration. These
mechanisms include receptor phosphorylation and uncoupling from G proteins, arrestin
recruitment, internalization and recycling or degradation of the receptor, and the signaling
through MAPKs. By = G protein -y subunit; cAMP = cyclic adenosine monophosphate; ERK =
extracellular signal-regulated kinase; JNK = c-jun N-terminal kinase; MAPKs = mitogen-activated
protein kinases; P = phosphorylation. Modified from Al-Hasani and Bruchas, 2011.
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Although opioid analgesic tolerance it is much more deeply studied at central levels, and
the mechanisms described above correspond to studies performed at central sites, it is
known that tolerance to the analgesic effect of opioid drugs can also be produced at
peripheral levels (Kolesnikov and Pasternak, 1999; Inoue and Ueda 2000; Meuser et al.,
2003; Williams et al., 2013). Interestingly, and similar to the analgesic tolerance at
central levels, peripheral morphine tolerance was effectively blocked by NMDA
antagonism, suggesting that the central and peripheral mechanisms of opioid analgesic
tolerance might share some characteristics (Kolesnikov and Pasternak, 1999). In
addition, it is known that peripheral opioid tolerance is also contributed by the release
of excitatory neurotransmitters including glutamate, CGRP, and Substance P from
nociceptive primary afferent fibers within the spinal cord (reviewed by Waldhoer et al.,
2004; King et al., 2005). All these findings indicate that analgesic tolerance has also a

prominent peripheral component.

28



Introduction

2. SIGMA-1 RECEPTORS AND PAIN

2.1. HISTORICALOVERVIEW OF SIGMA-1 RECEPTOR

Sigma receptors were initially described as a subtype of opioid receptors to account for
the psychotomimetic actions of (+)-SKF-10,047 (N-allylnormetazocine) and other
racemic benzomorphans (Martin et al., 1976). The confusion on the classification of
sigma-1 receptors as an opioid receptor subtype was due to the mixed pharmacological
profile of the racemic mixture of (+)-SKF-10,047, as the (-)-isomer was later known to be
a K agonist, whereas the (+)-isomer was devoid of opioid effects but preserved a high
affinity for a binding site which retained the name of sigma receptors (reviewed by

Cobos et al., 2008).

Sigma receptors were then pharmacologically characterized in two subtypes, termed
sigma-1 and sigma-2 (reviewed by Matsumoto et al., 2003; Cobos et al., 2008). Sigma-1
receptor was first cloned from guinea pig liver in 1996 (Hanner et al., 1996) and later on
several other species, including humans (reviewed in Cobos et al., 2008). On the other
hand, sigma-2 receptors have only very recently been identified as TMEM97 (Alon et al.,
2017). With the cloning of the sigma-1 receptor, it was found to be a unique protein with
more than 90% amino acid identity across various species (including several rodents and
humans) (Romero et al., 2016). The gene that encodes for the human sigma-1 receptor
is located on chromosome 9 band p13 and contains four exons and three introns (Chu
et al., 2016). Interestingly, the sequence of sigma-1 protein does not show homology
with opioid receptors or any other known mammalian protein; it is therefore currently
considered a unique entity (Romero et al., 2016). The cloning of the sigma-1 receptor
lead to the development of sigma-1 knockout mice (Langa et al., 2003) which are
undoubtedly powerful tools to improve our knowledge of the biochemical and

functional characteristics of the sigma-1 receptor.

Sigma-1 receptors play an important role in multiple therapeutic fields such as drug
addiction, depression, anxiety, epilepsy, amnesia, schizophrenia and pain (Cobos et al.,

2008; Davis, 2015). In this chapter of the Introduction section, we will focus on the role
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of sigma-1 receptors on pain modulation, but we will firstly briefly describe the

pharmacology, structure and subcellular and anatomical distribution of these receptors.

The sigma-1 receptor is able to bind numerous endogenous and exogenous chemical
substances. Neurosteroids such as pregnenolone, dehydroepiandrosterone (DHEA),
their sulphate esters, progesterone and allopregnenolone, and the natural hallucinogen
N,N-dimethyltryptamine (DMT) are currently considered the most probable putative
endogenous sigma-1 ligands (Cobos et al., 2008; Fontanilla et al., 2009; Maurice et al.,
2009). Neurosteroids can be sigma-1 agonists (e.g. estradiol, pregnenolone sulfate or
DHEA sulfate) or antagonists (e.g. allopregnenolone or progesterone), and DMT is
considered an agonist (Davis, 2015). Whether neurosteroids are true endogenous
ligands of the sigma-1 receptor remains controversial, because the affinity of most of
them for sigma-1 receptors does not appear to be high enough for an endogenous ligand
(Schwarz et al., 1989; Cobos et al., 2008; Zamanillo et al., 2013). The same can be applied
to DMT. More recent studies suggest the possibility that sphingosine and
monoglycosylated ceramide might possess a high affinity for the sigma-1 receptor
(Hayashi and Fujimoto, 2010; Ruoho et al., 2012), pointing to that these lipids might be
the endogenous sigma-1 ligands.

Unlike sigma-2 receptors, sigma-1 receptor displays stereospecificity towards
dextrorotatory isomers of benzomorphans (such as SKF-10,047 or pentazocine)
(Hellewell and Bowen, 1990; Quirion et al., 1992). An interesting aspect of sigma-1
receptor pharmacology is that these receptors can bind, with high to moderate affinity,
a wide spectrum of known compounds of very different structural classes and with
different therapeutic and pharmacological applications, such as neuroleptics (e.g.
haloperidol), antidepressants (e.g. fluvoxamine), antitussives (carbetapentane,
dimemorfan), drugs for the treatment of neurodegenerative disorders such as

Parkinson’s disease (amantadine) or Alzheimer’s disease (memantine, donepezil), and
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drugs of abuse (cocaine, methamphetamine) (see Cobos et al., 2008 and Su et al., 2010
for references).

Some selective and high-affinity sigma-1drugs have been developed and are considered
prototypical sigma-1 ligands. Among these ligands, are worth noting the sigma-1
agonists PRE-084 and (+)-pentazocine, and the sigma-1 antagonists BD-1047, BD-1063
and NE-100 (Cobos et al., 2008). The number of sigma ligands is increasing rapidly with
the development of new compounds (Diaz et al., 2015; Franchini et al., 2016; Sun et al.,
2016; Zampieri et al., 2016; Prezzavento et al., 2017; Amata et al., 2018). The sigma-1
antagonist S1RA deserves special mention, as it has demonstrated an exquisite
selectivity for sigma-1 receptors, lacking affinity for 170 additional targets (Romero et

al., 2012).

Although the sigma-1 receptor was first cloned 20 years ago, its structure is still
controversial. It is now known that in contrast to the seven transmembrane domains of
opioid receptors, which are heavy proteins of 75-80 kDa, the sigma-1 receptor is a 29-
kDa single polypeptide composed by only 223 amino acids. Most models of the sigma-1
receptor show only two transmembrane domains (TM1 and TM2, Fig. 8 (reviewed in
Cobos et al., 2008; Su et al., 2010). Significant additional structural features of TM2
include a canonical membrane-imbedded GxxxG dimerization sequence, at positions
87-91, which is thought to be involved in oligomerization of the sigma-1 receptor (Chu

et al., 2016; Merlos et al., 2017).

Some studies have reported the existence of two additional hydrophobic segments (one
of them partially overlapping the second transmembrane domain) corresponding to
steroid binding domain-like sites (SBDLI and SBDLII shown in red, Fig. 8) and purportedly
responsible for ligand binding (Brune et al., 2013). It has been shown that the N-
terminus sequence before entrance into the membrane bilayer involves approximately
9 amino acids, including an endoplasmic reticulum (ER) retention sequence (Chu et al.,

2016). Finally, the sigma-1 receptor has been shown to bind cholesterol through the
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cholesterol recognition motifs in the C-terminus (CRM | and Il shown in green, Fig. 8)
(Palmer et al, 2007), which might aid to the location of this receptor in the lipid rafts, as
it will be described in the section below. Both the N and C termini of this protein are
located on the same side of the membrane. However, in mammalian endoplasmic
reticulum (ER) membranes the N and C termini are both located in the ER lumen

(Hayashi and Su, 2007), while in the plasma membrane are located outside the cell.

TM1(aa 9-34)
TM2: SBLDI (aa 91-109)
SBLDII (aa 176-194)

ER retention (aa 7-8)
GxxxG (aa 87-91)
CRMI (aa 191-210)
CRMII (aa 161-180)

41

Cytosol

212 ER lumen

Ligand-binding site

Fig. 8. Two transmembrane domains model of the sigma-1 receptor. TM1 and TM2:
Transmembrane domain 1 and 2; SBDL | and Il: Steroid binding domain-like 1 and 2; ER:
endoplasmic reticulum; GxxxG: canonical membrane-imbedded dimerization sequence; CRM |
and II: cholesterol recognition motif | and Il; H: helical region; ER: endoplasmic reticulum
Modified from Chu et al., 2016.

The precise structure of the human sigma-1 receptor is still an active area of research.
This human receptor has been crystallized recently, showing that it has a trimeric
architecture with a single transmembrane domain in each protomer (Schmidt et al.,
2016), contrary to the prevailing models of the two transmembrane domains which are

described above. As the two transmembrane domains model and this new one with a
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trimeric architecture are difficult to reconcile, it could be concluded that the molecular
architecture of the sigma-1 receptor remains still enigmatic and further studies are

needed to be fully elucidated.

Moreover, 10 years ago the existence of a chaperone domain within the sigma-1
receptor was shown (Hayashi and Su, 2007). The chaperone domain is located at the C-
terminus (residues 112-223) and contains a predicted membrane associated region with
the two cholesterol recognition motifs already referenced (CRMI and CRMII) (Chu et al.,
2016; Crottes et al, 2013; Su et al., 2010). This chaperone domain confers to this
receptor the ability to bind to and modify the function of a variety of target proteins,
which underlies the neuromodulatory actions of sigma-1 receptors. It has recently been
identified a truncated splice variant of the sigma-1 receptor (short form sigma-1) (Shioda
et al., 2012). Furthermore, there is evidence of sigma-1 receptor polymorphisms that
might have functional consequences in diseases such as schizophrenia, Alzheimer’s
disease, alcoholism or myotrophic lateral sclerosis (Miyatake et al., 2004; Takizawa et

al., 2009; Huang et al., 2011; Ruscher and Wieloch, 2015).

At the subcellular level, the sigma-1 receptor is located in cell membranes, including
microsomal, mitochondrial, nuclear and plasma membranes (Alonso et al., 2000;
Hayashi and Su, 2004). These proteins are immersed in lipid rafts and especially in lipid
rafts of the endoplasmic reticulum (ER) where they interact with mitochondria at the
mitochondria-associated ER membrane domain (MAM) (Palmer et al., 2007; Ruscher et
al., 2015). The association between sigma-1 receptors located at MAM and inositol
1,4,5- trisphosphate (IP3) receptors leads to enhancement of Ca?* signalling from the ER
to the mitochondria (Fig. 9) (Sanchez-Fernandez et al., 2017). In stress conditions, the
sigma-1 receptor is translocated to other areas of the cell, such as the extended ER

reticular network or plasma membrane (Su et al., 2010).
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Anatomically, sigma-1 receptors are extensively distributed in different areas of the
central nervous system, where they have been thoroughly studied. They are widely
distributed in the brain, including important areas for pain control such as the
periaqueductal gray matter (PAG), locus coeruleus (LC) and rostroventral medulla (RVM)
(Roh et al., 2011; Sanchez-Fernandez et al., 2013; Zamanillo et al., 2013). Sigma-1
receptors are also present in the spinal cord, mainly in the superficial layers of the dorsal
horn (Alonso et al., 2000), and in motoneurons (Mavlyutov et al., 2010). In these
locations the sigma-1 receptor is found in several types of cells such as neurons,
astrocytes, oligodendrocytes and microglia (Ruscher et al., 2015). In the peripheral
nervous system, it was recently found that sigma-1 receptors are also present in
neuronal bodies of the DRG (Bangaru et al., 2013; Mavlyutov et al., 2016), and at a much
higher density than in pain-related central nervous system areas (Sanchez-Fernandez et
al., 2014). The presence of these receptors in the peripheral nervous system is not
exclusively neuronal, as they have also been shown in Schwann cells (Palacios et al.,

2004).

Nucleus

Fig. 9. Subcellular location of sigma-1 receptors. Sigma-1 receptors are located at the
mitochondrion-associated ER membrane (MAM) and they lead to the potentiation of Ca** influx
from the endoplasmic reticulum (ER) to mitochondria. Taken from Sanchez-Fernandez, 2014.

Sigma-1 receptors have also been found in nonnervous organs, such as the
gastrointestinal tract, liver, kidney, spleen, heart and bladder where they might be of
major physiological importance (e.g. Bowen, 2000; Stone et al., 2006; Bhuiyan and

Fukunaga, 2011), although their precise functional role remains largely unknown.
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2.5. SIGMA-1 RECEPTORS AND PAIN

There is accumulated evidence strongly supporting that sigma-1 receptors play a pivotal
role on pain neurotransmission. The involvement of sigma-1 receptors has been studied
under two different perspectives: the modulation of the effects induced by opioid drugs,
and pain modulation in the absence of opioid drugs. Accordingly, the sigma-1 antagonist
S1RA has been developed with an intended indication for pain treatment, specifically as
an adjuvant therapy for opioid analgesia and as a stand-alone analgesic treatment for
certain painful pathologies, specifically for neuropathic pain treatment (reviewed in
Sanchez-Fernandez et al., 2017). S1IRA completed Phase | studies with excellent kinetics
and tolerability results (Abadias et al., 2013), and has been evaluated recently in several
Phase Il clinical trials for neuropathic pain treatment with positive results, specifically
for chemotherapy-induced neuropathic pain (Bruna et al., 2018). The most important

preclinical findings on the role of sigma-1 receptors in pain are summarized below.

2.5.1. Sigma-1 receptor modulation of the effects induced by opioid drugs

The neurochemical mechanisms triggered by opioids on mechanical and thermal
antinociception are different (Kuraishi et al., 1985, Tseng et al., 1995; Wegert et al.,
1997; Sato et al., 1999), justifying the study of the modulation by sigma-1 receptors of
both heat and mechanical antinociception induced by opioid drugs, which might not be
equal. Most studies focused on the modulation of opioid antinociception to heat
stimulus, but more recently it has been reported that sigma-1 receptors also modulate
mechanical antinociception induced by opioid drugs. Furthermore, the possible
modulation of non-analgesic opioid effects by sigma-1 receptors has also been explored.

These experiments are detailed in this section.
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2.5.1.1.  Modulation by sigma-1 receptors of opioid-induced thermal

antinociception.

In the early 1990s, Pasternak and colleagues were the first to report the modulation of
opioid antinociception by sigma-1 receptor acting-drugs. They studied the effects on
morphine antinociception of haloperidol, a compound that at the time was considered
a prototypical sigma antagonist because no other more selective drug was available.
They demonstrated that systemic administration of haloperidol (a non-selective sigma-
1/dopaminergic antagonist), while lacking analgesic activity alone, increased morphine
antinociception to acute noxious heat stimulation (tail-flick test) (Chien and Pasternak,
1993, 1994 and 1995). More, recent experiments systemically administering other more
selective sigma-1 antagonists (including S1RA) replicated the results on the potentiation
of morphine-induced thermal antinociception by haloperidol (Piergentili et al., 2010;
Vidal-Torres et al., 2013). Furthermore, pharmacological sigma-1 antagonism with S1IRA
also improve the antinociceptive effect to acute thermal stimuli induced by the
administration of other clinically relevant p-opioids including fentanyl, oxycodone,
codeine, buprenorphine and tramadol (Vidal-Torres et al., 2013). On the opposite side,
the sigma-1 agonist (+)-pentazocine was able to decrease morphine antinociception to

heat stimulus (Chien and Pasternak, 1994).

Sigma-1 KO mice did not show any deficit in response to acute thermal stimuli (Vidal-
Torres et al., 2013), which is consistent with the lack of effect of sigma-1 receptor
blockade on thermal nociception in wild-type mice in the absence of opioids (De la
Puente et al., 2009; Vidal-Torres et al., 2013; Tejada et al., 2014). However, in contrast
to the improvement of opioid-induced thermal antinociception produced by sigma-1
pharmacological inhibition in WT mice, sigma-1 KO mice do not exhibit any
enhancement in the effect induced by systemic administration of morphine, sufentanil,
fentanyl or buprenorphine (Vidal-Torres et al., 2013). Although these results are
apparently contradictory, they could be explained by the development of compensatory
mechanisms in mutant mice (Vidal-Torres et al., 2013). Previous studies of pain
mechanisms that have used pharmacological and genetic inhibition of other receptors
have also reported conflicting outcomes (eg. Petrus et al., 2007; Bonin et al., 2011),

which have been attributed to the development of compensatory mechanisms in pain
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pathways in mutant animals. Development of these purported compensatory
mechanisms has also been appreciated in other fields of study (e.g., Guscott et al. 2005;
Voss et al., 2010). It is worth pointing out that sigma-1 antagonism by S1RA did not
enhance opioid antinociception in sigma-1 KO mice, indicating the selectivity of the
effects induced by S1RA in wild-type mice, and that sigma-1 KO mice can be used to test

for the selectivity of sigma-1 drugs (Vidal-Torres et al., 2013).

A number of studies have been designed to determine the anatomical location of the
modulation by sigma-1 receptors of p-opioid-induced heat antinociception, mainly at
supraspinal levels. It was shown that the antinociceptive effect of supraspinal morphine
was enhanced by the intracerebroventricular (i.c.v.) administration of specific antisense
oligodeoxynucleotides to inhibit the expression of sigma-1 receptors (Pan et al., 1998;
Mei and Pasternak, 2002). In this context, it was also shown that the antinociceptive
effect induced by the i.c.v. administration of the p-opioid agonist DAMGO was enhanced
by the systemic antagonism of sigma-1 receptors in acute thermal nociception
(Marrazzo et al., 2006). On the other hand, the i.c.v. administration of the sigma-1
agonist (+)-pentazocine decreased morphine antinociception (Mei and Pasternak,
2002), indicating that supraspinal sigma-1 activation or inhibition modulate morphine
antinociception in opposed directions. Other studies were aimed to determine the
specific central sites at which this interaction occurs. They were focused on three key
areas of the descending pain modulatory pathways: PAG, LC and RVM. It was found that
although all these three areas were able to be modulated by sigma-1 drugs, the RVM
was probably the most prominent site for the sigma-1 modulation of morphine analgesia

(Mei and Pasternak, 2007).

Although it is clear that central sigma-1 receptors play a prominent role on the
modulation of p-opioid antinociception to heat stimulus, sigma-1 receptors are found at
a much higher density in the peripheral nervous system (DRG) than in central pain-
related areas (Sanchez-Fernandez et al., 2014), but up to now, there are no studies
exploring the possible modulation of opioid-induced heat antinociception by peripheral

sigma-1 receptors, which has been one of the objectives of this PhD Thesis.
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The modulation of p-opioid antinociception by sigma-1 receptors is not limited to this
opioid receptor subtype, as it has been shown that sigma-1 antagonism also enhances
the effects induced by k- and &-opioid agonists, including the k-opioid agonists
U50,488H, naloxone benzoylhydrazone (NalBzoH), and (-)-pentazocine, as well as the &-
agonist DPDPE ([D-Pen?, D-Pen®]enkephalin) (Chien and Pasternak 1995b; Pan et al.,
1998; Mei and Pasternak, 2002;Marrazzo et al., 2006).

2.5.1.2.  Modulation by sigma-1 receptors of opioid-induced mechanical

antinociception

The role of sigma-1 receptor in mechanical opioid antinociception has been much less
studied than in heat opioid antinociception. Systemic administration of sigma-1
antagonists (including S1IRA, BD-1063, BD-1047 and NE-100, and derivatives of MR200)
enhanced the antinociception induced by p-agonists (Sanchez-Ferndndez et al., 2013
and 2014; Amata et al., 2018). The p-agonists whose antinociceptive effects to
mechanical stimulus are known to be enhanced by sigma-1 antagonism include
morphine, fentanyl, oxycodone, buprenorphine and tramadol. (Sanchez-Fernandez et
al.,, 2013 and 2014; Amata et al., 2018). Furthermore, it was recently reported that both
enantiomers of phenazocine showed affinity for p-opioid receptors and sigma-1
receptors, and induced higher antinociceptive effects due to a simultaneous p-opioid
agonism and sigma-1 antagonism (Prezzavento et al., 2017). These results suggest that

this type of dual compounds might offer high analgesic effects.

It was reported that morphine, fentanyl, oxycodone, buprenorphine and tramadol
produced greater antinociception in sigma-1-KO mice than in WT mice (Sanchez-
Fernandez et al., 2013 and 2014). These data do not agree with those observed in
thermal antinociception, where the effect of opioids in sigma-1 KO mice were not
modulated by this receptor, due to possible compensatory mechanisms already
commented (Vidal-Torres et al., 2013), and suggest that the role of sigma-1 receptors

on opioid-induced mechanical and heat antinociception might differ.
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Interestingly, sigma-1 inhibition was sufficient to unmask strong antinociceptive effects
by loperamide (Sanchez-Fernandez et al., 2014), a peripherally restricted p-opioid
agonist used in the clinical practice as an antidiarrheal drug (Nee et al., 2015; Laaveri et
al., 2016). In agreement with these findings, local (intraplantar) treatment of wild-type
mice with the selective sigma-1 antagonists BD-1063 or S1RA potentiated mechanical
antinociception induced by the above mentioned p-opioid agonists (including
loperamide) (Sdnchez-Fernandez et al., 2013 and 2014). The potentiation of p-opioid
antinociception by inhibition of sigma-1 receptor in sigma-1-KO mice or after
pharmacological antagonism was sensitive to the peripheral opioid antagonist naloxone
methiodide (Sanchez-Fernandez et al., 2013 and 2014; Prezzavento et al., 2017). Finally,
the potentiation of p-opioid antinociception induced by sigma-1 antagonists, either
systemically or i.pl. administered, was reversed by PRE-084 treatment, supporting the
involvement of sigma-1 receptors in these effects (Sanchez-Fernandez et al., 2013 and
2014; Prezzavento et al., 2017). Therefore, these results indicated the important role of
peripheral opioid receptors in the enhanced mechanical antinociception, as well as the

involvement of peripheral sigma-1 receptors.

2.5.1.3.  Modulation by sigma-1 receptors of non-analgesic effects of opioids

Opioid-induced non-analgesic effects can be produced either centrally or peripherally
(or with the participation of both central and peripheral sites), and together to the
development of analgesic tolerance are important drawbacks to opioid use in the clinical
practice. Interestingly, some opioids induced non-analgesic effects are different in mice
and humans: although opioids produce myosis and sedation in humans (Al-Hasani and
Bruchas, 2011), they induce mydriasis (Vidal-Torres et al., 2013) and hyperlocomotion

in mice (Sanchez-Fernandez et al., 2013).

Sigma-1 receptor inhibition did not increase opioid-induced hyperlocomotion, mydriasis
or physical dependence (Sanchez-Fernandez et al., 2013; Vidal-Torres et al., 2013), and
morphine-induced lethality (Chien and Pasternak, 1994). In addition, opioid-induced

constipation (one of the most worrisome peripheral side effect of p-opioids) induced by
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either the opioid analgesics morphine or fentanyl, or by the antidiarrheic drug
loperamide was shown not to be modulated by either sigma-1 receptor antagonists or
in sigma-1 KO mice (Sanchez-Fernandez et al., 2013; Vidal-Torres et al., 2013). Finally, it
has been shown that sigma-1 antagonism enhances morphine antinociception to heat
stimulus once analgesic tolerance is completely established, although it was unable to
prevent its development (Vidal-Torres et al., 2013). Therefore, the modulation of opioid
effects by sigma-1 receptors appear to be limited to their analgesic effects. Hence, the
use of sigma-1 receptor antagonists as opioid adjuvants could represent a promising
pharmacological strategy to enhance opioid analgesia without modifying its side effects

and, therefore, to increase the therapeutic index of opioids.

However, the potentiation of the antinociception induced by opioid drugs, as well as
those findings on the rescue of opioid antinociception in tolerant animals by sigma-1
antagonism, have been demonstrated in acute nociception to heat stimulus, but no
studies have been performed in models of pathological pain. Since it is known that
plastic changes occur in both the nociceptive system and opioid functioning during
pathological pain, for instance during inflammation (Latremoliere and Woolf, 2009; Grau
et al., 2014; Kuner and Flor, 2016) it is interesting to test whether the ameliorative
effects of sigma-1 inhibition on opioid-induced analgesic tolerance seen in a model of
acute nociception can be confirmed in a more clinically relevant pain model, which has

been another objective of this PhD Thesis.

2.5.1.4.  Molecular mechanisms involved in the modulation of opioid

antinociception by sigma-1 receptors

At the plasma membrane, p-opioid receptors and NMDARs establish physical
interactions forming a macromolecular complex where the p-opioid receptor carries the
histidine triad nucleotide-binding protein 1 (HINT1) (Rodriguez-Mufoz et al., 2015a).
When an agonist binds to p-opioid receptor, protein kinase C y (PKCy) is activated and
phosphorylates NMDARs. Phosphorylation releases NMDARs from the p-opioid

receptor-HINT1 complex, enhancing NMDAR activity, which increases the permeation
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of Ca?* ions into the cytosol. This increase in intracellular Ca?* activates CaZ*—calmodulin
(CaM) complex to enhance the activity of calmodulin-dependent kinase Il (CaMKIl),
which in turn acts on the p-opioid receptor decreasing its activity (reviewed in
Rodriguez-Mufioz 2015a and b). Moreover, increased Ca®* levels enhanced binding of
the Ca**—CaM complex to NMDARs to decrease their activity to avoid excessive Ca?*
entry into the cytosol (Wang et al., 2008). The sigma-1 receptor is located in the complex
formed by the p-opioid receptor, HINT1 and NMDAR (Fig. 10A). When NMDARs are
active, increased Ca?* influx induces the binding of sigma-1 receptors to NMDARs, which
protects the latter from the inhibitory effect of Ca?*~CaM, thereby improving the activity
of NMDARs, and consequently decreasing the activity of the p-opioid receptor
(Rodriguez-Muioz 2015a and b) (Fig. 10B). When a sigma-1 antagonist binds to its
receptor, the sigma-1 receptor stays close to the p-opioid receptor and facilitates the
transfer of HINT1 to NMDARs. When NMDARs lack the protection provided by sigma-1
receptors against the binding of Ca?*—CaM, they decrease their activity (Rodriguez-
Mufioz 2015a and b) (Fig. 10C). Therefore, the enhanced opioid signaling by sigma-1
antagonists (Kim et al., 2010) is a consequence of decreased NMDAR activity, and this
process might explain both the enhancement of opioid analgesia and the rescue from

opioid tolerance by sigma-1 antagonists (Rodriguez-Mufioz 2015a and b).
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Fig. 10. Schematic representation of the interaction between sigma-1 receptor (o1R), p-opioid
receptor (MOR), NMDA receptor (NMDAR) and histidine triad nucleotide-binding protein 1
(HINT1). (A) MOR activation by an agonist leads to the activation of NMDARs through protein
kinase Cy (PKCy). (B) NMDAR activation promotes Ca** influx and facilitates the interaction of
o1R with NMDARs, which impedes the inhibitory action of Ca**-calmodulin (CaM) on NMDARs.
Ca**-CaM impacts negatively on MOR signaling by the activation of calmodulin-dependent
kinase Il (CaMKIl). (C) Sigma-1 antagonists stabilize the association of o;R to MOR, and promote
the transfer of HINT1 to NMDARs. When NMDARs do not bind oiRs, they increase their
susceptibility to the inhibitory effect of Ca**-CaM. As result their inhibitory influence on MOR
signaling is reduced. Taken from Sanchez-Fernandez et al., 2017.

2.5.2. Pain modulation by sigma-1 receptors in the absence of opioid drugs

In addition to the participatation of sigma-1 receptors in the modulation of opioid

analgesia, as described above, they can modulate nociception under specific conditions
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in the absence of opioid drugs. This is the case of pain induced by chemical irritants, and
in rodent models of clinically relevant painful pathologies such as neuropathic and
inflammatory pain. Below we will summarize the main findings from the studies carried

out on all these types of pain.

2.5.2.1.  Sigma-1 receptors and pain induced by chemical irritants

Thirteen years ago, our group showed the first evidence on the role of sigma-1 receptors
in pain control in the absence of the association to opioid drugs, specifically in formalin-
induced pain. It was shown that sigma-1 KO mice exhibited less pain-like responses after
intraplantar administration of formalin (Cendan et al., 2005b). Later studies showed that
sigma-1 antagonists produced dose-dependent antinociceptive effects in this pain
model using either non-selective drugs such as haloperidol or selective sigma-1
antagonists such as S1RA or BD-1047 (Cendan et al., 2005a; Kim et al., 2006; Romero et
al., 2012; Diaz et al., 2013; Gémez Soler et al., 2014; Lan et al., 2014; Vidal-Torres et al.,
2014; Tejada et al., 2017). Since altered pain processing at central levels is involved in
the second phase of formalin-induced pain (a process called central sensitization),
further studies have focused on the role of sigma-1 receptors at the spinal level in this
pain model. It was found that the i.t. administration of sigma-1 antagonists reduced
formalin-induced pain (Kim et al., 2006; Vidal-Torres et al., 2014), and this was
accompanied by a reduction in the phosphorylation (activation) of NMDA receptors (Kim
et al. 2006), which plays a key role in central sensitization (Haley and Dickenson, 2016).
Moreover, peripheral sigma-1 receptors also participate in the decrease of this type of
pain, since when S1RA was administered i.pl., it attenuated pain-like behaviors in the
formalin model (Vidal-Torres et al., 2014). These results indicate that sigma-1 receptors

facilitate formalin-induced pain at central sites but also peripherally.

Sigma-1 receptors have also being tested in the secondary mechanical allodynia
developed after the subcutaneous injection of capsaicin and in the cutaneous-refereed
mechanical hyperalgesia after the visceral administration of this algogenic chemical.

These types of mechanical hypersensitivity are widely considered as behavioral features
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of central sensitization (Baron, 2000; Cervero and Laird, 2009), and might have a higher
translatability than the formalin test, since mechanical hypersensitivity after capsaicin
administration, either intradermally or intracolonically, is performed in human
volunteers to test for novel analgesics (Park et al., 1995; Drewes et al., 2003; Schmidt et
al., 2004; Arendt-Nielsen et al., 2008). The pharmacological blockade of the sigma-1
receptor, by the non-selective drug haloperidol or by the selective sigma-1 antagonists
BD-1063 and S1RA, as well as the lack of this receptor in sigma-1 KO mice reduced
sensitization to mechanical stimuli in response to intradermal capsaicin (Entrena et al.,
2009a and b; Romero et al., 2012; Diaz et al., 2013). Conversely, sigma-1 agonism was
able to enhance the sensitizing effect of capsaicin (Entrena et al., 2016). When capsaicin
was administered intracolonically, the antagonism of sigma-1 receptor attenuated both
acute pain-related behaviours and cutaneous-referred mechanical hyperalgesia
(Gonzélez-Cano et al., 2013). Therefore, it seems clear that sigma-1 receptors markedly

modulate these behavioral models of central sensitization.

It is noteworthy that the effects of sigma-1 inhibition in either the secondary mechanical
hypersensitivity induced by subcutaneous capsaicin or in formalin-induced pain, were
not reversed by the opioid antagonist naloxone (Cendan et al., 2005b; Entrena et al.,
2009a and b; Tejada et al., 2017). This definitively indicates that these effects are
independent of modulation of the opioidergic system and that sigma-1 receptors can

act by means of non-opioid mechanisms to decrease pain transmission.

2.5.2.2.  Sigma-1 receptors and neuropathic pain

Since central sensitization is prominent during neuropathic pain after peripheral nerve
injury (Meacham et al., 2017), the role of sigma-1 receptors in this type of pain has also
been tested. Sigma-1 KO mice did not develop signs of either cold or mechanical
allodynia after traumatic nerve injury (De la Puente et al.,, 2009). Similarly, the
administration of sigma-1 antagonists (including S1RA) has also been shown to
ameliorate neuropathic pain after mechanical injury of the sciatic nerve (Diaz et al.,

2012; Romero et al., 2012; Bura et al., 2013; Espinosa-Judrez et al., 2017a and b) or the
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infraorbital nerve (Gris et al., 2016). Interestingly the repeated administration of this
drug did not induce analgesic tolerance (Romero et al., 2012), which is in contrast to the
known development of analgesic tolerance that occurs during repeated opioid
administration (e.g. Lavand'homme and Steyaert, 2017). Several studies of neuropathic
pain and sigma-1 receptors have focused on the role of these receptors at the spinal
level, showing that the i.t. administration of the sigma-1 antagonist BD-1047 in the early
days after nerve injury prevented the full development of neuropathic mechanical
allodynia (Roh, 2008; Choi et al., 2013). Importantly, neuropathic rodents were shown
to freely self-administer SIRA once neuropathy was established, to ameliorate not only
sensory hypersensitivity but also neuropathic anhedonia (measured as decreased
preference for a sweetened liquid) as an indicator of the negative emotional state
induced by pain (Bura et al., 2103). These behavioral results were supported by the
decreased phosphorylation of NMDA receptors at the spinal level (Roh et al., 2008), a
decrease in the production of reactive oxygen species in the spinal cord (Choi et al.,
2013), as well as a decrease in the activation of spinal astrocytes (Moon et al., 2015),
since all of these processes are known to participate on neuropathic pain development
and maintenance (Inoue and Tsuda, 2018). In addition to the plastic changes in the
nociceptive system at the spinal level, it is known that sigma-1 antagonists induce the
dissociation of sigma-1 receptors and NMDA receptors in the PAG of animals with
traumatic nerve injury, and this process may have an inhibitory effect on NMDAR activity
(Rodriguez-Munoz et al., 2015a). Therefore, sigma-1 receptors might modulate at
several anatomical sites neuropathic pain development after mechanical nerve injury,

not exclusively at the spinal level.

In addition, the role of sigma-1 receptors on central neuropathic pain after mechanical
spinal cord injury has also been very recently tested. It was found that sigma-1 inhibition
decreased mechanical allodynia and heat hyperalgesia (Choi et al., 2016; Castany et al.,
2018), as well as several markers of sensitization in the spinal cord, including astrocytic
activation (Choi et al., 2016), TNF-a, IL-1B and the phosphorylation of NMDA receptors
and ERK1/2 (Castany et al., 2018). Therefore, central sigma-1 receptors appear to be a
promising target for the treatment of pain induced by trauma of either peripheral nerve

or spinal cord.
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Similar results on the role of sigma-1 receptors on neuropathic pain were found after
chemically-induced nerve injury. Sigma-1 KO mice did not develop sensory
hypersensitivity (mechanical- and cold-allodynia) after the administration of the
antineoplastic drug paclitaxel (Nieto et al., 2012 and 2014). The pharmacological
antagonism of sigma-1 receptor also abolished mechanical and cold allodynia once
paclitaxel-induced neuropathic pain was fully developed (Nieto et al., 2012).
Interestingly, when the sigma-1 antagonists were administered during the treatment
with the antineoplastics paclitaxel or oxaliplatin, they were able to prevent the
development of neuropathic pain (Nieto et al., 2012 and 2014; Gris et al., 2016). At least
during paclitaxel-induced neuropathic pain, sigma-1 inhibition was shown to decrease
the central sensitization marker pERK1/2 at the spinal cord (Nieto et al., 2012), but also
decreased mitochondrial abnormalities in the peripheral myelinated A-fibers (Nieto et
al., 2014), indicating that both central and peripheral sigma-1 receptors participated in
the modulation of antineoplastic-induced neuropathy. Importantly, these results have a
translation in humans, since a recent study in patients treated with the antineoplastic
oxaliplatin showed an increase in their cold pain threshold when treated with S1RA,

indicating the amelioration of cold allodynia (Bruna et al., 2018).

Finally, it was recently shown that sigma-1 antagonism was also able to ameliorate
behavioral signs (mechanical and thermal hypersensitivity) of diabetic neuropathic pain
in rodents, which were accompanied by a decrease in the hyperexcitability of the
peripheral nerve (Gris et al., 2016; Paniagua et al., 2017), supporting again modulatory
effects of peripheral sigma-1 receptors in neuropathic pain induced by peripheral nerve

toxicity.

In summary, sigma-1 antagonism is a novel promising approach for the treatment of

neuropathic pain.
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2.5.2.3.  Sigma-1 receptors and inflammatory pain

The role of sigma-1 receptors in inflammatory pain has also been very recently
described, and with promising results. In contrast to neuropathic pain, in which as
described above the altered central processing of the nociceptive information is thought
to be more prominent than the peripheral component, inflammatory pain is
characterized by a more pronounced enhancement of nociceptor responsiveness
(peripheral sensitization) in response to the inflammatory mediators released at the

inflammation site ( Scholz and Woolf, 2002; Patapoutian et al., 2009).

The first works of the modulation of inflammatory pain by sigma-1 receptors were
published only 4 years ago. Up to now, several sigma-1 antagonists have been tested in
inflammatory pain models, including S1RA, BD-1063, BD-1047 and MR200 (and its
derivatives) (Gris et al., 2014; Parenti et al., 2014a and b; Tejada et al., 2014; Jeong et
al., 2015). Systemic sigma-1 antagonism reversed mechanical and heat hypersensitivity
in mice with paw inflammation induced by carrageenan, complete Freund’s adjuvant
(CFA) or zymosan (Gris et al., 2014; Jeong et al., 2015; Parenti et al., 2014 a and b; Tejada
et al.,, 2014). It should be noted that sigma-1 KO mice did not develop mechanical
hyperalgesia (Tejada et al., 2014). However, the lack of receptor was not able to alter
mechanical allodynia or thermal hyperalgesia in inflamed animals (Gris et al., 2014;
Tejada et al., 2014). These results with sigma-1 KO mice which are in contrast with those
found with sigma-1 antagonists, could be explained by the development of
compensatory mechanisms in mutant mice (Sanchez-Fernandez et al., 2017), as

described in previous sections.

In addition to these effects induced by systemic sigma-1 inhibition, the role of sigma-1
receptors on inflammatory pain at specific locations (peripheral or central) has also been
studied. The i.t. administration of sigma-1 antagonist was able to reverse zymosan-
induced inflammatory hyperalgesia (Jeong et al., 2015), suggesting that spinal sigma-1
receptors might play a role on inflammatory pain hypersensitivity. Interestingly, it has
been shown that the administration of sigma-1 antagonists at the inflamed site was also
able to reverse inflammatory hyperalgesia (Tejada et al., 2014 and 2017), indicating that

peripheral sigma-1 receptors participate on these effects. A detailed mechanism of the
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modulation of inflammatory pain by sigma-1 receptors has been described. Immune
cells infiltrated into the inflamed site are able to produce endogenous opioid peptides,
whose analgesic actions can be enhanced by peripheral sigma-1 receptor antagonism
(Tejada et al., 2017). Although the sigma-1 modulatory effects on the antinociceptive
effects of opioid drugs is extensively reported (as shown in the Section 2.5.1.1. and
2.5.1.2.), this was the first report on the modulation of the endogenous opioid system
by sigma-1 receptors (Fig. 11). It is unclear whether the modulation by sigma-1 receptors
of the immune-mediated opioid analgesia accounts for the effects of sigma-1
antagonists on other pathological pain models, for instance in neuropathic pain, in

which the activity of the immune system is prominent (Tejada et al., 2018).
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Fig. 11. Effect of sigma-1 antagonism on immune-driven opioid analgesia. Immune cells migrate
to the inflamed tissue, where they interact with peripheral nerve terminals which express ICAM-
1 (intercellular adhesion molecule-1). These immune cells release both inflammatory algogens
which promote pain, and endogenous opioid peptides (EOPs). (A) Under normal conditions the
overall result of this immune—neuron interaction is pain, because sigma-1 receptors (01-R)
tonically inhibit opioid receptors, and hence decrease the analgesic effect of EOPs. (B) In the
presence of a sigma-1 antagonist, the effects of opioid receptors are enhanced, potentiating the
effects of EOPs of immune origin, and resulting in immune-driven opioid analgesia (B). Taken from
Tejada et al., 2017.
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3. PAIN BEHAVIOR IN PRECLINICAL STUDIES: THE SEARCH FOR TRANSLATIONAL
PAIN OUTCOMES TO REFINE ANALGESIC DEVELOPMENT

Pain is undoubtedly an important global health problem, with millions of people with

chronic pain (Goldberg and McGee, 2011; Pina et al., 2017). Current analgesics (including
opioids, nonsteroidal anti-inflammatory drugs and gabapentinoids) show limited
efficacy in many pain conditions or a number of side effects which limit their use (Yaksh
et al., 2015; Phillips et al., 2017). Therefore, there is a strong need for novel analgesics.
However, despite major advances in our understanding of the somatosensory system in
recent decades, there has been limited translation of new analgesics from bench to
bedside (Hill, 2000; Mao, 2009; Kissin, 2010; Huggins et al., 2012; Barrett, 2015; Fallon
et al, 2017), and most “new” pain medications consist of refined delivery methods for
known analgesic drugs, or combination therapies between well known analgesics
(Kissin, 2010; Mao et al., 2011; Gilron et al., 2013; Dale and Stacey, 2016; Wolkerstorfer
et al., 2016).

For the purposes of translation, animal testing should mimic as closely as possible
routine clinical practice and clinical trials. This has been the reasoning for the constant
refining of the animal models of pain (defining them as the process aimed to mimic a
pathological condition seen in humans) which has been intensely pursued since decades
ago, and there are currently several models of inflammatory, neuropathic and cancer
pain which are thought to resemble these clinical pain conditions (Gregory et al., 2013;
Burma et al, 2017). However, the previously commented lack of recent real
breakthrough analgesic drugs rise questions on the predictive validity of these pain
models (Mogil and Crager, 2004; Negus et al., 2006; Cobos and Portillo-Salido, 2013;
Negus, 2013; Percie and Rice, 2014). It might be thought that for an effective translation
from the bench to bedside in addition to successfully mimic the pathological condition,
it should also be necessary to use translational pain outcomes. This is challenging, since
the absence of verbal communication in animals is undoubtedly an obstacle to the

evaluation of pain in preclinical studies.

We do not intend to make an extensive review of all literature but to provide the reader

a sense on how the field evolved to approach rodent experimental pain models to the
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human pain phenotype, and in particular regarding the evolution of pain outcomes in

rodents.

To get a historical perspective of the evolution of pain behavior assessment, we tracked
in Medline original pain research articles, written in English and published since the 70’s
till current times. We selected a period of 5 years per decade to obtain a representative

value of each period (1973-1977, 1983-1987, 1993-1997, 2003-2007, 2013-2017).

In 1940 Hardy and coworkers published their results using a new device to reliably
measure heat pain threshold in human subjects, by using a light beam controlled by a
rheostat (Hardy et al., 1940). This served as inspiration for preclinical pain researchers
who soon developed a similar device to study pain and analgesia on rodents (D’Amour
and Smith, 1941). In this test, the animal is restrained and a light beam is directed against
the tail of the rodent until provokes an abrupt movement of the tail; that made this test
to be named as the “tail flick” test. The reaction time can be monitored as an index of
pain or analgesia. Variants of this test were developed using hot water instead of a light
beam as a source of heat stimulus, but the behavioral outcome evaluated remained
identical (e.g. Ben-Bassat et al., 1959). Soon after the first description of the tail flick
test, the hot plate was developed (Woolfe and MacDonald, 1944). The hot plate test has
the advantage over the tail flick in that the animal is not restrained, but it is able to move
freely on a plate heated to a constant temperature surrounded by an open-ended
evaluation cage. However, and in contradistinction to the tail flick test, heat stimulation
in the hot plate is not restricted to a specific body area, as the four limbs, the tail and
even the genitals of the rodent can be simultaneously stimulated. This stimulation of
multiple body areas might trigger diffuse inhibitory controls that are likely to disturb the
responses observed (Le Bars et al., 2001). The behavioral outcome most often used in
the hot plate test is licking or flinching of the paws, and the jumping response if the
exposure to the nociceptive stimulus is prolonged. Hot plate test has been improved in

recent years in the “so-called” unilateral hot plate test, in which the animal is gently hold
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by the skin of the interscapular region, and only one paw is placed on the hot surface,
avoiding the previously commented triggering of diffuse inhibitory pain controls
(Menéndez et al.,, 2002). These tests for acute heat nociception clearly dominated

preclinical pain research till 1990’s (See Fig. 12).

Years later, the first models of tonic pain were developed. Possibly, the first of these
tests was the writhing test (also named abdominal constriction test) which was
described in 1957 (Siegmund et al., 1957). The intraperitoneal injection of chemical
irritants induced a stereotyped behavior in the rodents characterized by abdominal
stretching together with full extensions of the hindlimbs. Although it was originally
described using 2-phenyl-1,4-benzoquinone (Siegmund et al., 1957), several other
irritants have been used with the same purpose, including acetylcholine, dilute
hydrochloric or acetic acid, bradykinin, adenosine triphosphate, potassium chloride,
tryptamine and oxytocin, as all these compounds induce this stereotyped behavior
when administered intraperitoneally (reviewed by Le Bars et al., 2001). Twenty years
after the first description of the writhing test, formalin-induced pain was reported
(Dubuisson and Dennis 1977). The intraplantar injection of formalin produces a biphasic
behavioral reaction, with an initial phase lasting 5 minutes (or less) and a quiescent
period followed by a second tonic pain phase which ranges typically from 10 to 40 min
(reviewed in Sawynok and Liu, 2004). Pain-like responses induced by formalin include
licking/biting or flinching of the injected paw (reviewed by Le Bars et al., 2001). The
sensitivity to analgesics of acute and tonic pain models was strikingly different. Opioid
drugs showed more potent analgesic effects in both the writhing test and formalin-
induced pain than in tail flick and hot plate tests (e.g. Abbott et al., 1982; Schmauss et
al., 1985). In addition, mild analgesics such as nonsteroidal antiinflammatory drugs
(NSAIDs), which hardly induced analgesic effects on nociceptive heat pain, were found
to induce robust analgesic-like effects in these tonic pain models (e.g. Miranda et al.,
2001; Nieto et al., 2001). Therefore, tonic pain by these chemical irritants approached
more to clinical pain than the tests of acute heat nociception (Le Bars et al., 2001; Cobos
and Portillo-Salido, 2013). This probably influenced the continuous shift on the use of
tonic pain models in detriment of the use of the classic models of heat nociception. In

1993-1997 formalin-induced pain/writhing test were used in a much lower number than
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the studies which employed the tail flick/hot plate tests. This analysis agrees with a
previous one covering each year of the 1990°s decade (Le Bars et al., 2001). However, in
2003-2007 these models of tonic pain were most often used than the tests for acute
heat nociception, and this difference was more prominent in the last period examined

(2013-2017) (see Fig. 12).
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Fig. 12. Temporal evolution of the number of original articles written in English language which
used heat pain nociceptive tests (hot plate and tail flick tests) and tonic pain models (writhing
and formalin tests).

To decrease the distance between clinical pain and preclinical pain research, animal
models of pathological pain conditions were also developed. Inflammatory pain has
been modeled using the administration of several types of inflammatory compounds,
such brewer’s yeast, which was used as early as in 1957 (Randall and Selitto, 1957), and
was followed by several other agents such as carrageenan, complete Freund’s adjuvant
(CFA), bacterial lipopolysaccharide and croton oil, among many others (reviewed in Le
Bars et al., 2001; Cobos and Portillo-Salido, 2013). These chemical substances can be

injected to induce local inflammation into the soft tissue or into the joint (to model
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inflammatory arthritis) (Fischer et al., 2017). More recently, collagen-induced arthritis
has been added to the repertoire of inflammatory pain models, and it is considered to

be a highly translational model of inflammatory arthritis (e.g. Nieto et al., 2016).

Much later than inflammatory pain models, neuropathic pain models were developed.
In most neuropathic pain models, neuropathy is induced by mechanical injury of the
sciatic nerve, and this include the chronic constriction injury (CCl), which was the first to
be developed in 1988 (Bennett and Xie, 1988), and was followed by the spinal nerve
ligation in 1992 (Kim and Chung, 1992) and the spared nerve injury in 2000 (Decosterd
and Woolf, 2000), among many other neuropathic pain models, including variants by
mechanical injury of the infraorbital nerve to induce facial neuropathic pain (e.g. Vos et
al., 1994). In addition, neuropathic pain induced by chemical injury of the peripheral
nerves by antineoplastics, including paclitaxel, vincristin, cisplatin or oxaliplatin, has also
been used in preclinical research (reviewed in Sisignano et al., 2014). Furthermore,
central neuropathic pain models have also been developed, and they are induced by

mechanical contusion or electrolytic lesions of the spinal cord (Kumar et al., 2018).

Further efforts were made to mimic other pathological pain conditions. Osteoarthritis
(non-inflammatory arthritis) can be induced experimentally by several methods,
including the injection of monoiodoacetate (a chondrocyte glycolytic inhibitor) or by
surgical destabilization of the medial meniscus (O'Brien et al., 2017). Cancer pain is
modeled by injecting tumor cells into the bone marrow (femur, calcaneus or tibia), and
it is accompanied by bone destruction (reviewed in Wang et al., 2003), To model
postoperative pain, the first proposed model was plantar incision (Brennan et al., 1996),
although more recently more realistic and complex surgical procedures have been used,
such as laparotomy (e.g. Martin et al., 2005; Sotocinal et al., 2011); or thoracotomy
(Buvanendran et al., 2004). Other types of pain have also been explored, such as burn
injury-induced pain which can be induced by constant application of the paw to a hot
plate (under anesthesia) (e.g. Morgan et al., 2008), or ischemic pain which can be

induced by acute occlusion of the femoral artery (Sher and Mitchell, 1990).

The search for adequate models of painful pathological conditions was accompanied by

the search of adequate pain outcomes. As sensory hypersensitivity (including allodynia
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and hyperalgesia) is an important feature of clinical pain, several behavioral tests
attempted to quantify this enhanced sensitivity to sensory stimuli in models of
pathological pain. The first measure of sensory hypersensitivity was made in 1957 by
Randall and Selitto. They used an inflammatory pain model (induced by brewer’s yeast)
to demonstrate mechanical hyperalgesia applying a blunt mechanical stimulus, and
quantifying the reduced latency to struggle (Randall and Selitto, 1957). This test was
termed the Randall-Selitto test after the authors who developed it, and it is also known
as the paw pressure test. Much later, in 1988, Hargreaves et al. complemented the
Randall-Selitto test by measuring heat hyperalgesia during inflammation using a light
beam directed to the inflamed site (the paw) in freely moving rats placed on a glass floor.
Heat hyperalgesia is shown as a decreased latency to paw withdrawal during
inflammation (Hargreaves et al., 1988). This test was named after the first author who
developed it (Hargreaves test), and also called the plantar test. This measure of heat
hyperalgesia has been extensively used in pain research since the 90’s, and to a much

higher extent than the paw pressure test (Fig. 13).

In early 90’s, and inspired by the sensory testing made by neurologists in human
patients, the von Frey filaments were used in neuropathic rodents to asses for their
mechanical threshold (Shirand Seltzer, 1990; Kupers and Gybels, 1993; Chaplan et al.,
1994). This test is based on the sequential application of calibrated filaments till the
animal makes a pain-like response (fast withdrawal, licking or flinching of the stimulated
paw), to determine the threshold to mechanical stimulation and hence the presence of
mechanical allodynia. The use of von Frey filaments gained popularity not only for
evaluating the mechanical threshold of neuropathic rodents but also for virtually all
types of pathological pain models (reviewed in Mogil, 2009; Cobos and Portillo-Salido,
2013), and measures of tactile allodynia clearly currently dominate pain behavior
research over all other measures of hypersensitivity (Fig. 13), but also over all other

types of sensory testing (compare Fig. 12 and 13).

Finally, as cold allodynia is also a feature of neuropathic patients, cold stimuli has also
been used to study changes in cold sensitivity during pathological pain. The most widely
used on this modality is the acetone drop test, which is based on the sensation of cold

produced by the evaporation of acetone, which might elicit pain-like responses under
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pathological conditions. The outcome measures vary from the number or frequency of
brisk foot withdrawals to the time spent reacting by licking or shaking the stimulated
paw (reviewed in Sandkuhler, 2009; Deuis et al., 2017). Since this test was developed in
mid 90’s (Choi et al., 1994), other liquids such as ethyl chloride have been used for the
same purpose, and also more sophisticated methods to measure cold hypersensitivity
have been developed. The latter include the application of dry ice through a glass
platform, the cold plate test and the temperature preference test (Deuis et al., 2017).
Although the responses for cold stimulus in rodents have been used since more than 20
years, cold measures have not gained the popularity of the Hargreaves test or the

evaluation of the von Frey threshold in preclinical pain research, as shown in Fig. 13.
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Fig. 13. Temporal evolution of the number of original articles written in English language which
used measures of sensory hypersensitivity including mechanical allodynia, heat hyperalgesia,
cold allodynia and the paw pressure (Randall-Selitto) test.
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Although von Frey testing, the most widely behavioral test currently used in preclinical
pain research, is reverenced by neurologists and is undoubtedly useful to detect sensory
alterations in neuropathic patients (e.g. Bennett, 2001; Bouhassira et al., 2005; Moharic
et al., 2012), the use of von Frey filaments in other human pain conditions such as during
rheumatic diseases or cancer pain is virtually absent. As an example, we found only three
published studies which used von Frey filaments in patients with rheumatoid arthritis
(Morris et al., 1997; Hendiani et al., 2003; van Laarhoven et al., 2013), one of the most
worrisome painful conditions that occurs with joint inflammation (Scott et al., 2000; Lee,
2013). Therefore, although von Frey testing has been established as the standard of
preclinical pain testing for practical reasons, it should be taken into account that it is not

an extended pain measure in patients with chronic painful diseases.

Furthermore, it is worth mentioning that all pain responses typically evaluated in
rodents by using the standard methods described in the section above, including licking,
flinching, biting or abdominal stretching, can be decreased by non-analgesic (sedative)
drugs giving false-positive results (reviewed by Le Bars et al., 2001; Cobos and Portillo-
Salido et al., 2013; Gregory et al., 2013; Deuis et al., 2017). In addition, all these pain
outcomes are reflex measures which persist even in decerebrated animals (reviewed in
Mogil, 2009). Therefore, although sensory hypersensitivity can be evaluated in rodents
by tools such as the von Frey filaments, and it is a feature of clinical pain, the human
pain phenotype is far more complex than a simple reflex response. In fact, consensus-
based recommendations for the main outcomes that should be measured in clinical
trials of treatments for pain include not only pain itself but also alterations in physical
and emotional functioning, as well as diverse parameters to quantify the impact of pain
in the daily life of chronic pain patients (Dworkin et al., 2008). All these limitations of the
standard pain outcomes have recently led to pain researchers around the globe to
search for additional outcomes to approach preclinical pain research to the human pain

phenotype.

Several of these new pain outcomes aim to provide a wider view of the rodent pain
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phenotype by measuring alterations in physical functioning induced by pain. The impact
of pain on the physical functioning can be assessed in rodents by measuring postural
changes (by either weight bearing asymmetry or gait alterations) and grip strength
deficits. The weight bearing distribution in humans or rodents is approximately equal in
each lower extremity in normal conditions. However, after unilateral hindlimb injury,
body weight support is shifted to the noninjured side. Weight bearing asymmetry has
long been targeted in preclinical pain research, in particular since 1994 when Schott and
coworkers developed a device consisting on two adjacent force plates able to measure
the weight bearing of the hindlimbs of the rat (Schott et al., 1994). Recently, new
versions of this test have been developed in which rodents can move freely in a chamber
with the floor covered by pressure sensors allowing to simultaneously measure the
weight bearing by the four limbs (Tetreault, et al., 2011). Changes in weight bearing
distribution can be observed during hindlimb inflammation induced by inflammatory
agents such as carrageenan or CFA (e.g. Schott et al., 1994; Munro et al., 2008; Huntjens
et al., 2009; Cobos et al., 2012), in rodent models of osteoarthritis (e.g. Ivanavicius, et
al., 2007; Okun et al.,, 2012; Pajak et al., 2017; Philpott et al., 2017), cancer pain
(Tetreault, et al., 2011), after paw incision (Whiteside et al., 2004; Luk et al., 2018). or
during peripheral neuropathy (e.g. Manzhulo et al., 2015; Nakazato-Imasato, et al.,
2009). In addition, it has been shown that mice with visceral pain increased their weight
distribution toward their front paws, indicating that this outcome can be useful in other
pain models apart from those based on the unilateral injury of a hindlimb (Laux-

Biehlmann et al., 2016).

The study of the gait patterns has been used in the past to study the functional motor
consequences of neurological deficits in rodents (reviewed by Cobos and Portillo-Salido,
2013). More recently, these methodologies have been adapted for measuring adaptive
dynamic postural changes during a pain condition. There have been reported alterations
in gait parameters during unilateral inflammation (Angeby-Moller et al., 2008; Piesla et
al., 2009) or peripheral nerve injury (Vrinten et al., 2003; Piesla et al., 2009; Mogil et al.,
2010).

It is worth pointing out that although both weight bearing changes and gait alterations

can be recovered by analgesic treatment in inflammatory pain models in rodents, as well
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as during osteoarthritis pain, these outcomes are resistant to change by analgesic
administration in models of traumatic peripheral neuropathic pain (reviewed by Cobos
and Portillo-Salido et al., 2013). The differential sensitivity to analgesic drugs of both
weight bearing asymmetry and gait alterations in inflammatory/osteoarthritis pain and
peripheral nerve injury suggest that pain is the primary driver of postural changes in
models of inflammatory and osteoarthritis pain, but not in peripheral nerve injury
(which might reflect motor deficits due to surgical damage to the motor axons, rather
than pain). Assessing postural changes as pain indicators is therefore not free from
motor confounders. In fact, sedative drugs can also have an impact on weight bearing
asymmetry and might result in false-positive analgesic-like effects (Munro et al., 2008),
similar to what occurs with the standard reflexive outcomes, as previously mentioned.
In addition, several drugs are known to alter gait patterns (Authier et al., 2016), which

might influence the results on gait analysis when used as a surrogate pain measure.

Grip strength assessment in experimental animals (Fig. 14A) was developed to assess
the effects of muscle relaxants and to test drug-induced toxicity (Tilson et al., 1990;
Nevins et al., 1993; Savilampi et al., 2014). This technique has been adapted recently for
the study of pain resulting from muscle inflammation (Kehl et al., 2000 and 2003),
muscle pain induced by repeated exercise (Fujiwara et al., 2017), musculoskeletal
hyperalgesia induced by stress (Goudie-DeAngelis et al., 2016), bone cancer (Kehl et al.,
2003; Wacnik et al., 2003), osteoarthritis (Chandran et al., 2009; Honore et al., 2009; Lee
et al., 2011), and in a model of sickle cell disease (Calhoun et al., 2015). Decreased grip
strength under painful conditions is known to be reversed by analgesics (reviewed by
Cobos and Portillo-Salido, 2013), although a comparison between drug effects in the grip
strength and other more conventional pain measure has not been performed, and,
therefore, it has been another objective of this PhD Thesis. One potential advantage of
grip strength as an indicator of the analgesic activity of drugs is that, in contradistinction
to the other behavioral tests described above, substances producing significant sedation
or muscle weakness might decrease this behavior, and therefore would not produce
false positive results due to these confounders when evaluating molecules as potential

analgesics.

Other studies evaluate the decrease in the performance of certain behaviors during
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painful conditions, the termed “pain-depressed behaviors”. These behaviors include
those which are normally performed by the rodents and change in frequency or intensity
during a pain condition (Negus et al., 2006), such as exploratory activity, home cage
activity, burrowing behavior, wheel running, nesting behavior and intracranial self-

stimulation (reviewed by Cobos and Portillo-Salido, 2013; Negus, 2018).

Exploratory behavior in a novel environment has consistently been reported to be
affected by pain in rodents, in fact, there are even studies from mid-80"s showing pain-
induced decrease of exploratory locomotion (e.g. Larsen et al., 1985). In more recent
years the number of studies using this parameter as a pain surrogate appears to be
increased in rodents with pain conditions such as inflammatory, osteoarthritis or
peripheral and central neuropathic pain, among others (e.g. Vos et al., 1994; Mills et al.,
2001; Bon et al., 2003; Martin et al., 2005; Stevenson et al., 2006; Matson et al., 2007;
Gregoire et al,, 2012; Zhu et al., 2012). Decrease in home cage activity has also been
proposed as pain index in rodents with chronic pain. This parameter has been explored
in animals with chronic inflammation, osteoarthritis or neuropathic pain, but whereas
some studies show alterations in home cage activity, others did not (Larsen et al., 1985;
Guingamp et al., 1997; Philippe et al., 1997; Urban et al., 2011; Pitzer et al., 2016). These
discrepancies might indicate that exploratory locomotion might be more sensitive than
home cage activity to detect pain-induced behavioral changes, which might be due to
the fact that a novel environment boosts the locomotion on rodents, giving a wider

window to detect pain-induced depression of activity.

Similar to exploratory locomotion, rodents spontaneously perform other ethologically
relevant behaviors, such as burrowing, wheel running or nesting (Fig. 14B, 14C and 14D,
respectively). All these measures have been used to detect pain interference in rodent
behavior. Depression of burrowing has been used as a surrogate measure of pain in
rodents with painful inflammation, osteoarthritis, neuropathic pain (in either the
hindlimb, the orofacial region or in a model of discogenic low back pain, or chemically-
induced neuropathy by stavudine treatment), postsurgical pain, visceral pain or
radiation-induced oral mucositis (Jirkof et al., 2010; Andrews et al., 2012; Huang et al.,
2013; Jirkof et al.,, 2013; Lau et al.,, 2013; Rutten et al., 2014; Bryden et al., 2015;
Muralidharan et al., 2016; Wodarski et al.,, 2016; Nolan et al., 2017; Shi et al., 2017;
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Deseure and Hans, 2018; Rutten et al., 2018). Depression of wheel running activity has
been proposed as an index of pain from diverse etiology, including inflammatory,
neuropathic, visceral, headache pain, and in a model of osteogenesis imperfecta (Miller
et al., 2011; Cobos et al., 2012; Grace et al., 2014; Abdelaziz et al., 2015; Pitzer et al,,
2016; Kandasamy et al., 2017a and b; Whitehead et al., 2017). Nesting behavior has
been successfully tested as a pain measure during visceral pain, cancer pain, and after
surgical procedures (Jirkof et al., 2013; Negus et al., 2015; Forte et al., 2016; Lewter et
al., 2017; Oliver et al., 2018). Therefore, although the use of all these measures as pain

indicators is recent, they all have been extensively validated in several pain conditions.

Intracranial self-stimulation (ICSS) is a type of operant conditioning. ICSS has also been
shown to be markedly affected by the intraperitoneal injection of lactic acid (Kwilasz and
Negus, 2012; Altarifi et al., 2015; Altarifi and Negus, 2015; Miller et al., 2015; Hillhouse
and Negus, 2016; Lazenka et al., 2017 and 2018) or by intraplantar formalin (Leitl et al.,
2014). However, when longer-lasting pain states were tested such as CFA-induced
inflammation, neuropathic pain by spinal nerve ligation or paclitaxel-induced
neuropathy, minimal or no change in ICSS was detected (Ewan and Martin, 2014; Leitl
et al., 2014; Legakis et al., 2018). Therefore, it appears that this outcome measure is

more adequate for the evaluation of tonic rather than chronic pain.

All these pain-depressed behaviors, similar to the assessment of grip strength, have the
potential to discriminate substances producing significant sedation from true analgesic
effects, since sedative drugs are expected to decrease even more the target behavior

and not to restore it (which is used as an index of drug-induced analgesia).
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Fig. 14. Some examples of behavioral tests that can be used as pain indicators in rodents. (A)

Grip strength, (B) burrowing, (C) wheel running and (D) nesting. The picture of the grip strength
meter (A) was taken in our lab, using the device provided by Ugo Basile. The other images are
taken from Wodarski et al., 2016 (B); Bioseb activity wheels used in Cobos et al., 2012 (C) and
Negus, 2018 (D).

Interestingly, some of these pain-depressed behaviors have been proved not to be
equivalent to the most standard reflex-based outcomes. For instance, it is known that
the time-course of mechanical allodynia/hyperalgesia do not match weight bearing
changes or wheel running depression during inflammatory conditions (Huntjens et al.,
2009; Cobos et al., 2012). In addition, drug sensitivity between reflex-based outcomes
and pain-depressed behaviors are markedly different, being the latter more sensitive
than the former (reviewed by Cobos and Portillo, 2013), and it has been recently found
that rodents developed at a faster pace analgesic morphine tolerance to abdominal

stretching than to ICSS (Altarifi and Negus, 2015). Altogether, these differences might
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reflect that the neurobiological mechanisms involved differ between the different
outcomes explored. However, mechanistic studies should be formally performed to

shed light on this issue.

In addition to these behavioral outcomes, the impact of pain on anxiety or depressive
behaviors in rodents have also been assessed, as well as the interference of pain on
sleep architecture (reviewed by Cobos and Portillo-Salido, 2013). The aversive quality of
pain and the rewarding properties of analgesia during a painful condition have also been
used as a surrogate measure of pain in several studies (reviewed by Cobos and Portillo-
Salido, 2013). Even grimaces have also been scored in rodents under painful conditions
as a direct measure of pain (Langford et al., 2010; Sotocinal et al., 2011; Akintola et al.,
2017; Tuttle et al., 2018). Although these latter measures have not been extensively
described in this chapter, as they fall out of the scope of this PhD Thesis, altogether they
provide a compelling set of behavioral outcomes which can be readily used by preclinical

research laboratories to complement the standard pain outcomes.

In conclusion, pain models have been evolving since the beginning of preclinical pain
research, always attempting to approach to the evaluation of pain in humans and to the
human pain phenotype. Although some non-reflex pain measures have been tested
decades ago (such as exploratory locomotion or weight bearing changes), the use of
reflex outcomes gained in popularity to a point that most pain studies use the von Frey
as the standard pain outcome in preclinical research. In recent years a new wave of pain
measures evaluating the impact of pain on normal rodent behaviors, attempting to
approach the behavioral changes observed in human patients, is increasing in popularity
among pain researchers. To explicitly demonstrate distinct mechanisms between the
standard and non-reflexive pain outcomes is important, since an excessive focus on a
single reflex-based outcome, such as the von Frey threshold, might lead to serious

misinterpretations of the relevance of novel pain targets. Not exploring whether the
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novel putative analgesic drugs are able to improve relevant aspects of the human pain
phenotype, such as physical or emotional functioning is certainly risky, since we might
be selecting drugs with antiallodynic activity but no effects on several important pain
components. We believe that the exploration of these new pain measures has the
potential to profoundly benefit pain research and analgesic development by providing

non-overlapping information on new pain targets.
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RATIONALE AND GOALS

Sigma-1 receptors are a promising novel pharmacological target for pain treatment
(Sanchez-Fernandez et al., 2017). Among the selective sigma-1 antagonists available, the
best characterized is SIRA (Vela et al., 2015). This compound has been already evaluated
in several Phase |l clinical trials for pain treatment with positive results, specifically for
neuropathic pain (Bruna et al., 2017). In addition, it is known from preclinical studies
that sigma-1 inhibition enhances the antinociception induced by opioid drugs (reviewed
in Zamanillo et al., 2013; Sanchez-Fernandez et al., 2017), and in fact a further potential
indication for S1RA in human patients might be the enhancement of opioid analgesia

(Vela et al., 2015).

For this PhD Thesis project, we focused on the study of the modulation of opioid
antinociception by sigma-1 receptors. We initially studied this modulation in nociceptive
pain induced by mechanical and heat stimuli in mice. Then, we aimed to study the
modulation of opioid analgesia by sigma-1 receptors during pathological pain,
specifically in a mouse model of painful joint inflammation. We aimed to explore not
only the standard measure of cutaneous hypersensitivity (tactile allodynia evaluated by
von Frey filaments), but also the decrease in physical function (measured as grip
strength deficits) characteristic of patients with joint inflammation. Since pain-induced
grip strength deficit is poorly characterized in rodents, we made a full characterization
of this pain outcome before exploring the role of sigma-1 receptors on the modulation

of opioid effects during inflammatory pain.

The detailed rationale and specific goals of each of these parts of this PhD Thesis are

described below.

Modulation by sigma-1 receptors of p-opioid effects on heat and mechanical

nociceptive pain

Opioid agonists, particularly those of the p-receptor subtype such as morphine,
oxycodone and buprenorphine, are widely used to treat moderate to severe pain (Al-

Hasani and Bruchas, 2011; Pasternak and Pan, 2011). Opioid receptors are located at
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different sites along the pain-processing pathway, including both the central (spinal cord
and different supraspinal nuclei) and peripheral nervous system (dorsal root ganglion

[DRG] and peripheral nerve terminals) (Bigliardi-Qi et al., 2004; Khalefa et al., 2012).

Although opioid analgesia is thought to be stronger at central levels (Porreca et al.,
2002), peripherally administered opioid agonists can undoubtedly exert analgesic
effects under some circumstances. In fact, morphine induces robust topical
antinociceptive effects to heat stimulation in rodents (Kolesnikov and Pasternak, 1999),
whereas this drug was unable to induce antinociception to a mechanical stimulus when
administered locally (Sanchez-Fernandez et al., 2013). These preclinical results are
consistent with the preferential peripheral actions of morphine on heat rather than
mechanical nociception in human volunteers (Koppert et al., 1999). However, it remains
unknown whether this modality-specific peripheral effect of morphine is a general
characteristic of p-opioid drugs and, therefore, also occurs with other clinically relevant
p-agonists. Taking into account these antecedents, our first goal was to compare
peripheral antinociceptive actions in response to heat and mechanical stimuli induced

by clinically relevant p-agonists of different intrinsic efficacy.

Sigma-1 receptors are located in several areas of the central nervous system of great
relevance for pain control (Alonso et al., 2000; Kitaichi et al., 2000; Roh et al., 2008;
Sdnchez-Fernandez et al.,, 2014; Rodriguez-Muiioz et al., 2015a); nonetheless, the
greatest concentration of sigma-1 receptors is found in the DRG (Sanchez-Fernandez et
al., 2014), pointing to a prominent role for these peripheral receptors in pain
modulation. We recently reported that peripheral sigma-1 antagonism was able to
greatly potentiate the peripheral opioid antinociception induced by a variety of p-
agonists in response to mechanical stimulation (Sanchez-Fernandez et al., 2013 and
2014), findings which suggests that peripheral sigma-1 receptors constantly inhibit
opioid functioning and thus constitute a tonically active biological brake to opioid
mechanical analgesia (Sdnchez-Fernandez et al., 2017). However, distinct subsets of
high-threshold peripheral sensory neurons are activated by mechanical or thermal
stimuli (Zylka et al., 2005; Cavanaugh et al., 2009; Scherrer et al., 2009; Bardoni et al.,
2014) and it is unknown whether peripheral sigma-1 receptors similarly modulate p-

opioid antinociception to mechanical or thermal stimulation. Therefore, the second goal
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of this PhD Thesis was to compare the effect of pharmacological and genetic inactivation
of sigma-1 receptors on peripherally-mediated p-opioid-induced heat and mechanical

antinociception.

Heat-sensitive nociceptors correspond mainly to peptidergic C-type neurons that
express transient receptor potential vanilloid 1 (TRPV1), whereas the C non-peptidergic
subtype (which can be labelled with isolectin B4 [IB4]) is sensitive to mechanical stimuli
(zylka et al., 2005; Cavanaugh et al., 2009; Scherrer et al., 2009; Bardoni et al., 2014).
Peripheral p-opioid receptors are densely expressed in TRPV1 C-type neurons, but they
are also present in other peripheral sensory neurons (Scherrer et al., 2009; Bardoni et
al., 2014; Chiu et al., 2014). Since in the studies performed to fulfill the aims described
in the paragraph above, we found that peripheral sigma-1 receptors modulate
peripheral opioid antinociception to mechanical but not to heat stimuli, we
hypothesized that the modality-specific peripheral effects of p-opioid agonists might be
related to a differential modulation by peripheral sigma-1 receptors of the opioid effects
in different subsets of peripheral neurons. Therefore, the third goal of this PhD Thesis
was to compare the effect of peripheral sigma-1 receptor blockade on peripheral p-
opioid antinociception in animals after the ablation of TRPV1-expressing peptidergic C-

type peripheral sensory neurons.

Grip strength in mice with joint inflammation: a rheumatology function test sensitive

to pain and analgesia

Despite major advances in our understanding of pain mechanisms in recent decades,
there has been little translation of new analgesics from bench to bedside (Mao, 2009;
Kissin, 2010; Barret, 2015). The predictive validity of animal models of pain has been
intensely debated, and one possible reason for the limited translation of pain research
is the differences in outcome measures used to evaluate pain and analgesia in
experimental animals and human patients (Mogil and Crager, 2004; Negus et al., 2006;
Cobos and Portillo-Salido, 2013; Negus, 2013; Percie and Rice, 2014). Ideally, for the
purposes of translation, animal testing should mimic as closely as possible routine
clinical practice and clinical trials. Standard outcome measures used in preclinical

chronic pain research have been adapted from quantitative sensory testing (QST)
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designed for the evaluation of patients with chronic pain, and von Frey filaments are
one of the most widely used QST instruments to determine the mechanical pain
threshold in preclinical research. In human patients, QST procedures are used to detect
sensory alterations during neuropathic pain (e.g. Bennet, 2001; Bouhassira et al., 2005;
Moharic et al., 2012). However, the use of QST in patients with rheumatic diseases is
rare. To our knowledge only three published studies used von Frey filaments in human
patients with rheumatoid arthritis (Morris et al., 1997; Hendiani et al., 2003; van
Laarhoven et al., 2013), one of the most worrisome painful conditions that occurs with
joint inflammation (Scott et al., 2000; Lee, 2013). This low number of clinical reports
with von Frey testing is in marked contrast to the hundreds of preclinical studies that

have used this technique in animal models of joint pain.

Pain is a complex phenomenon. Part of the core of the human pain phenotype includes
alterations in physical functioning, which negatively impacts several aspects of daily life
in patients with painful diseases (Turner et al., 2005; Romera et al., 2011). Because of
the important relationship between pain and physical functioning, one set of consensus-
based recommendations advocates measuring physical function as one of the main
outcomes in clinical trials of treatments for pain (Dworkin et al., 2008). In this
connection, grip strength has been widely and routinely evaluated for decades in
rheumatology as a functional measure in patients with joint inflammation (e.g. Bijlsma
et al.,, 1987; Pincus and Callahan, 1992; Lee, 2013), and remarkably, it is known to
correlate to pain (Callahan et al., 1987; Fraser et al., 1999; Overend et al., 1999). Despite
the widespread use of grip strength in rheumatology, this outcome is poorly
characterized as a pain measure in experimental animals. However, as noted above,
preclinical studies of tactile allodynia are abundant. It is known that transient receptor
potential (TRP) channels or TRP-expressing nociceptors participate in inflammatory
cutaneous hypersensitivity (Szallasi et al., 2007), but much less is known about the

neurobiological mechanisms leading to pain-induced functional disability.

In light of these antecedents, our fourth goal was to compare the sensitivity of grip
strength in mice with joint inflammation vs. inflammatory tactile allodynia to the effects

of several analgesic drugs of different pharmacological classes, and to test whether the
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appearance of grip strength deficits and tactile allodynia arose from the same

mechanisms.

Modulation of morphine-induced antinociceptive effects and tolerance by sigma-1
receptors: studies on nociceptive heat pain and on tactile allodynia and grip strength

deficits during joint inflammation

It is known from preclinical studies that sigma-1 inhibition not only enhances the
antinociception induced by opioid drugs, including morphine (reviewed in Zamanillo et
al., 2013; Sanchez-Fernandez et al., 2017), but it is also able to rescue morphine
antinociception in mice rendered tolerant to this opioid (Vidal-Torres et al., 2013;
Rodriguez-Mufiioz et al., 2015b). Therefore, sigma-1 antagonists are promising tools as
opioid adjuvants (Vela et al., 2015; Sanchez-Fernandez et al., 2017). However, all these
preclinical findings on the enhancement of opioid antinociception by sigma-1 inhibition
have been exclusively demonstrated on models of nociceptive pain. It is known that
during inflammation there are changes in opioid receptor functioning (reviewed in Stein
etal., 2009); therefore, the involvement of sigma-1 receptor on the modulation of opioid
antinociception during inflammation might not be the same than in a non-injured

condition.

Taking into account these antecedents, the fifth goal of this PhD Thesis was to test
whether the sigma-1 receptor antagonist SIRA could enhance morphine antinociception
or modulate morphine analgesic tolerance during inflammatory pain. We measured
both the antiallodynic effect of morphine and the recovery on grip strength deficits
induced by this opioid, as a measure of cutaneous sensory hypersensitivity and the
impact of pain on physical function, respectively. As a control for the known effects of
sigma-1 antagonism on nociceptive pain, we also performed experiments on heat
antinociception in animals without inflammation. This would allow us to compare the
effects of morphine, S1RA, and their association, in nociceptive heat pain, inflammatory

tactile allodynia and functional deficits (grip strength) induced by inflammatory pain.
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Material and methods

1. MODULATION BY SIGMA-1 RECEPTORS OF p-OPIOID EFFECTS ON HEAT AND
MECHANICAL NOCICEPTIVE PAIN

1.1. MATERIAL AND METHODS

1.1.1. Experimental animals

Female CD1 wild-type (WT) (Charles River, Barcelona, Spain) and homozygous sigma-1
receptor knockout mice (sigma-1-KO) (Laboratorios Esteve, Barcelona, Spain) were used
in all experiments. Knockout mice were generated on a CD-1 background as previously
described (Entrena et al., 2009b). Animals weighing 25-30 g were tested randomly
throughout the estrous cycle. They were housed in colony cages with free access to food
and water prior to the experiments, and were maintained in temperature- and light-
controlled rooms (22 £ 2 °C, lights on at 08:00 h and off at 20:00 h). The experiments
were performed during the light phase (from 9:00 h to 15:00 h). The number of animals
and the intensity of noxious stimuli used were the minimum necessary to demonstrate
consistent effects of the drug treatments. For behavioral experiments, after habituation
the mice were randomized to treatment groups. Animal care was provided in
accordance with institutional (Research Ethics Committee of the University of Granada,
Granada, Spain), regional (Junta de Andalucia, Spain) and international standards

(European Communities Council directive 2010/63).

1.1.2. Drugs and drug administration

We used the p-opioid agonists morphine hydrochloride (General Directorate of
Pharmacy and Drugs, Spanish Ministry of Health), oxycodone hydrochloride and
buprenorphine hydrochloride (Sigma-Aldrich Quimica SA, Madrid, Spain). We also
tested the effects of the opioid antagonists naloxone hydrochloride and naloxone
methiodide (Sigma-Aldrich Quimica SA). Naloxone is a centrally-penetrant opioid
antagonist, whereas its quaternary derivative naloxone methiodide is unable to cross

the blood-brain barrier and is therefore a useful tool to determine peripheral opioid
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effects (e.g. Menéndez et al., 2005; Sanchez-Fernandez et al., 2014). S1RA (4-[2-[[5-
methyl-1-(2-naphthalenyl)1H-pyraol-3-yl]oxy]ethyllmorpholine  hydrochloride) was
used as a selective sigma-1 antagonist (Romero et al., 2012) (DC Chemicals, Shanghai,
China). PRE-084 ([2-(4-morpholinethyl) 1-phenylcyclohexanecarboxylate)
hydrochloride]) was used as a selective sigma-1 agonist (Hayashi and Su, 2004; Cobos et
al., 2008) (Tocris Cookson Ltd., Bristol, United Kingdom). All drugs were dissolved in
sterile physiologic saline (0.9% NaCl); the solution of PRE-084 was alkalinized as
appropriate with NaOH. To evaluate the effects of systemic treatments, drugs or their
solvents were injected s.c. into the interscapular area in a volume of 5 mL/kg. When the
effect of the association of two drugs administered s.c. was tested, each drug was
injected into different parts of the interscapular area. To test for local effects of
treatments, drugs or their solvents were administered i.pl. in a volume of 20 pL with a
1710 TLL Hamilton micro-syringe (Teknokroma, Barcelona, Spain) and a 30G x 1/2-inch
gauge needle. When opioids and S1RA were associated i.pl., they were dissolved in the
same solution and injected (in a volume of 20 uL) together to avoid paw lesions due to
multiple injections in the same paw, except in experiments in which opioids were

injected in one hindpaw and S1RA in the other.

1.1.3. Evaluation of mechanical nociception (paw pressure)

Mechanical stimulation was applied to the hindpaw of animals with a pressure
analgesimeter (Model 37215, Ugo-Basile, Varese, Italy) as previously described
(Menéndez et al., 2005; Sanchez-Fernandez et al., 2013 and 2014). Briefly, mice were
gently pincer grasped between the thumb and index fingers by the skin above the
interscapular area. Then a blunt cone-shaped paw-presser exerting a pressure of 450 g
was applied to the dorsal surface of the hindpaw until the animal showed a struggle
response (see Supplementary Video 1, which demonstrates the procedure used to
measure mechanical nociception). The latency in seconds from paw stimulation to the

struggle response was measured with a digital chronometer.
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1.1.4. Evaluation of heat nociception (unilateral hot plate)

Heat nociception was assessed as previously described (Menendez et al., 2002). To
obtain comparable results between mechanical and thermal nociception, the mice were
held gently in the same manner as described above. Then the plantar side of the
stimulated hindpaw was placed on the surface of a thermal analgesiometer (Model
PE34, Series 8, IITC Life Science Inc., Los Angeles, USA) previously set at 55 + 1 °C until
the animal showed a paw withdrawal response. The latency in seconds from paw
stimulation to the behavioral response was measured with a digital chronometer. Only
a clear unilateral withdrawal of the paw was recorded as the nociceptive response. We
avoided simultaneous heat stimulations in both hindpaws by placing the plantar side of
the tested hindpaw on the hot plate while the other hindpaw was placed on filter paper
(off the hot plate) during observations (see Supplementary Video 2, which demonstrates

the procedure used to measure heat nociception).

1.1.5. General procedures for behavioral assays and drug treatments

All handling of the rodents before and during the evaluation, as well as the test
environment, were identical for evaluations of mechanical and heat nociception with

the exception of the sensory stimulus used (see Supplementary Video 1 and Video 2).

The animals were placed in the experimental room for a 1-h acclimation period before
starting the experiments. The behavioral responses of untreated mice tested with 55 °C
and 450 g pressure force were very similar (non-significantly different) (See Fig. 1, dose
0). The similarities between the evaluation procedures and baseline responses of the
mice to both types of sensory stimulation facilitated comparisons of drug effects on
mechanical and heat nociception. To study the effects of systemic opioids, morphine
and oxycodone were administered s.c. 30 min before paw stimulation; buprenorphine
was administered s.c. 1 h before the evaluation, because its antinociceptive effect is
much slower than the other opioids (Yassen et al., 2005). To explore the contribution of
peripheral opioid receptors to p-opioid antinociception, the effects of naloxone and

naloxone methiodide (or saline) were compared. These opioid antagonists were
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administered s.c. 5 min before the p-agonist. To test the effect of local treatments
(S1RA, p-agonists or the association of both), the animals were evaluated 5 min after
i.pl. injection to minimize possible systemic effects induced by drug treatments. To study
the contribution of sigma-1 receptors to the effects induced by the local administration
of opioids alone or in association with S1IRA, PRE-084 was administered s.c. 30 min
before i.pl. administration. This sigma-1 agonist was administered at a dose of 32 mg/kg,
since it was shown in previous studies to reverse the effect of the local administration
of sigma-1 antagonists (Sanchez-Fernandez et al., 2014). Control groups received the

same volume of drug vehicle.

All mice were used in only one experimental procedure (mechanical or thermal
nociception). Evaluations were done twice alternately in each hindpaw at intervals of 1
min between each stimulation. A 50-s cut-off was used for each measurement to
prevent tissue damage. The mean value of the two averaged measurements for each
hindpaw was used to analyze the effects of systemic (s.c.) treatment, because animals
showed similar response latencies during stimulation in each hindpaw. However, in local
(i.pl.) drug treatment experiments, the average of the two values was considered
independently for each paw (ipsi- and contralateral). The experimenters who evaluated
the behavioral responses were blinded to the treatment group and genotype of each

experimental animal.

1.1.6. Invivo ablation of TRPV1-expressing nociceptors

To investigate the effects of the ablation of TRPV1-expressing neurons on mechanical
and thermal nociception, we administered resiniferatoxin (RTX) (Tocris Cookson Ltd.)
dissolved in vehicle (10% Tween 80 and 10% ethanol in normal saline). Each animal
received a single dose of RTX (50 pg/kg) via i.p. injection (Hsieh et al., 2008; Montilla-
Garcia et al., 2017). The control group received an equal volume of vehicle. To minimise
suffering, RTX or vehicle was injected under isoflurane anaesthesia (IsoVet®, B. Braun,
Barcelona, Spain). After the i.p. injection, the mice were returned to their home cages

for 5 days before behavioral testing and sample collection for immunostaining assays.
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1.1.7. Immunohistochemistry

Mice were anesthetized with isoflurane and perfused transcardially with formaldehyde
solution 4.0% wt/wt (Scharlab, Sentmenat, Spain). The L4 DRGs were dissected and post-
fixed in formaldehyde solution for 1 h at room temperature. Samples were dehydrated
and embedded in paraffin with standard procedures. Tissue sections 5 um thick were
cut with a sliding microtome, deparaffinized in xylol (Panreac Quimica, Castellar del
Vallés, Spain) and rehydrated before antigen retrieval (steam heating for 22 min with
1% citrate buffer, pH 8). Sections were incubated for 1 h in blocking solution (5% normal
donkey serum or goat serum, depending on the experiment, 0.3% Triton X-100, 0.1%
Tween 20 in Tris buffer solution). After blocking, the slides were incubated for 1 h at
room temperature with the primary antibodies in blocking solution. The primary
antibodies used were: TRPV1 goat anti-mouse (sc-12498, 1:100, Santa Cruz
Biotechnology, Heidelberg, Germany), sigma-1 mouse anti-mouse (sc-137075, 1:200,
Santa Cruz Biotechnology) or NeuN rabbit anti-mouse (ABN78, 1:500, Merck Millipore,
Madrid, Spain). NeuN was used as a pan-neuronal marker which labels neuronal nuclei,
perikarya, and to a lesser extent the cytoplasm (Mullen et al., 1992; Wolf et al., 1996).
After incubation with the primary antibodies, tissue sections were washed three times
for 10 min and incubated for 1 h with the secondary antibodies Alexa Fluor-488 donkey
anti-goat (A11055, 1:500), Alexa Fluor-488 goat anti-mouse (A11029, 1:500) or Alexa
Fluor-594 goat anti-rabbit (A11012, 1:500) (all from Life Technologies, Alcobendas,
Spain). We also stained tissue sections with Bandeiraea simplicifolia lectin |, isolectin B4
(IB4) conjugated with Dylight-594 (DL-1207, 1:200, Vector Laboratories Ltd.,
Peterborough, United Kingdom). The slides were then washed three times for 10 min
and mounted with ProLong® Gold Antifade Mountant (Life Technologies). In some
experiments, slides were incubated for 5 min with Hoechst 33342 for nucleic acid
staining (Life Technologies, 1:1000), and washed three times before the mounting
procedure. Staining patterns were examined with a confocal laser-scanning microscope
(Model A1, Nikon Instruments Europe BV, Amsterdam, Netherlands). Fluorescence
intensity of sigma-1 receptor staining in IB4+ neurons and other small DRG neurons
(soma size similar to or smaller than IB4+ neurons) was quantified with ImageJ 1.50g

image analysis software (National Institutes of Health, Bethesda, MD, USA).
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Quantification was performed in DRG slices from 5 different animals. Fluorescence
intensity was measured in 30 random small neurons in each slice by an experimenter

blinded to the IB4 labelling.

1.1.8. Data and statistical analysis

When several means were compared, statistical analysis was done with one- or two-way
ANOVA depending on the experiment; a Bonferroni post-hoc test was done in both
cases. To compare fluorescence intensity of sigma-1 receptor staining in IB4+ neurons
and other small DRG neurons, we used the unpaired Student’s t test. Data were analyzed
with the SigmaPlot 12.0 application (Systat Software Inc., San Jose, CA, USA). In all tests,
the differences between means were considered significant when the P value was below

0.01.

1.2. RESULTS

1.2.1. Effects of systemic p-opioid agonists on mechanical and heat
nociception in wild-type mice: differential contribution of peripheral

opioid receptors

The response latency in control mice exposed to mechanical or thermal stimuli was
similarly short, and less than 5 s in both cases (Fig. 1, dose 0). The s.c. administration of
buprenorphine (0.0625-0.5 mg/kg), oxycodone (1-4 mg/kg) or morphine (4—16 mg/kg)
induced dose-dependent antinociceptive effects in WT mice to both mechanical or
thermal stimuli (Fig. 1, closed and open symbols, respectively). The antinociceptive
effects induced by the full p-agonists morphine and oxycodone were particularly robust,
and at the highest doses tested the response latencies were close to the cut-off time of

50 s for heat antinociception and about 20 s for the mechanical stimulus (Fig. 1).
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Fig. 1. Comparison of the antinociceptive effects
induced by the systemic administration of different
p-opioid agonists on nociceptive pain induced by
mechanical and heat stimulation in wild-type mice.
The results represent the response latency during
stimulation of the hindpaws with 450 g pressure or
55 °C. Each animal was evaluated in only one pa in
test and received only one s.c. dose of p-opioid
agonist (or saline). Each point and vertical line
represents the mean + SEM of values obtained in
both hindpaws in 8 animals. Statistically significant
differences between the values obtained in saline-
**p < 0.01;
between the values obtained for mechanical and

and opioid-treated groups: and

heat stimulation at the same dose of opioid: #P <
0.01 (two-way ANOVA followed by Bonferroni test).

The partial p-agonist buprenorphine showed more limited antinociceptive effects, but

as observed for the other opioid drugs tested, its effects were more prominent for heat

than for mechanical antinociception (Fig. 1).

We compared the sensitivity of the effects induced by systemic opioids to the

peripherally restricted opioid antagonist naloxone methiodide. Animals were treated

s.c. with morphine (16 mg/kg), oxycodone (3 mg/kg), buprenorphine (0.5 mg/kg) or their

solvent in association with naloxone methiodide (2-6 mg/kg, s.c.) or its solvent.

Naloxone methiodide at any dose tested did not alter the increase in struggle response

latency induced by morphine or buprenorphine to mechanical stimulation (Fig. 2A).

However, the antinociceptive effect induced by oxycodone was slightly reversed by the

highest dose of this peripheral opioid antagonist (Fig. 2A).
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Fig. 2. Contribution of peripheral opioid receptors to the antinociception induced by the systemic
administration of different p-opioid agonists on pain induced by mechanical and heat stimulation in wild-
type mice. The results represent the response latency during stimulation of the hindpaws with (A) 450 g
pressure or (B) 55 °C. Animals were treated s.c. with an opioid agonist (morphine 16 mg/kg, oxycodone 3
mg/kg, or buprenorphine 0.5 mg/kg) or its solvent (saline), associated with the s.c. injection of naloxone
(Nx, 0.5 mg/kg), naloxone methiodide (Nx-M, 2—-6 mg/kg) or their solvent (saline). Each animal was
evaluated in only one pain test and received only one treatment. Each bar and vertical line represents the
mean + SEM of values obtained in both hindpaws in 8 animals. Statistically significant differences between
the values obtained in animals treated with saline and the p-opioid agonists: **P < 0.01; and between the
groups treated with the different p-opioid agonists alone and associated with Nx or Nx-M: #P < 0.01 (one-
way ANOVA followed by Bonferroni test).

In contrast, the antinociceptive effect on thermal stimulation in animals treated with all
three p-opioid agonists was markedly and dose-dependently reversed by naloxone

methiodide (Fig. 2B).
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The centrally-penetrant opioid antagonist naloxone (0.5 mg/kg, s.c.) completely
reversed the antinociceptive effect induced by all p-agonists in mice exposed to the

mechanical or thermal stimulus (Fig. 2A and 2B, respectively).

Therefore, the contribution of peripheral opioid receptors to the antinociceptive effects
induced by systemic p-opioid analgesics differed depending on the type of stimulus, and

was more prominent for heat than for mechanical antinociception.

1.2.2. Effects of local (intraplantar) p-opioid agonists on mechanical and

thermal nociception in wild-type and sigma-1-knockout mice

In contrast to the antinociceptive effects induced by systemic opioids to mechanical
stimulation in WT mice described above, the i.pl. administration of buprenorphine
(3.125-25 pg), oxycodone (12.5-50 pg) or morphine (25-200 pg) did not induce
significant mechanical antinociceptive effects (Fig. 3A, closed symbols). However, the
same doses of i.pl. opioids induced marked and dose-dependent antinociceptive effects
to heat stimulation (Fig. 3B closed symbols). These results highlight the modality-specific

effects of peripheral opioid antinociception.

We then compared the antinociceptive effects induced by the i.pl. administration of
buprenorphine, oxycodone or morphine in WT and sigma-1-KO mice. The response
latency to mechanical and heat stimuli was similar in WT and sigma-1-KO mice treated
with the solvent of the opioid analgesics (Fig. 3A and B, dose 0). Despite the absence of
local antinociceptive effects of i.pl. opioids in response to mechanical stimulation in WT
mice, sigma-1-KO animals showed robust dose-dependent antinociceptive effects with
each of the three p-opioid agonists tested. The antinociceptive effects after mechanical
stimulation in sigma-1-KO mice were particularly prominent for oxycodone and
morphine, but weaker for buprenorphine (Fig. 3A). In marked contrast, the
antinociceptive effects of i.pl. opioid agonists after heat stimulation were similar in WT
and sigma-1-KO mice (Fig. 3B). None of the treatments tested here modified the
response latency when the stimulus was applied to the hindpaw contralateral to the

injection, with the exception of the highest dose of oxycodone, which induced a

79



Sigma-1 receptors and nociceptive pain

significant antinociceptive effect after mechanical stimulation in sigma-1-KO mice, and
an antinociceptive effect after heat stimulation in mice of both genotypes (Fig. 4A and

4B, respectively).
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Fig. 3. Mechanical and heat antinociception induced by the local administration of different p-opioid
receptor agonists in wild-type (WT) and sigma-1 knockout (0;-KO) mice. The results represent the
response latency during stimulation with (A) 450 g pressure or (B) 55 °C of the injected hindpaw in mice
treated intraplantarly (i.pl.) with the p-opioid agonists. Each animal was evaluated in only one pain test
and received only one dose of drug or saline. Each point and vertical line represents the mean = SEM of
values obtained in the injected hindpaw in 8 animals. Statistically significant differences between the
values obtained in saline- and opioid-treated groups: **P < 0.01; and between the values obtained in WT
and 01-KO mice at the same dose of a given opioid: #P < 0.01 (two-way ANOVA followed by Bonferroni
test).
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Fig. 4. Mechanical and heat nociception in the paw contralateral to the site of intraplantar administration
of different p-opioid agonists in wild-type (WT) and sigma-1 knockout (01-KO) mice. The results represent
the response latency during stimulation with (A) 450 g pressure or (B) 55 °C on the hindpaw contralateral
to the site of drug injection in mice treated intraplantarly (i.pl.) in the ipsilateral (ipsi) paw with the p-
opioid agonists. Each animal was evaluated in only one pain test and received only one dose of drug or
saline. Each point and vertical line represents the mean * SEM of values obtained in the non-injected
hindpaw in 8 animals. Statistically significant differences between the values obtained in saline- and
opioid-treated groups: **P < 0.01; and between the values obtained in WT and 0:-KO mice at the same
dose of a given opioid: #P < 0.01 (two-way ANOVA followed by the Bonferroni test).

1.2.3. Effects of sigma-1 drugs on mechanical antinociception induced by

local (intraplantar) administration of p-opioid agonists

To test whether the local pharmacological blockade of sigma-1 receptors in WT mice
replicated the phenotype seen in sigma-1-KO mice exposed to mechanical stimulation,
we studied the effects of the co-administration of SIRA with the opioids (or their
solvents) to the hindpaw. The response latency to mechanical stimulation was similarly
short in WT mice stimulated in the paw treated with morphine 200 ug alone or in the
contralateral (untreated) hindpaw, indicating the absence of antinociceptive effects of

morphine to mechanical stimulation (Fig. 5A, dose 0 of S1IRA).
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Fig. 5. Effects of the local administration of the sigma-1 receptor antagonist SIRA on mechanical
antinociception induced by the local administration of different p-opioid agonists in wild-type mice. The
results represent the struggle response latency during mechanical stimulation in: (A) mice treated
intraplantarly (i.pl.) with morphine (200 pg) co-administered with S1RA (6.25-100 pg) or its solvent
(saline, dose 0), and stimulated in the injected (ipsilateral, ipsi) and non-injected (contralateral, contra)
hindpaw; (B) the hindpaw ipsilateral to the site of p-opioid agonist injection (morphine 200 pg, oxycodone
50 ug or buprenorphine 25 ug) alone or associated with S1IRA (100 pg) in the same or in the contralateral
paw. (A and B) Each animal received only one treatment. Each point or bar and vertical line represents
the mean + SEM of values obtained in 8 animals. (A) Statistically significant differences between the values
obtained in the groups treated with S1RA and its solvent: **P < 0.01, and between the values obtained in
the ipsilateral and contralateral hindpaw at the same dose of S1RA (or saline): #P < 0.01 (two-way ANOVA
followed by Bonferroni test). (B) Statistically significant differences between the values obtained in the
groups treated with S1RA or its solvent in the paw ipsilateral to the opioid injection: **P < 0.01; and
between the groups treated with S1IRA in the paw ipsilateral or contralateral to the opioid injection: #P <
0.01 (one-way ANOVA followed by Bonferroni test).
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The co-administration of SIRA (6.25—-100 ug) with this dose of morphine induced a dose-
dependent increase in struggle response latency after mechanical stimulation in the
injected hindpaw (Fig. 5A, closed symbols), without altering the behavioral response in
mice stimulated in the hindpaw contralateral to the site of drug administration (Fig. 5A,
open symbols), suggesting that these effects were not produced systemically. Treatment
with S1RA (100 ug) alone was devoid of antinociceptive effects (1.9 £ 0.3 s in controls vs

1.3+0.2 s in S1IRA-treated mice).

We also compared the effects of the i.pl. administration of oxycodone (50 pg) and
buprenorphine (25 pg) alone or associated with S1IRA (100 pg). As observed for the
results with morphine, the local administration of oxycodone or buprenorphine alone
was devoid of antinociceptive effects in response to mechanical stimulation, but the co-
administration of S1RA (at a dose which had no effect per se) with these opioids induced
a robust antinociceptive effect (Fig. 5B). This enhanced antinociceptive effect was
weaker for buprenorphine compared to morphine or oxycodone (Fig. 5B). None of the
treatments produced any effect in the non-injected paw (Fig. 6A), and importantly,
when S1RA was administered i.pl. in the hindpaw contralateral to the morphine,
oxycodone or buprenorphine injection, there was no increase in the struggle response

latency in the paw in which the opioids were injected (Fig. 6A).

These results rule out any possible systemic effect of the i.pl. administration of SIRA and
demonstrate that this sigma-1 antagonist is able to locally potentiate opioid-induced

mechanical antinociception at peripheral sites.

We also evaluated the effects of the sigma-1 agonist PRE-084 (32 mg/kg, s.c.) on the
mechanical antinociception induced by the local co-administration of S1IRA with the
opioid agonists, and found that treatment with the sigma-1 agonist abolished the S1RA-
induced potentiation of p-opioid antinociception to mechanical stimulation (Fig. 7).

These results support the selectivity of the effects induced by S1RA.
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Fig. 6. Mechanical and heat nociception in the paw contralateral to the site of intraplantar co-
administration of S1IRA with different p-opioid agonists in wild-type mice. The results represent the
response latency during (A) mechanical stimulation of the hindpaw contralateral to the injection of the p-
opioid agonist when the opioid agonist was injected in the ipsilateral (ipsi) paw alone or associated to
S1RA, and when the opioid agonist was injected in the ipsilateral paw and S1RA in the contralateral
(contra) paw, and (B) heat stimulation of the hindpaw contralateral to the site of injection of the p-opioid
agonist alone or associated to S1IRA, when the drugs were injected in the ipsilateral (ipsi) paw. (A and B)
Each animal received only one treatment. Each bar and vertical line represents the mean + SEM of values
obtained in 8 animals. None of the treatments produced any statistically significant effect in the paw
contralateral to the opioid injection (one-way ANOVA followed by Bonferroni test).
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Fig. 7. Effects of the systemic administration of the sigma-1-receptor agonist PRE-084 on mechanical
antinociception induced by local co-administration of different p-opioid agonists and S1RA in wild-type
mice. The results represent the struggle response latency during stimulation with 450 g pressure in the
hindpaw of mice given an intraplantar (i.pl.) injection of a p-opioid agonist (morphine 200 pg, oxycodone
50 pg or buprenorphine 25 pg) alone or with SIRA (100 pg, i.pl.) and associated with the s.c.
administration of PRE-084 (32 mg/kg) or its solvent. Each animal received only one treatment. Each bar
and vertical line represents the mean * SEM of values obtained in 8 animals. Statistically significant
differences between the values obtained in the groups treated with the opioids + S1IRA and animals
treated with the opioids alone or their solvent: **P < 0.01; and between the values obtained in the groups
treated with opioids + S1RA alone or associated with PRE-084: #P < 0.01 (one-way ANOVA followed by
Bonferroni test).

1.2.4. Effects of sigma-1 drugs on heat antinociception induced by local

(intraplantar) administration of u-opioid agonists

We tested the effects on heat nociception of the co-administration of SIRA (25-100 pg)
with morphine, oxycodone or buprenorphine (or their solvent) to the hindpaw. The i.pl.
administration of morphine (200 pg) induced an increase in the response latency to heat
stimulation applied to the injected paw, whereas the latency in the hindpaw
contralateral to the site of drug administration remained short (Fig. 8A, dose 0 of S1IRA).
In contrast to the marked potentiation by the co-administration of S1IRA of the local
mechanical antinociceptive effect induced by morphine 200 pg as reported above in the
previous section, SIRA did not increase the antinociceptive effect to heat stimulation

induced by the same dose of morphine (Fig. 8A).
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Because this i.pl. dose of morphine exerted a marked antinociceptive effect to heat
stimulation, we also tested the effects of SIRA co-administration with a lower dose of
morphine (100 pg) to avoid a possible ceiling effect which would make it difficult to
detect an increase in morphine antinociception induced by S1RA. Although the
antinociceptive effect of morphine 100 pug was lower than morphine 200 pg, co-
administration with S1IRA was still unable to modify the effect of this opioid (Fig. 8A).
The co-administration of SIRA with morphine did not modify the response latency in
mice stimulated in the hindpaw contralateral to the drug-treated paw (Fig. 8A, open

symbols).

As seen regarding the absence of effects of SIRA on heat antinociception induced by
local morphine, this sigma-1 antagonist did not increase the local antinociceptive effect
to heat stimulation induced by submaximal doses of oxycodone (25 pg) or
buprenorphine (9 pg) (Fig. 6B). None of the treatments had any effect in the non-
injected paw (Fig. 6B). These results clearly showed that peripheral sigma-1 antagonism

was not able to modulate heat antinociception induced by peripheral p-opioid agonism.

We also tested whether sigma-1 agonism was able to decrease peripheral p-opioid
antinociception in response to heat stimulation. The administration of PRE-084 (32
mg/kg, s.c.) did not result in alterations in the antinociceptive effects induced by i.pl.
morphine (200 pg), oxycodone (50 pg) or buprenorphine (12.5 ug) (Fig. 9). Therefore,
neither sigma-1 antagonism nor agonism led to modifications in peripheral p-opioid

antinociception to heat stimulation.
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Fig. 8. Effects of the local administration of the sigma-1 receptor antagonist SIRA on heat antinociception
induced by the local administration of different p-opioid agonists in wild-type mice. The results represent
the paw withdrawal latency during heat stimulation in: (A) mice treated intraplantarly (i.pl.) with
morphine (100 or 200 pg) associated with S1IRA (6.25-100 pg) or its solvent (saline, dose 0), and
stimulated in the injected (ipsilateral, ipsi) and non-injected (contralateral, contra) hindpaw; (B) the
hindpaw ipsilateral to the site of p-opioid agonist injection (morphine 100 ug, oxycodone 25 ug or
buprenorphine 9 ug) alone or co-administered with S1IRA (100 pg). (A and B) Each animal received only
one treatment. Each point or bar and vertical line represents the mean + SEM of values obtained in 8
animals. (A) Statistically significant differences between the values obtained in the hindpaw ipsilateral and
contralateral to the same dose of morphine: #P < 0.01. There were no statistically significant differences
between the values obtained in the groups treated with S1RA or its solvent (two-way ANOVA followed by
Bonferroni test). (B) Statistically significant differences between the values obtained in the groups treated
with the opioids or their solvent: **P < 0.01. There were no statistically significant differences between
the values obtained in the groups treated with the opioid agonists injected alone or with S1IRA (one-way
ANOVA followed by Bonferroni test).
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Fig. 9. Effects of the systemic administration of the sigma-1-receptor agonist PRE-084 on heat
antinociception induced by the local administration of opioid agonists in wild-type mice. The results
represent the paw withdrawal latency during heat stimulation of the ipsilateral hindpaw of mice treated
intraplantarly (i.pl.) with an opioid agonist (morphine 200 pg, oxycodone 50 pg or buprenorphine 12.5 pg)
alone or associated with the s.c. administration of PRE-084 (32 mg/kg) or their solvent. Each animal
received only one treatment. Each bar and vertical line represents the mean + SEM of values obtained in
the injected (ipsilateral) hindpaw in 8 animals. Statistically significant differences between the values
obtained in the groups treated with the opioids or their solvent: **P < 0.01. There were no statistically
significant differences between the values obtained in the groups treated with PRE-084 or its solvent (one-
way ANOVA followed by Bonferroni test).

1.2.5. Contribution of TRPV1-expressing neurons to mechanical and heat
nociception, and to the modulatory effects of sigma-1 receptors on

peripheral u-opioid antinociception

We then tested whether the behavioral effects seen were mediated by TRPV1-
expressing neurons. Staining for IB4 and TRPV1 showed minimal overlap among DRG
neurons from intact mice (Fig. 10A, top panels). Treatment with RTX completely
abolished TRPV1 labelling although IB4 staining remained (Fig. 10A, bottom panels),
confirming the specificity of the ablation procedure. In addition, RTX treatment did not
alter response latency to nociceptive mechanical stimulation in either of the two

hindpaws (Fig. 10B).
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Fig. 10. Effect of the ablation of TRPV1-expressing neurons on mechanical and heat nociception, and on
the modulatory effects of sigma-1 receptors on peripheral p-opioid antinociception. Animals were treated
i.p. with resiniferatoxin (RTX, 50 ug/kg) or its solvent five days before obtaining samples or performing
the behavioral experiments. (A) Double labelling of isolectin B4 (IB4, red) and TRPV1 (green) in the L4
dorsal root ganglion. Top panels: samples from control (solvent-treated) wild-type (WT) mice. White
arrow indicates co-localization of both markers. Bottom panels: samples from WT-mice treated with RTX.
Scale bar, 100 um. (B and C) The behavioral results represent: (B) the struggle response latency during
stimulation with 450 g pressure in the hindpaw of WT-mice pretreated with RTX or its solvent, and treated
with an intraplantar (i.pl.) injection of morphine (200 pg) co-administered with S1IRA (100 pg) or their
solvent; (C) the paw withdrawal latency during stimulation with 55 °C in the hindpaw of WT-mice
pretreated with RTX or its solvent, and i.pl. injected with morphine (200 pg) or its solvent. (B and C) Mice
were stimulated in the paw ipsilateral (ipsi) or contralateral (contra) to the opioid injection. Each animal
was evaluated in only one pain test and received only one treatment. Each bar and vertical line represents
the mean + SEM of 8 animals. Statistically significant differences compared to mice treated with solvent
only: **P < 0.01 (one-way ANOVA followed by Bonferroni test). Statistically significant differences
between the values obtained in the hindpaw ipsilateral and contralateral to the opioid injection for each
group: ##P < 0.01 (one-way ANOVA followed by Bonferroni test).
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The i.pl. co-administration of SIRA and morphine induced a marked increase in the
response latency to mechanical stimulation in the injected paw compared to solvent-
treated mice, and this increase was similar in RTX-treated and RTX-untreated mice (Fig.
10B, black bars). Latency values in the contralateral non-injected paw remained
unchanged and indistinguishable from control values in all experimental groups (Fig.
10B, white bars). Therefore, TRPV1-expressing neurons did not participate in the
response to nociceptive mechanical stimuli or in the modulatory effect induced by

sigma-1 receptors on peripheral p-opioid antinociception to mechanical stimulation.

In contrast, TRPV1 neuron ablation induced a bilateral increase in the response latency
to the nociceptive heat stimulus (Fig. 10C). The i.pl. administration of morphine induced
a significant increase in the time to response to heat stimulation in the injected paw (but
not in the contralateral hindpaw) in mice treated with the RTX solvent. When we tested
the effects of i.pl. morphine in RTX-treated mice, we found that the response latency
was equally high in the injected and the non-injected hindpaw and non-significantly
different from that obtained in animals treated with RTX and the solvent of morphine
(Fig. 10C), which indicates that local peripheral morphine administration was not able

to produce antinociception in RTX-treated mice.

The lack of effect of i.pl. morphine was not due to the high latency values observed in
animals treated with RTX, since the systemic administration of morphine (16 mg/kg, s.c.)
induced a marked increase in the response latency after heat stimulation despite
ablation of the TRPV1 neurons (Fig. 11). This indicated that successful analgesic
treatment was able to increase the response latency in TRPV1-ablated mice. Increased
response latency was thus achieved by systemic morphine, which is able to act both
centrally and peripherally, but not by the i.pl. administration of this opioid. These results
suggested that morphine acted on TRPV1 neurons to induce a local peripheral

antinociceptive effect on the response to heat stimulation.
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501 Fig. 11. Effect of systemic morphine on thermal
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1.2.6. Expression of sigma-1 receptors in the dorsal root ganglion of wild-

type and sigma-1-knockout mice

To study the expression of sigma-1 receptors in the DRG, we used immunohistochemical
double labelling for the neuronal marker NeuN and sigma-1 receptors (Fig. 12). The pan-
neuronal marker NeuN was located in the somas of all neurons from WT mice. Sigma-1
receptor immunoreactivity was also found in DRG cells. Merging the two images showed
that cells that expressed NeuN and sigma-1 receptor formed completely overlapping cell
populations (Fig. 12, top panels). These results indicated that all sensory neurons
expressed sigma-1 receptors. In sigma-1-KO mice, NeuN staining was preserved but
sigma-1 receptor labelling was completely absent (Fig. 12, bottom panels), supporting

the specificity of the sigma-1 receptor antibody used.

Higher magnification photomicrographs showed that NeuN staining was more intense
within a rounded area in DRG neurons, which overlapped with Hoechst 33342 staining,
indicating the location of neuronal nuclei. This area was devoid of sigma-1
immunostaining, clearly indicating that sigma-1 receptors were not detected inside

neuronal nuclei (see Fig. 13).

91



Sigma-1 receptors and nociceptive pain
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Fig. 12. Sigma-1 receptors are expressed in all dorsal root ganglion neurons. Double labelling of NeuN
(red) and sigma-1 (o1) receptors (green) in the L4 dorsal root ganglion. Top panels: samples from wild-
type (WT) mice. Bottom panels: samples from o;-knockout (01-KO) mice. Scale bar, 100 um.
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o, receptor Hoechst / NeuN / 5, receptor
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Fig. 13. Sigma-1 receptors are expressed selectively in dorsal root ganglion neurons, with wide distribution
in the cytoplasm and plasma membrane, but not inside the neuronal nuclei. Hoechst 33342 (Hoechst)

staining (blue), and NeuN (red) and sigma-1 (o;) receptor (green) labelling in the L4 dorsal root ganglion.
Scale bar, 50 um.
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Interestingly, other Hoechst-stained cell nuclei were seen in non-neuronal cells (NeuN-
negative cells) in close proximity to NeuN-labelled neurons, and these cells were devoid
of sigma-1 receptor staining, as this was completely restricted to NeuN-labelled cells

(see Fig. 13).

Although we found that sigma-1 receptors were expressed in all DRG neurons, the
intensity of sigma-1 receptor labelling appeared to be much higher in IB4+ neurons than
in all other small nociceptive neurons in the DRG (Fig. 14A). In fact, when we quantified
signal intensity, we found that it was 2.3-fold higher in IB4+ neurons than in other small
DRG neurons (Fig. 14B). These distinct expression levels of sigma-1 receptors in subsets
of nociceptive neurons may account for the differential modulation by sigma-1 receptor

inhibition of p-opioid agonist-induced mechanical and heat antinociception.

o, receptor 1B4 o, receptor /B4

*%
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Fig. 14. Sigma-1 receptors are expressed at higher density in IB4+ neurons than in other small dorsal root
ganglion (DRG) neurons. (A) Double labelling of sigma-1 (o1) receptors (green) and I1B4 (red) in the L4 DRG.
White arrows indicate the location of IB4- small neurons. (B) Fluorescence intensity of sigma-1 receptor
staining in 1B4+ and I1B4- small DRG neurons, expressed in arbitrary units (a.u.). Statistically significant
differences between sigma-1 receptor expression in the two groups of neurons: **P < 0.01 (unpaired
Student’s t test).

1.3. DISCUSSION

In this study we show that the clinically relevant p-opioid analgesics morphine,
buprenorphine and oxycodone induced prominent peripheral antinociceptive effects to
a heat stimulus but little (oxycodone) or no peripheral antinociceptive effects to a

mechanical stimulus under control conditions (in the absence of sigma-1 receptor
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inhibition). However, sigma-1 inhibition markedly boosted peripherally-mediated
mechanical antinociception induced by p-opioid agonists without affecting peripheral p-

opioid effects on heat nociception.

We found that peripheral opioid receptor antagonism (with naloxone methiodide) did
not alter mechanical antinociception induced by systemic buprenorphine or morphine
and only slightly inhibited oxycodone effect. These results are consistent with our
previous findings (Sdnchez-Fernandez et al., 2014), and are compatible with the
presumed central analgesic effects of opioids (Greenwood-Van Meerveld and Standifer,
2008; Thomas et al.,, 2008). In marked contrast, the antinociceptive effects of
buprenorphine, morphine and oxycodone on the response to a heat stimulus were
highly sensitive to naloxone methiodide, indicating that peripheral opioid receptors play
a more prominent role in heat- than in mechanical-antinociception induced by p-opioid
agonists. This notion is further supported by our finding that the local peripheral
administration of the opioid agonists tested induced a robust antinociceptive effect at
the site of administration in response to heat- but not to mechanical-stimulus. Our
results are congruent with previous studies showing that peripheral morphine exerts
analgesia to heat but not to mechanical nociceptive pain in both humans (Koppert et al.,
1999) and rodents (Kolesnikov and Pasternak, 1999; Sanchez-Fernandez et al., 2013),
and extend these earlier findings by showing that the striking modality-specific
peripheral effects seen with morphine are also a characteristic of other clinically

relevant p-agonists.

Although the local peripheral administration of buprenorphine, morphine or oxycodone
was unable to induce mechanical antinociception in WT mice, all these opioids induced
a robust antinociceptive effect to mechanical stimulation in sigma-1-KO mice. These
results were replicated in assays based on the pharmacological inhibition of peripheral
sigma-1 receptors: the co-administration of SIRA with the p-opioids resulted in a
strongly synergistic mechanical antinociceptive effect (greater than the sum of the
individual effects of p-opioids or SIRA alone) at the site of administration of the
combined drug solution, but not in the contralateral paw. This finding suggests that the
interaction was produced locally. The effects induced by S1RA were reversed by the

known sigma-1 agonist PRE-084, and this finding argues in favor of a sigma-1-mediated
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action on the effects induced by S1RA. All these results indicate that peripheral sigma-1
receptors constitute a biologic brake to peripheral p-opioid antinociception in the
response to a mechanical stimulus, and extend our previous finding of the synergistic
effects of sigma-1 antagonism and peripheral opioid antinociception (Sanchez-

Fernandez et al., 2013 and 2014).

In marked contrast to the results for mechanical nociceptive pain, the local peripheral
administration of buprenorphine, morphine or oxycodone exhibited a similar level of
thermal antinociception in WT and sigma-1-KO mice, and the heat antinociception
induced by the local peripheral administration of these p-opioid agonists was not
modified by their co-administration with S1IRA. These results differ from those obtained
when sigma-1 antagonists were administered systemically: both the non-selective
sigma-1 drug haloperidol and the selective sigma-1 antagonist S1RA clearly enhanced
opioid antinociception to heat stimulation (Chien and Pasternak, 1994 and 1995;
Marrazzo et al., 2006; Vidal-Torres et al., 2013). In addition, central sigma-1 inhibition is
known to markedly increase opioid antinociception to a heat stimulus (Pan et al., 1998;
Mei and Pasternak, 2002 and 2007). Together, these results show that although sigma-
1 receptors tonically inhibit opioid antinociception to heat stimulation, this must occur

at the central but not at the peripheral level.

It was reported that sigma-1 agonism is able to decrease heat antinociception induced
by systemic or central opioids (Chien and Pasternak, 1994). We therefore hypothesized
that although the peripheral tonic inhibitory activity of the sigma-1 system might be too
weak to allow sigma-1 antagonism to enhance opioid antinociception to heat, treatment
with the sigma-1 agonist PRE-084 might be able to decrease heat antinociception
induced by peripherally administered opioids. However, we show here that sigma-1
agonism did not modify peripheral p-opioid-induced heat antinociception. Our findings
thus show for the first time that peripherally-mediated p-opioid antinociception to heat

stimuli is clearly dissociated from the actions of sigma-1 receptors.

In the mouse TRPV1+ and IB4+ cells constitute separate neuronal populations, as shown
here and in previous studies (Zwick et al., 2002; Woodbury et al., 2004), and correspond

to peptidergic and non-peptidergic C-nociceptors, respectively (Priestley et al., 2009).
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Heat-sensitive nociceptors correspond mainly to TRPV1-expressing C-nociceptors
(Scherrer et al., 2009; Bardoni et al., 2014), whereas non-peptidergic C-nociceptors are
mechanosensitive (Cavanaugh et al., 2009; Scherrer et al., 2009). The ablation of TRPV1-
expressing neurons by RTX in our mice resulted in marked impairment of the nociceptive
responses to heat stimulation, as also reported in other studies (Menéndez et al., 2006;
Hsieh et al., 2012a; Zhang et al., 2013). Moreover, we show that although the local
peripheral administration of morphine induced marked peripheral antinociception in
response to heat stimulation in intact mice, it was unable to induce further
antinociceptive effects in TRPV1-ablated mice, indicating that this opioid acts on TRPV1
neurons to induce a local antinociceptive effect on this type of stimulus. It is known that
there is heavy crosstalk between TRPV1 and p-opioid receptors (reviewed in Bao et al.,
2015), so the prominent effects induced by the local administration of morphine in the
heat nociception assays reported here may be due to modulation of the action of TRPV1

receptors in peptidergic C-nociceptors.

In marked contrast to the results discussed above, the ablation of TRPV1-expressing
neurons by RTX in our mice left IB4+ cells unaltered and did not affect the responses to
mechanical stimulation, indicating that the TRPV1-expressing neuronal population is
dispensable for mechanical nociception, as shown here and in previous studies (Mishra
and Hoon, 2010; Zhang et al., 2013). In addition, we show that RTX treatment did not
modify the effect of the local administration of morphine injected alone or with S1IRA
on mechanical stimulation, indicating that sigma-1 receptors tonically inhibit peripheral
p-opioid antinociception in sensory neurons other than TRPV1-expressing afferents.
Therefore, we hypothesized that differential expression of the sigma-1 receptor in
subsets of peripheral nociceptive neurons might underpin the differential modulation
by sigma-1 receptor antagonism of p-opioid peripherally mediated heat- and

mechanical-antinociception.

We found that sigma-1 receptors were located in the somas of all DRG neurons, with a
neuron-specific distribution. These results are in agreement with a recent study of the
location of sigma-1 receptors in the DRG (Mavlyutov et al., 2016). Although the antibody
used in our study (sc-137075) was recently reported to intensely stain tissue from sigma-

1-KO mice (Mavlyutov et al., 2016), we show that sigma-1 receptor immunostaining was
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completely absent in our mutant mice, supporting the specificity of the antibody. The
marked differences between our findings and previous studies may be due to the use of
frozen sections embedded in optimal cutting temperature (OCT) compound by
Mavlyutov and colleagues vs paraffin-embedded samples in the present study, and to a
possible effect of our antigen retrieval procedure, which might improve antibody
selectivity. It is worth pointing out that the knockout mice used in the two studies were
generated with different procedures, which may also account for the differences.
However, staining with the sc-137075 antibody was also seen in our sigma-1 knockout
mice when the procedure was performed with frozen sections embedded in OCT (data
not shown). These results suggest that the differences in antibody selectivity may be
attributable to the experimental procedures rather than to the type of sigma-1 knockout

mouse used.

Although sigma-1 receptors were located in all DRG neurons, the distribution of these
receptors was not homogeneous: we show that the expression levels of sigma-1
receptors were much higher in IB4+ neurons than in all other small nociceptive neurons
in the DRG. As previously noted, IB4+ neurons are well known to code for mechanical
nociception. Therefore, the enrichment of sigma-1 receptor expression in this type of
sensory neuron may account for our finding that sigma-1 antagonism acted
preferentially on opioid-induced peripheral antinociception in response to mechanical

stimuli.

Our results on nociceptive pain may seem to contradict a recent study showing that
sigma-1 antagonism fully ameliorated both mechanical and thermal hyperalgesia in mice
with carrageenan-induced inflammation, by enhancing the peripheral actions of
endogenous opioid peptides (Tejada et al., 2017). The interaction between sigma-1
receptors and their protein targets is known to be Ca?*-dependent (Rodriguez-Mufioz et
al., 2015b), and inflammatory mediators can induce a marked increase in intracellular
Ca?* concentration, leading to nociceptor sensitization (Linhart et al., 2003; Richardson
and Vasko, 2002). Therefore, inflammation might trigger plastic changes in heat-sensing
peripheral neurons that enable opioid modulation by sigma-1 receptors, although
further studies are needed to clarify this issue. It is worth noting that the potency of

sigma-1 antagonists in ameliorating inflammatory mechanical hyperalgesia is much
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higher than for heat hyperalgesia (Tejada et al., 2107). This suggests that even under
inflammatory conditions, sigma-1 receptors play a more prominent role in the
modulation of peripheral opioid effects in response to mechanical than to heat

stimulation, which is consistent with our results.
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2. GRIP STRENGTH IN MICE WITH JOINT INFLAMMATION: A RHEUMATOLOGY

FUNCTION TEST SENSITIVE TO PAIN AND ANALGESIA

2.1. MATERIAL AND METHODS

2.1.1. Experimental animals

Experiments were done in female CD1 mice (Charles River, Barcelona, Spain) weighing
28-30 g at the beginning of the study. We chose female animals because it has been
reported that women may be at greater risk for pain-related disability than men (e.g.
Unruh, 1996; Stubbs et al., 2010), but no previous studies have evaluated grip strength
as a measure of pain-induced functional disability in female animals. Animals were
tested randomly throughout the estrous cycle. They were housed in colony cages with
free access to food and water prior to the experiments, and were kept in temperature-
and light-controlled rooms (22 + 2°C, and light—dark cycle of 12 h). The experiments were
done during the light phase (from 9:00 AM to 3:00 PM). All experimental protocols were
carried out in accordance with international standards (European Communities Council
directive 2010/63), and were approved by the Research Ethics Committee of the
University of Granada. To decrease the number of animals in this study, we used the
same mice for behavioral studies, histological analysis and immunostaining, when

possible.

2.1.2. CFA-induced periarticular inflammation

Mice were injected periarticularly with complete Freund’s adjuvant (CFA) (Sigma-
Aldrich, Madrid, Spain) or sterile physiological saline (0.9% NaCl) as a control around the
tibiotarsal joint. CFA (or saline) was administered subcutaneously in two separate
injections to the inner and outer side of the joint in a volume of 10 or 15 pl/injection
(20 or 30 pL/paw), to obtain homogeneous inflammation (Chen et al., 2009; Lolignier et
al., 2011). We used a 1710 TLL Hamilton microsyringe (Teknokroma, Barcelona, Spain)
with a 30%-gauge needle under isoflurane anesthesia (IsoVet®, B. Braun, Barcelona,

Spain). CFA-treated mice had prominent inflammation that appeared to be restricted to

99



Grip strength and inflammatory pain

the administration site and nearby areas (heel), whereas the paw pad did not appear to
be affected. This allowed us to test the mechanical threshold in these two distinct areas.
See “Results” for details. Because weight loss or delayed weight gain are considered
signs of ongoing distress (Blackburn-Munro, 2004), body weight was monitored daily to
ensure that our protocol did not induce excessive harm to the animals. Inflammatory
edema was monitored by measuring ankle thickness with an electronic caliper (e.g. Croci

and Zarini, 2007).

2.1.3. Drugs and drug administration

We used the following prototypic analgesics: the nonsteroidal antiinflammatory drug
(NSAID) ibuprofen sodium salt (10-80 mg/kg), the cyclooxygenase-2 (COX-2) inhibitor
celecoxib (40-160 mg/kg), and acetaminophen (40-320 mg/kg) (all from Sigma-Aldrich),
and the opioids tramadol (10-80 mg/kg) and oxycodone hydrochloride (1-8 mg/kg)
(supplied by Laboratorios Esteve, Barcelona, Spain). We also tested the effects of the
antispastic baclofen (5-20 mg/kg) (Sigma-Aldrich). All drugs were dissolved in 0.5%
hydroxypropyl methylcellulose (HPMC) with the exception of celecoxib and
acetaminophen, which were suspended in HPMC supplemented with 1% Tween 80
(both from Sigma-Aldrich). These drugs or their solvents were administered orally (p.o.)

in a volume of 10 mL/kg.

In addition, we also tested the effects of ruthenium red (1-2 mg/kg) (Sigma-Aldrich), a
nonselective TRP antagonist (St Pierre et al., 2009). Ruthenium red was dissolved in
saline and administered subcutaneously (s.c.) into the interscapular zone in a volume of

5 mL/kg. The control group received an equal volume of saline.

In all cases, behavioral evaluations after drug administration were recorded by an

observer blinded to the treatment.
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2.1.4. In vivo ablation of TRP vanilloid 1 (TRPV1)-expressing nociceptive

neurons

We used resiniferatoxin (RTX) to selectively ablate TRPV1-expressing neurons. The drug
(Tocris Cookson Ltd, Bristol, UK) was dissolved in 10% Tween 80 and 10% ethanol in
normal saline. Animals received a single dose of RTX (50 pg/kg) via intraperitoneal
injection, which has been previously reported to ablate all peripheral TRPV1+ neurons
(Hsieh et al., 2012a). The control group received an equal volume of vehicle. All
procedures were done under isoflurane anesthesia to minimize distress, 5 days before

behavioral testing or sample collection.

2.1.5. Measurement of grip strength

Grip strength was measured with a computerized grip strength meter (Model 47200,
Ugo-Basile, Varese, Italy). The apparatus consisted of a T-shaped metal bar connected
to a force transducer. To measure grip strength in the hindpaws of the mice, the
experimenter held the mouse gently by the base of the tail, allowing the animal to grasp
the metal bar with its hindpaws. To prevent mice from gripping the metal bar with their
forepaws during the recording, the animals were first allowed to grasp a wire mesh
cylinder with their forepaws. As soon as the mice grasped the transducer metal bar with
their hindpaws, the experimenter pulled the animals backwards by the tail until grip was
lost (see Supplemental Video 3, which demonstrates the procedure used to measure
hindlimb grip strength). The peak force of each measurement was automatically
recorded in grams (g) by the device. Hindlimb grip strength in each mouse was measured
in triplicate. Basal grip strength values were recorded for each animal as the average of
two determinations on different days before the administration of CFA or saline. This
value was considered as 100% of grip strength and used as a reference for subsequent

determinations.
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2.1.6. Measurement of von Frey threshold

Mechanical allodynia to a punctate stimulus was determined with a slight modification
of a previously described method (Chaplan et al., 1994). Briefly, animals were acclimated
for 2 h in methacrylate test compartments (7.5 cm wide x 7.5 cm long x 15 cm high)
placed on an elevated mesh-bottomed platform, to provide access to the plantar surface
of the hindpaws. Plantar stimulation is the standard site of application of von Frey
filaments in animals with joint inflammation (e.g. Nieto et al., 2015; Mangione et al.,
2016). A logarithmic series of calibrated von Frey monofilaments (Stoelting, Wood Dale,
IL, USA), with bending forces that ranged from 0.02 to 1.4 g, were applied using the up—
down paradigm, starting with the 0.6 g filament. Filaments were applied two times for
2-3 s, with inter-application intervals of at least 30 s to avoid sensitization to the
mechanical stimuli. The response to the filament was considered positive if immediate
licking/biting, flinching or rapid withdrawal of the stimulated paw was observed. As for
grip strength determinations, basal values were recorded for each animal as the average
of two determinations on different days, before the administration of CFA or saline. This
value was considered 100% of the von Frey threshold and used as a reference for

subsequent determinations.

2.1.7. Locomotor activity measurements

Ambulatory locomotion was measured with an infrared detector (Med associated Inc.,
St. Albans, VT, USA) equipped with 48 infrared photocell emitters and detectors,
according to a previously described method (Sanchez-Fernandez et al., 2013) with slight
modifications. Briefly, animals were placed individually in transparent evaluation
chambers (27.5 cm wide x 27.5 cm long x 20 cm high) and the distance traveled
(horizontal activity) and the number of rears (vertical activity) were recorded during 30
min. Animals were tested only once to avoid habituation to the evaluation chambers,
which markedly decreases their locomotor activity. All experiments were done in a

sound-proofed room with dim light (7-10 lux; Luxometer SM700, Milkwaukee 4
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Electronics Kft., Szeged, Hungary). No experimenters were present in the testing room

during the evaluation period.

2.1.8. Histology

Mice were anesthetized with isoflurane (IsoVet®, B. Braun, Barcelona, Spain) and
perfused intracardially with 20 mL saline followed by 4% formaldehyde solution. After
perfusion, the paws were dissected and fixed with 10% buffered formalin for 48 h at
room temperature. Joints were then decalcified in Anne Morse solution (50 mL formic
acid and 50 mL 20% sodium citrate) at room temperature for 14 days. Next, they were
sectioned longitudinally, dehydrated with alcohol, and embedded in paraffin. We used
a similar protocol to stain paw pad samples, but obtained the tissue with a 3-mm punch,
and omitted the decalcification step. Tissue sections (7-10 um) were stained with
hematoxylin and eosin. Images were acquired with a Nikon Eclipse 50i microscope

equipped with a DS-Ril camera.

2.1.9. Immunohistochemistry

Mice were transcardially perfused as above, and the L4 dorsal root ganglion and the
spinal cord lumbar enlargement were dissected, postfixed, dehydrated and embedded
in paraffin using standard procedures. Tissue sections (5 um) were deparaffinized in
xylol (Panreac Quimica, Castellar del Valles, Spain) and rehydrated. Antigens were
retrieved by steam heating with 1 % citrate buffer. Sections were incubated for 1 h in
blocking solution (5% normal donkey serum, 0.3% Triton X-100, 0.1% Tween 20 in Tris
buffer solution). Then the slices were incubated for 1 h at room temperature with a goat
anti-TRPV1 antibody (sc-12498, 1:100, Santa Cruz Biotechnology, Inc., Heidelberg,
Germany) in blocking solution. After incubation, the sections were washed three times
for 10 min and incubated for 1 h with the secondary donkey anti-goat Alexa Fluor-488
antibody (A11055, 1:500, Life Technologies, Alcobendas, Spain) and a conjugated mouse
anti-NeuN antibody (MAB377A5, 1:500, Merck Millipore, Madrid, Spain). The slices were
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then washed three times for 10 min and mounted with ProLong® Gold Antifade
Mountant (Life Technologies, Alcobendas, Spain). Images were acquired with a confocal
laser-scanning microscope (Model A1, Nikon Instruments Europe BV, Amsterdam,

Netherlands).

2.1.10. Data analysis

The data were analyzed with the SigmaPlot 12.0 program (Systat Software Inc., San Jose,
CA, USA). Two-way repeated-measures analysis of variance (ANOVA) or one-way ANOVA
were used depending on the experiment. The Student—Newman—Keuls post-test was
used in all cases. The differences between means were considered significant when the

P value was below 0.05.

2.2. RESULTS

2.2.1. Behavioral phenotyping of mice with CFA-induced joint inflammation:
grip strength, mechanical allodynia, body weight and locomotor

activity

The administration of 20 or 30 pL/ankle of CFA induced volume-dependent decreases in
hindlimb grip strength (about 35% for 20 uL and 55% for 30 plL) during the first 3 days
after the induction of inflammation. In both dose groups, grip strength values returned
to normal levels, although the recovery period was longer in animals given the higher
volume of CFA (Fig. 1A). Untreated (naive) animals and mice treated periarticularly with
saline (30 uL/ankle) did not show significant changes in grip strength at any time-point

tested for up to 21 days (Fig. 1A).
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Fig 1. Grip strength deficits in mice given periarticular injections of CFA were accompanied by edema and
localized immune infiltrate. (A) Time-course of hindlimb grip strength in animals treated with CFA (20 or
30 pL/ankle), compared to naive mice and animals treated with saline (30 uL/ankle). (B) Increase in ankle
thickness after the administration of CFA or saline (20 or 30 pL/ankle). (C) Representative pictures of mice
treated periarticularly with 30 plL/ankle of saline or CFA (left and right panels, respectively). (D)
Representative photomicrographs of hematoxylin and eosin-stained tibiotarsal joint, synovial membrane
and paw pad in mice after the administration of saline or CFA (30 pL/ankle); the scale bars represent 200
pum in all panels. Values are the mean + SEM (10—12 animals per group). Statistically significant differences
in (A) and (B): **P < 0.01 versus the values from naive animals (two-way repeated measures ANOVA in
(A) and one-way ANOVA in (B) both followed by Student—Newman—Keuls test). There were no statistically
significant differences between values from naive animals and saline-treated mice. Data for ankle swelling
and histological analyses were obtained from the same mice.
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CFA induced persistent ankle swelling that lasted for at least 21 days, which was also
dependent on the volume administered. Animals treated with 30 pL/ankle of CFA had
thicker ankles than those given 20 uL, whereas those treated with saline (30 uL/ankle)
showed no significant increase in ankle thickness (Fig. 1B). We used 30 uL CFA (or

saline)/ankle in the rest of the experiments.

Macroscopically, sa line-treated animals showed no signs of paw inflammation (Fig. 1C,
left panel). However, CFA-treated mice had prominent inflammation that appeared to
be restricted to the administration site (ankle joint) and nearby areas, whereas the paw

pad did not appear to be affected (Fig. 1C right panel).

Histological examination of the tibiotarsal joint, synovial membrane or paw pad from
mice 2 days after the administration of saline did not disclose any histological anomalies
(Fig. 1D upper panels); however, 2 days after CFA administr ation we found massive
periarticular immune infiltrate which extended to the heel, as well as an inflammatory
process in the synovial membrane characterized by prominent immune infiltrate
accompanied by intraarticular exudate, but no histological alterations in the paw pad
(Fig. 1D, middle panels). Twenty-one days after CFA administration, the animals still
showed marked immune infiltration in the heel and periarticular structures, but the
synovial membrane showed no immune infiltrate, and we did not observe appreciable

intraarticular exudate, and the paw pad remained unaffected (Fig. 1D, lower panels).

We then measured the mechanical threshold in an inflamed (heel) and in a noninflamed
area (pad) of the paw. Mice given CFA showed a marked decrease in the von Frey
threshold in the heel, denoting the presence of tactile allodynia, and the decrease was
maintained throughout the time-course of study (21 days) (Fig. 2A). Joint inflammation
did not induce alterations in the mechanical threshold in the paw pad (Fig. 2A),
indicating that the sensory alterations appeared to be restricted to the inflamed area.
Control mice treated periarticularly with saline showed no alterations in their

mechanical thresholds in either the heel or the paw pad (Fig. 2A).
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Fig. 2. Mechanical allodynia in mice given periarticular injections of CFA did not parallel alterations in body
weight or locomotor activity. (A) von Frey threshold in the heel and the paw pad in mice treated
periarticularly with CFA or saline. (B) Time-course of body weight after the administration of CFA or saline.
(C) Vertical (rears) and horizontal (dis t ance traveled) locomotor activity of naive mice and CFA-treated
animals, 1 or 2 days after the induction of periarticular inflammation. A volume of 30 pL/ankle was used
in all experiments. Values are the mean + SEM (10-12 animals per group). Statistically significant
differences in: (A) **P < 0.01 between the values from mice with and without inflammation stimulated in
the heel at each time-point (two-way repeated measures ANOVA followed by Student—Newman—Keuls
test); (B) no statistically significant differences between values from saline- or CFA-treated animals at any
time-point tested (two-way repeated measures ANOVA); (C) no statistically significant differences
between values from naive- or CFA-treated animals (one-way ANOVA).

We also determined whether joint inflammation under our experimental conditions
induced other alterations such as changes in body weight or locomotion. Animals with

induced inflammation showed no changes in body weight in comparison to saline-
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treated mice (Fig. 2B). In addition, CFA administration did not in duce alterations in

either vertical or horizontal locomotor activity in comparison to control mice (Fig. 2C).

Therefore, this indicates that although CFA administration induced an apparent
decrease in grip strength and mechanical threshold, it did not significantly affect the

animals’ general state or general mobility.

2.2.2. Effects of conventional oral analgesics on inflammation-induced grip

strength deficits and tactile allodynia

To test whether grip strength deficits were related to pain, we evaluated the effects of
conventional analgesics. Oral administration of the NSAIDs ibuprofen and celecoxib, as
well as acetaminophen, produced a dose-dependent increase in grip strength in animals
with joint inflammation (Fig. 3A, B and C, respectively). The maximum effect of all three
drugs peaked at 90 min after administration, but even at this time-point grip strength in
mice with induced inflammation failed to fully recover basal values. Subsequently, the
increase in grip strength in animals with joint inflammation induced by the NSAIDs or

acetaminophen gradually reverted (Fig. 3A, B and C).

We also tested the effects of oral administration of the opioids tramadol and oxycodone
(Fig. 4A and B, respectively). These drugs induced a rapid recovery of physical function
peaking at 45 min after administration, which decreased gradually with time. In contrast
to the effects of NSAIDs or acetaminophen, both tramadol and oxycodone induced full
recovery from grip strength deficits in mice with joint inflammation (Fig. 4A and B,
respectively). None of these analgesics was able to modify grip strength values in
animals without inflammation, even when administered at doses that had maximal
effects in mice with induced inflammation (Fig. 3A, B and C and Fig. 4A and B). These
results suggest that the analgesics tested improved grip strength deficits by pain-specific

effects rather than by altering normal motor function.
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Fig. 3. Effects of oral NSAIDs and acetaminophen on grip strength deficits induced by the periarticular
administration of CFA. lbuprofen (A), celecoxib (B), acetaminophen (C) or their solvents (HPMC for
ibuprofen, and 1% Tween 80 in HPMC for celecoxib and acetaminophen) were given orally (p.o.) 2 days
after the administration of CFA or saline (30 pL/ankle). Values are the mean + SEM (10-12 animals per
group). Statistically significant differences in (A), (B) and (C): *P <0.05 between the values from mice with
inflammation treated with the drug or solvent at each time-point; #P < 0.05 between the values from mice
without inflammation treated with the drug solvents and mice with inflammation at each time-point (two-
way repeated measures ANOVA followed by Student—Newman—Keuls test). For clarity, significances of P
< 0.01 are not labeled with double symbols. There were no significant differences between mice without
inflammation treated with the drugs or their solvents at any time-point tested.

We then constructed the dose-response curves of drug effects at their time of maximum
effect (90 min for the NSAIDs and acetaminophen, and 45 min for the opioid drugs), to
facilitate comparisons of the effects of different drugs on the recovery of grip strength

in mice with joint inflammation.
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Fig. 4. Effects of oral opioids on grip strength deficits induced by the periarticular administration of CFA.
Tramadol (A), oxycodone (B) or their solvent (HPMC) were administered orally (p.o.) 2 days after the
administration of CFA or saline (30 pL/ankle). Val ues are the mean * SEM (10-12 animals per group).
Statistically significant differences in (A) and (B): *P < 0.05 between the values from mice with
inflammation treated with the drug or solvent at each tim e-point; #P < 0.05 between the values from
mice without inflammation treated with the drug solvents and mice with inflammation at each time-point
(two-way repeated measures ANOVA followed by Student—Newman—Keuls test). For clarity, significances
of P < 0.01 are not labeled with double symbols. There were no significant differences between mice
without inflammation treated with the drugs or their solvents at any time-point tested.

Maximal effects of ibuprofen, celecoxib and acetaminophen led to a recovery of grip
strength of about 60% of pre-inflammation values, whereas in animals treated with the
opioids oxycodone or tramadol, grip strength recovered to approximately 90% of control

values (Fig. 5A).
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Fig. 5. Comparison of the effects induced by the oral administration of analgesic drugs on grip strength
deficits and tactile allodynia in mice treated periarticularly with CFA. (A) Effects of analgesic drugs on grip
strength deficits and (B) on the von Frey threshold in the heel of animals with inflammation. In all cases,
drugs or their solvents were administered orally (p.o.) 2 days after CFA administration (30 uL/ankle).
HPMC was used as the solvent for ibuprofen, tramadol and oxycodone (white symbols), and 1% Tween 80
in HPMC for celecoxib and acetaminophen (black symbols). Values are the mean + SEM (10—-12 animals
per group). Data are expressed as the percent recovery of grip strength or percent antiallodynic effect,
considering as 0% effect the values obtained immediately before drug administration, and a 100% effect
the values obtained before CFA injection in each individual mouse. Values were obtained 45 min after
tramadol or oxycodone administration, or 90 min after ibuprofen, celecoxib, or acetaminophen
administration. Statistically significant differences in (A) and (B): *P <0.05, **P < 0.01 between the values
from mice with inflammation treated with the drugs or their solvents (one-way ANOVA followed by
Student—Newman—Keuls test).

We then tested the effects of all drugs on tactile allodynia in mice with induced
inflammation. Doses of ibuprofen, celecoxib, acetaminophen or tramadol that induced
=60% recovery of grip strength (40 mg/kg, 80 mg/kg, 160 mg/kg and 20 mg/kg,

respectively) were devoid of effect on tactile allodynia at any time-point tested between
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45 and 240 min (Fig. 6A for NSAIDs and acetaminophen, and Fig. 6B for tramadol). On
the other hand, oxycodone 4 mg/kg induced a modest but significant amelioration of
mechanical allodynia at 45 mi n (Fig. 6B), which coincided with its peak effect on grip

strength deficits (Fig. 4B).
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Fig. 6. Time-course of oral analgesic drugs on tactile allodynia in mice treated periarticularly with CFA.
NSAIDs and acetaminophen (A), opioids (B), or their solvents were given orally (p.o.) 2 days after the
administration of CFA or saline (30 pL/ankle). HPMC was used as the solvent for ibuprofen, tramadol and
oxycodone, and 1% Tween 80 in HPMC for celecoxib and acetaminophen. Values are the mean = SEM (10—
12 animals per group). Statistically significant differences in (A) and (B): **P < 0.01 between the values
from mice with inflammation treated with the drug or solvent at each time point (two-way repeated
measures ANOVA followed by Student—Newman—Keuls test). There were no statistically significant
differences between values from HPMC- and 1% Tween 80 in HPMC-treated mice. For clarity, the latter
group is not shown in the figure.

This effect rapidly disappeared, which is in contrast to the longer duration of its effects
on grip strength deficits, which lasted for 90 min (Fig. 6B and Fig. 4B). To facilitate
comparisons of the effects of these drugs on the recovery of grip strength and
mechanical allodynia only the time-point of 90 min for the NSAIDs and acetaminophen,
and 45 min for the opioid drugs, are shown in Fig. 5B. When we doubled the doses of
these drugs all of them were then able to ameliorate tactile allodynia (Fig. 5B).

Therefore, although all analgesics tested were able to improve both physical function
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and tactile allodynia, grip strength was a more sensitive indicator of drug-induced

analgesia than tactile allodynia.

2.2.3. Effects of the muscle relaxant baclofen on inflammation-induced grip

strength deficits and mechanical allodynia

To determine the impact of motor impairment on grip strength and tactile allodynia, we
tested the effects of the muscle relaxant baclofen. This drug induced opposite effects
on grip strength and tactile allodynia: it dose-dependently increased the von Frey
threshold in mice with inflammation, inducing a marked antiallodynic-like effect (to an
extent similar to oxycodone), and did not ameliorate grip strength deficits, but induced

a parallel decrease in this functional measure (Fig. 7).

In addition, the active doses of baclofen also decreased grip strength in noninjured

animals (data not shown).
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Fig. 7. Comparison of the effects induced by the oral administration of baclofen on grip strength deficits
and tactile allodynia in mice treated periarticularly with CFA. Baclofen or its solvent (HPMC) was
administered orally (p.o.) 2 days after CFA administration (30 uL/ankle). Values are the mean + SEM (10—
12 animals per group). The data are expressed as the percent recovery of grip strength or percent
antiallodynic effect, considering the values obtained immediately before drug administration as 0%, and
the values obtained before CFA injection in each individual mouse as 100%. All values were obtained 45
min after the administration of baclofen or its solvent. Statistically significant differences: *P < 0.05, **P
< 0.01 between the values from mice with inflammation treated with the drugs or their solvents (one-way
ANOVA followed by Student—-Newman—Keuls test).
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2.2.4. Effects of the TRP antagonist ruthenium red on inflammation-induced

grip strength deficits and mechanical allodynia

We also evaluated whether grip strength deficits and mechanical allodynia during
inflammation were sensitive to the TRP antagonist ruthenium red. The systemic
administration of this compound (1-2 mg-kg) did not affect grip strength in injured or
noninjured mice at any time-point tested between 30 and 180 min (Fig. 8). For clarity,

only the data for 2 mg/kg 30 min post-administration are shown in Fig. 9A.

However, ruthenium red (administered 30 min before the behavioral evaluation) was
able to abolish, in a dose-dependent manner, mechanical allodynia in mice with
inflammation but without affecting the mechanical threshold in noninjured mice (Fig.
9B). We were unable to test a higher dose of ruthenium red (4 mg/kg) because itinduced
prominent side effects. The differential effects of ruthenium red on grip strength deficits

and tactile allodynia suggest that their mechanisms differ.
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Fig. 9. Effects of the subcutaneous administration of ruthenium red on grip strength deficits and von Frey
threshold in mice treated periarticularly with CFA. (A) Absence of effect of ruthenium red (RR) on grip
strength deficits induced by CFA. (B) RR, administered 30 min before the behavioral evaluation, attenuated
the decrease in von Frey threshold induced by CFA. RR or its solvent (saline) was administered
subcutaneously (s.c.) 2 days after CFA administration (30 pL/ankle). Values are the mean + SEM (10-12
animals per group). Statistically significant differences in (A) and (B): **P < 0.01 between the values from
mice with and without inflammation treated with ruthenium red or its solvent; #P < 0.01 between the
values from mice with inflammation treated with ruthenium red or its solvent (one-way ANOVA followed
by Student—Newman—Keuls test).

2.2.5. Contribution of TRPV1-expressing neurons to inflammation-induced

grip strength deficits and tactile allodynia

To investigate whether grip strength deficits and mechanical allodynia during
inflammation depend on the same type of nociceptive neurons, we compared the
effects on grip strength and mechanical threshold of the in vivo ablation of TRPV1-
expressing neurons. TRPV1 staining is present in the somas of small DRG neurons and in
the superficial layers of the spinal cord dorsal horn (see controls in Fig. 10A and B,
respectively). After RTX treatment we were unable to detect TRPV1 staining in either
the DRG (Fig. 10A) or the spinal cord dorsal horn (Fig. 10B), reflecting the ablation of
TRPV1-expressing neurons including their central terminals. The ablation of this
nociceptive population did not affect either grip strength or mechanical threshold in

noninjured mice (Fig. 10C and D, respectively).
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Fig. 10. Differential effects of the ablation of TRPV1-expressing neurons on grip strength deficits and von
Frey threshold in mice treated periarticularly with CFA. (A) and (B) Double labeling of NeuN (red) and
TRPV1 (green) in the L4 dorsal ro ot ganglion (DRG) and in the spinal cord (SC) lumbar enlargement from
CFA-treated mice. Top panels: samples from saline-treated mice (control). Bottom panels: samples from
mice treated with resiniferatoxin (RTX). The scale bars represent 100 um. (C) Absence of effect of RTX on
grip strength deficits induced by CFA. (D) RTX attenuated the decrease in von Frey threshold induced by
CFA. Sample collection and behavioral testing were done 2 days after the periarticular administration of
CFA or saline (30 pL/ankle), in mice treated with RTX (50 ug/kg) or its solvent. Values are the mean + SEM
(10-12 animals per group). Statistically significant differences in (C) and (D): **P < 0.01 between the values
from mice with and without inflammation treated with RTX or its solvent; ##P < 0.01 between the values
from mice with inflammation treated with RTX or its solvent (one-way ANOVA followed by Student—
Newman—Keuls test). The same mice were used for the behavioral and immunofluorescence assays.
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However, it was able to prevent the development of mechanical allodynia in mice with
inflammation (Fig. 10D), although it had no effect on their grip strength deficits (Fig.
10C). Therefore, grip strength deficits and the decrease in the von Frey threshold during
joint inflammation involve the participation of different populations of primary

afferents.

In this study we show that in mice with experimentally-induced joint inflammation, grip
strength decreased markedly and for a prolonged period. Grip strength deficit and
mechanical allodynia (measured with von Frey filaments) in the inflamed area differed
in both their time-courses of evolution and in their sensitivity to conventional analgesics.
In addition, we show that although tactile allodynia was abolished by ruthenium red or
by the ablation of TRPV1-expressing neurons, deficits in grip strength in mice with joint

inflammation were not.

The time-courses of recovery from grip strength deficits and mechanical allodynia
differed, as the latter persisted longer than the functional deficit. The different time-
courses of evolution in these two outcomes indicate that pronounced tactile
hypersensitivity in the inflamed area does not necessarily imply a significant alteration
in physical function. We show that the periarticular administration of CFA in the ankle
joint induced prominent, long-lasting ankle swelling. However, this sustained ankle
swelling was accompanied by histological alterations which differed in duration. Both
the inflammatory process in the synovial membrane (i.e. immune infiltrate and
intraarticular exudates) and grip strength deficits were prominent 2 days after
inflammation was induced, whereas they both became attenuated 21 days after CFA
injection. These results suggest that synovial membrane alterations may be related to
the functional deficits observed, and in this connection, synovitis has been strongly
linked to both joint dysfunction and pain in human studies (reviewed in Rice et al., 2015;
Scanzello and Goldring, 2012; Scott et al., 2000). Under our experimental conditions, the

immune infiltrate in mice with inflammation extended to the heel and was prominent
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throughout the entire study period, as was mechanical allodynia in this area of the paw
(in contrast to the recovery of the synovial membrane and grip strength). The persistent
immune infiltrate in the heel may contribute to the long-lasting tactile hypersensitivity
we detected in our mice, as it is known that immune cells play a pivotal role in
inflammatory cutaneous allodynia (Ghasemlou et al., 2015). These results suggest that
the histological alterations which drive functional deficits and tactile allodynia may
differ. We did not detect either observable histological or sensory alterations in the paw
pad of mice with periarticular CFA-induced inflammation. Of note regarding this
observation is that mice gripped the metal bar connected to the force transducer with
this part of the paw, and therefore, the deficits seen in grip strength in animals with
inflammation cannot be ascribed to alterations in paw pad sensitivity (as mice do not
develop allodynia in this area) but is instead likely to be the result of movement or

tension in the inflamed joint during gripping.

Pain states can curtail body weight gain of rodents (Blackburn-Munro, 2004) and their
exploratory activity, particularly their vertical activity (rearing) when the lower limbs are
injured (reviewed by Cobos and Portillo-Salido, 2013). We found that mice with joint
inflammation, despite their marked grip strength deficits, did not show alterations in
body weight gain or exploratory activity. These results indicate that grip strength deficits
are a more sensitive indicator of functional alterations than other pain-related

outcomes.

To test whether the decrease in grip strength was related to pain, we investigated the
effects of orally administered analgesics used for clinical treatment in humans. The
NSAIDs ibuprofen and celecoxib, as well as acetaminophen, induced a significant but
limited recovery from grip strength deficits. However, the opioids tramadol and
oxycodone were able to completely reverse the functional deficit induced by joint
inflammation. The higher efficacy of opioids in comparison to NSAIDs or acetaminophen
in the recovery of grip strength is in agreement with the analgesic efficacy of these drugs
in human patients, according to the WHO analgesic ladder (Sarzi-Puttini et al., 2012);
therefore the alterations in grip strength during joint inflammation in our experimental
animals are largely attributable to pain. This link between pain and grip strength deficits

in mice agrees with the known correlation between pain and disability according to the
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same outcome measure in patients with joint pain (e.g. Fraser et al., 1999; Overend et
al.,, 1999). Sensitivity to analgesic treatment differed between grip strength recovery
and mechanical allodynia: the former was a more sensitive indicator of the effects of
analgesic drugs than the latter. To the best of our knowledge, the different sensitivities
of tactile hypersensitivity and grip strength deficits to the effects of drugs have not been
explored in earlier research that used grip strength as a pain outcome measure. The
greater sensitivity of grip strength compared to tactile allodynia in reflecting the effects
of drug-induced analgesia is in agreement with previous studies with other measures of
physical functioning in rodents, such as changes in weight bearing in the injured paw,
exploratory locomotion, burrowing behavior or wheel running (Andrews et al., 2012;
Cobos et al., 2012; Huntjens et al., 2009; Matson et al., 2007). Therefore, the greater
sensitivity to drug-induced analgesia may be an inherent quality of these types of more
“natural” pain measures, as previously suggested (Cobos and Portillo-Salido, 2013; de la
Puente et al., 2015). This might be particularly relevant for analgesic drug discovery,
because many new potentially interesting compounds are discarded based on their lack
of efficacy on tactile allodynia, although they might ameliorate functional measures of

pain which currently are not routinely evaluated.

Importantly, none of the analgesics we tested modified grip strength in animals without
inflammation, and therefore the recovery of grip strength in mice with joint

inflammation was not due to nonspecific drug effects on normal grip strength.

Drugs may inhibit pain-like reflexes due to sedative and motor effects, resulting in false-
positive results. Here we show that baclofen induced a marked increase in the von Frey
threshold in mice with inflammation, and its effect was similar to that of the third-step
opioid oxycodone. However, we found that “antiallodynic” doses of this drug also
decreased grip strength in mice with and without inflammation. This suggests that the
effects induced by baclofen on inflammatory mechanical allodynia are due to this drug’s
known motor impairment and sedative effects (Dario and Tomei, 2004) rather than to a
true analgesic effect. Therefore, grip strength and von Frey threshold are not affected
in the same way by the same confounders. Whereas drug-induced motor impairment
might lead to a false analgesic-like effect in the von Frey test, it would not be expected

to have this effect in tests of grip strength as a surrogate measure of pain. For analgesic
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drug discovery it is essential to determine whether drugs induce signs of toxicity. Grip
strength has been used in humans to test drug-induced toxicity (Savilampi et al., 2014)
it is classically used to assess neurotoxicity in rodents (Meyer et al., 1979) and is even
included in the Irwin screen (Irwin, 1968; Mattsson, 1996) which is ingrained in the
pharmaceutical industry as the first tier of preclinical testing to detect drug-induced
neurotoxic effects (Moser, 2011). Therefore, this outcome measure can be used to
detect both drug-induced analgesia and toxicity, which is undoubtedly advantageous to

determine the therapeutic index of drugs being tested during preclinical development.

The different responses of grip strength deficits and tactile allodynia to analgesic
treatment, together with the previously noted differences in their time-courses, support
the notion that different mechanisms are involved in the appearance of mechanical
allodynia and joint pain-induced functional disability. In fact, we show that the
nonselective TRP antagonist ruthenium red was able to abolish inflammatory tactile
allodynia but without ameliorating grip strength deficits. Our results using ruthenium
red agree with its previously reported effects on tactile allodynia from diverse etiology
(Cui et al., 2014; Qu et al., 2016; Shinoda et al., 2008). Ruthenium red is a widely used
TRP antagonist (e.g. St Pierre et al., 2009), although it also blocks other channels,
including the mechanosensitive Piezo channels (Coste et al., 2012). Therefore, although
our results indicate that tactile allodynia and grip strength deficits are not affected in
the same way by this compound (and hence suggest that their mechanisms differ), this

does not definitively link TRP channels to the effects we observed.

We then targeted the function of TRPV1+ neurons, which are known to express several
TRP channels (Julius, 2013). In our study the ablation of these TRPV1-expressing sensory
neurons did not alter the normal mechanical threshold, but completely attenuated
tactile allodynia, which is consistent with the known pivotal role of TRPV1 neurons in
cutaneous pain hypersensitivity during inflammatory arthritis (Borbély et al., 2015).
However, we found no effect on joint inflammation-induced grip strength deficits,
indicating that TRV1-expressing neurons are not responsible for the functional deficits
observed. Grip strength has been previously used as an indicator of pain-induced
disability in osteoarthritic pain (Chandran et al., 2009; Honore et al., 2009). It has been

reported that TRPV1 antagonism is able to ameliorate grip strength deficits in rodents
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with experimental osteoarthritis (Honore et al., 2009). Osteoarthritis has been classically
considered a “noninflammatory arthritis” (e.g. Haroon et al., 2016), and although it is
currently believed that osteoarthritis has an inflammatory component (Sokolove and
Lepus, 2013), this is not as prominent as in our CFA-treated mice. Therefore, the
differences between our findings and previous reports might be due to differences in

the type of joint pain explored.

TRPV1 is present in nearly all unmyelinated (C-type) peptidergic neurons in the mouse
DRG (Cavanaugh et al., 2011), but is almost absent from A-neurons and virtually absent
from C-nonpeptidergic nociceptors (e.g. Cavanaugh et al., 2011; Niiyama et al., 2007).
Therefore, other nociceptive neurons different from C-peptidergic nociceptors, such as
Ab or C-nonpeptidergic neurons (which express little or no TRPV1) (e.g. Niiyama et al.,
2007), might contribute to grip strength deficits during joint inflammation. An
alternative explanation is that joint tissues are also innervated by proprioceptors, which
under painful conditions might lead to pain via central mechanisms (e.g. Mapp, 1995).
Regardless of the exact mechanism involved in grip strength deficits during joint
inflammation, the differential effects of ruthenium red and the ablation of TRPV1-
expressing neurons on tactile allodynia and functional disability during joint

inflammation strongly support the notion that their biological mechanisms differ.
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3. MODULATION OF MORPHINE-INDUCED ANTINOCICEPTIVE EFFECTS AND
TOLERANCE BY SIGMA-1 RECEPTORS: STUDIES ON NOCICEPTIVE HEAT PAIN

AND ON TACTILE ALLODYNIA AND GRIP STRENGTH DEFICITS DURING JOINT
INFLAMMATION

3.1. MATERIAL AND METHODS

3.1.1. Experimental animals

Female CD1 mice (Charles River, Barcelona, Spain) were used in all experiments. Animals
weighing 25-30 g were tested randomly throughout the estrous cycle. Mice were
housed in colony cages with free access to food and water prior to the experiments, and
were kept in temperature- and light-controlled rooms (22 £ 2°C, and light—dark cycle of
12 h). The experiments were performed during the light phase (from 9:00 AM to 3:00
PM). Animal care was provided in accordance with institutional (Research Ethics
Committee of the University of Granada, Granada, Spain), regional (Junta de Andalucia,
Spain) and international standards (European Communities Council directive 2010/63).
All mice were used in only one experimental procedure (heat nociception, von Frey

testing or grip strength measurement).

3.1.2. CFA-induced periarticular inflammation

To induce the inflammation, mice were injected periarticularly with complete Freund’s
adjuvant (CFA) (Sigma-Aldrich, Madrid, Spain) according to the previously described
method (Montilla-Garcia et al., 2017). Briefly, CFA was subcutaneously administered
around the tibiotarsal joint in two separate injections to the inner and outer side of the
joint, in a volume of 15 pL/injection (30 pL/paw) to obtain homogeneous inflammation.
Control animals received the same volume of sterile physiological saline (0.9% NaCl)
using the same procedure. Injections were performed using a 1710 TLL Hamilton
microsyringe (Teknokroma, Barcelona, Spain) with a 30%4-gauge needle under isoflurane
anesthesia (IsoVet®, B. Braun, Barcelona, Spain). Behavioral evaluations on inflamed

mice were performed two days after CFA or saline administration, since we have
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previously reported that at this time there was the peak of both tactile allodynia and

grip strength deficits (Montilla-Garcia et al., 2017).

3.1.3. Drugs and drug administration

We used the opioid agonist morphine (supplied by the General Directorate of Pharmacy
and Drugs, Spanish Ministry of Health, Spain). S1RA (4-[2-[[5-methyl-1-(2-
naphtalenyl)1H-pyraol-3-yl]loxylethyl] morpholine hydrochloride) (DC Chemicals,
Shanghai, China) was used as a selective sigma-1 antagonist (Cobos et al., 2008; Romero
et al., 2012). The dose of this sigma-1 antagonist used in the present study (80 mg/kg)
was high enough to induce a maximal effect in several pain models (Nieto et al., 2012;
Sanchez-Fernandez et al., 2013 and 2014; Tejada et al., 2014 and 2017). PRE-084 ([2-(4-
morpholinethyl) 1-phenylcyclohexanecarboxylate hydrochloride]) (Tocris Cookson Ltd.)
was used as a selective sigma-1 agonist (Hayashi and Su, 2004; Cobos et al., 2008). All
drugs used were dissolved in sterile physiological saline (0.9% NaCl); the solution of PRE-
084 was appropriately alkalinized with NaOH. To evaluate the effects of systemic
treatments, drugs were injected subcutaneously (s.c.) into the interscapular zone in a
volume of 5 mL/kg. When the effect of the association of two or more drugs was tested,

each drug was injected into a different area of the interscapular zone.

In the experiments on the acute effects of systemic morphine alone or associated with
S1RA, morphine was s.c injected at 30 min before the behavioral evaluation, and S1RA
immediately before morphine injection. When PRE-084 was used to reverse the effect

of S1RA, it was s.c. injected 5 min before S1RA.

Morphine tolerance was induced using a 3-day cumulative dosage regimen consisting of
twice daily s.c. injections (b.i.d.) at 9:30 a.m. and 9:30 p.m., starting on day 1 at 9:30 a.m.
The individual doses were 30 mg/kg (a.m.) and 45 mg/kg (p.m.) onday 1, 60 mg/kg (a.m.)
and 80 mg/kg (p.m.) on day 2, and 100 mg/kg (a.m.) and 120 mg/kg (p.m.) on day 3. To
avoid tissue lesions by repeated injections, morphine administration was rotated in each

of the four quadrants of the back of the mice.
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To study whether S1IRA administration was able to rescue morphine antinociception
from tolerance once it was fully developed, on day 4, after carrying out the tolerance
protocol, mice were randomized to receive s.c. a test dose of morphine (4 mg/kg on
tactile allodynia, and 8 mg/kg on heat nociception and grip strength) alone or associated
with S1RA (80 mg/kg, s.c. for both tests), and then the behavioral evaluation was
performed (Fig. 1, Protocol I). Similarly to the protocol used to explore the acute effect
of morphine alone and the influence of S1IRA on the effects of this opioid, morphine was
administered immediately after SIRA, 30 min before the behavioral evaluation. PRE-084

was administered 5 min before S1RA.

Evaluation
v
PROTOCOL I: Days 1 & : 3 I H
RESCUE OF 1
L
MORPHINE TOLERANCE Morphine (mg/kg,s.c) 30 45 60 80 100 120
S1RA (mg/kg, s.c.) 80
Evaluation
\/
. Days 1 2 3 4
PROTOCOL II: — — Pa— i
PREVENTION OF A 4 A 4 4 3
MORPHINE TOLERANCE Morphine (mg/kg,s.c.) 30 45 60 80 100 120
+ ¢ 4+ 1
S1RA (mg/kg,s.c) 80 80 80 80 80 80

Fig. 1. Experimental protocols used to investigate the effect of SIRA on morphine tolerance. Morphine
tolerance was induced by a 3 days cumulative dosage regimen using the subcutaneous doses of morphine
indicated in the Figure. The first row shows the protocol used to test the effects of S1RA on the rescue of
morphine effect from tolerance once it was fully developed. The second row shows the protocol to study
the effect of SIRA on the prevention of the development of morphine tolerance. Drugs or their solvent
(saline) were administered subcutaneously (s.c.). In all cases, “Evaluation” indicates the time at which the
evaluation of heat nociception, von Frey threshold and grip strength took place, which was always at day
4 after the first morphine administration. On the evaluation day all animals received a dose of morphine
(4 or 8 mg/kg, sc., depending on the experiment performed; see text for details) 30 min before evaluating
their pain response.

To study whether S1IRA was able to prevent the development of morphine tolerance,

mice were given S1RA (b.i.d. 80 mg/kg, s.c.) immediately before each morphine injection
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during the induction of analgesic tolerance (Fig. 1, Protocol Il). For each set of injections,
each administration was performed in different areas of the interscapular zone using a
rotating protocol. Behavioral testing was performed at day 4 using the same doses of

morphine described in the paragraph above.

Injections with the solvent of the drugs (saline) were used in all cases as a control.

3.1.4. Measurement of heat nociception (unilateral hot plate)

Heat nociception was assessed as previously described (Menendez et al., 2002; Montilla-
Garciaetal., 2018). The plantar side of the stimulated hindpaw was placed on the surface
of a thermal analgesiometer (Model PE34, Series 8, IITC Life Science Inc., Los Angeles,
USA) previously set at 55 = 1 °C until the animal showed a paw withdrawal response. The
latency in seconds from paw stimulation to the behavioral response was measured with
a digital chronometer. Only a clear unilateral withdrawal of the paw was recorded as the
nociceptive response. We avoided simultaneous heat stimulations in both hindpaws by
placing the plantar side of the tested hindpaw on the hot plate while the other hindpaw
was placed on filter paper (off the hot plate) during observations (see Supplementary
Video 2, which demonstrates the procedure used to measure heat nociception).
Evaluations were done twice alternately in each hindpaw at intervals of 1 min between
each stimulation. A 50-s cut-off was used for each measurement to prevent tissue
damage. The mean value of the two averaged measurements for each hindpaw was used

to analyze the effects of the treatments.

3.1.5. Measurement of von Frey threshold

Tactile allodynia to a punctate stimulus was determined using the methods described in
our previous study (Montilla-Garcia et al., 2017). Briefly, animals were acclimated for 2
h in methacrylate test compartments (7.5 cm wide x 7.5 cm long x 15 cm high) placed

on an elevated mesh-bottomed platform, to provide access to the plantar surface of the
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hindpaws. The von Frey stimulations were performed in the heel, since using our CFA
injection protocol inflammation and tactile allodynia are prominent in this area
(Montilla-Garcia et al., 2017). A logarithmic series of calibrated von Frey monofilaments
(Stoelting, Wood Dale, IL, USA), with bending forces that ranged from 0.02 to 1.4 g, were
applied using the up-down paradigm (Chaplan et al., 1994), starting with the 0.6 g
filament. Filaments were applied two times for 2—3 s, with inter-application intervals of
atleast 30 s to avoid sensitization to the mechanical stimuli. The response to the filament
was considered positive if immediate licking/biting, flinching or rapid withdrawal of the

stimulated paw was observed.

3.1.6. Measurement of grip strength

Grip strength was measured with a computerized grip strength meter (Model 47200,
Ugo-Basile, Varese, Italy) according to the previously described method (Montilla-Garcia
et al., 2017). To measure grip strength in the hindpaws of the mice, the experimenter
held the mouse gently by the base of the tail, allowing the animal to grasp the metal bar
of the grip strength meter with its hindpaws. The metal bar is connected to a force
transducer that automatically recorded the peak forc e of each measurement in grams
(g). Hindlimb grip strength in each mouse was measured in triplicate. To prevent mice
from gripping the metal bar with their forepaws during the recording, the animals were
first allowed to grasp a wire mesh cylinder with their forepaws (see Supplemental Video
3, which demonstrates the procedure used to measure hindlimb grip strength). Basal
grip strength values were recorded for each animal as the average of two determinations
on different days before the administration of CFA or saline. This value was considered

as 100% of grip strength and used as a reference for subsequent determinations.

3.1.7. Data analysis

The data were analyzed with the SigmaPlot 12.0 program (Systat Software Inc., San Jose,

CA, USA). One-way, two-way, or two-way repeated-measures analysis of variance
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(ANOVA), were used depending on the experiment; a Student-Newman-Keuls post-hoc
test was done in all cases. The differences between means were considered significant

when the P value was below 0.05.

3.2. RESULTS

3.2.1. Modulation by S1RA of morphine-induced antinociception to heat

stimulus

The paw withdrawal latency to n ociceptive heat stimulus in mice without inflammation
was short, | ess than 5 s (Fig. 2A). Morphine administration (2-8 mg/kg, s.c.) induced
dose-dependent robust antinocicep tive effects, reaching values of about 30 s at the

highest dose tested (Fig. 2A).

In contradistinction to morphine, the administration of the selective sigma-1 antagonist
S1RA (80 mg/kg, s.c.) failed to alter the response latency of mice to nociceptive heat
stimulus (Fig. 2B). However, when we associated this dose of S1RA with the
administration of morphine 4 mg/kg (s.c.) we found a marked increase in the response
latency of the mice (Fig. 2B). S1IRA was also able to increase the antinociceptive effect
induced by morphine 2 mg/kg (s.c.), but to a lower extent (data not shown). We also
evaluated the effects of the sigma-1 agonist PRE-084 (40 mg/ kg, s.c.) on heat
antinociception induced by association of S1RA with morphine, and found that
treatment with the sigma-1 agonist abolished the S1RA-induced potentiation of
morphine antinociception (Fig. 2B). These results support the selectivity of the effects
induced by S1RA. Therefore, SIRA enhances the antinociceptive effect of morphine to

heat stimulus through sigma-1 inhibition.
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These results are summarized in Table 1 (see page 139).

A B
40 - s
O 0 "
> *k > *k
£ 30 - S 30 -
2 ]
= -
= =
[ s
s 20 4 3 20 -
g 5
T el * ()
= *k = *
S =
3 10 - s 10 -
2 3
o ©
¢ Jmi ST
0 - 0 4
Morphine (mg/kg,sc) =~ 2 4 8 Morphine (4 mg/kg,s.c) - - + + #
S1RA (80 mg/kg, s.c.) - + - + +
PRE-084 (40 mg/kg,s.c) - - - - +

Fig. 2. Effects of morphine alone or associated with S1IRA on nociceptive pain induced by heat stimulation.
The results represe nt the paw withdrawal latency during stimulation of the hindpaws with 55 2C. (A)
Effect of the subcutaneous (s.c.) administratio n of several doses of morphine (2-8 mg/kg) or its vehicle.
(B) Effect of the s.c. administration of morphine (4 mg/kg) , SIRA (80 mg/kg) or their vehicle; morphine (4
mg/kg) + S1IRA (80 mg/kg), and the association of these drugs with PRE-084 (40 mg/kg) or its vehicle. (A
and B) Each bar and vertical line represents the mean + SEM of values obtained in 8-10 animals. (A)
Statistically significant differenc es between the values obtained in animals treated with morphine or its
vehicle: **P < 0.01 (one-way ANOVA followed by Student—-Newman—Keuls test). (B) Statistically significant
differences between the values obtained in animals treated with: morphine or its vehicle (*P < 0.05, **P
< 0.01); morphine + S1RA or its vehicle *P < 0.01); and morphine + S1RA associated with PRE-084 or its
vehicle (TP < 0.01) (one-way ANOVA followed by Student—-Newman—Keuls test).

3.2.2. Modulation by S1RA of the tolerance to the antinociceptive effect of

morphine to heat stimulus

Animals were rendered tolerant to morphine by a 3-days escalating dosage regimen (see
Fig. 1). Control non-tolerant mice were treated with the vehicle of morphine. On day 4,
we show that non-tolerant mice showed a marked increase in the response latency
induced by a morphine dose shown in the section above to induce obvious
antinociception (8 mg/kg, s.c.) (Fig. 3A, black bars). However, morphine-tolerant mice
show a marked reduction of the effect induced by this morphine dose (29.01 + 3.67 and

9.25 + 1.95 s, for paw withdrawal latency in non-tolerant and tolerant mice in response
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to morphine, respectively) (Fig. 3A). Once animals were rendered tolerant to morphine,
we associated the administration of SIRA (80 mg/kg, s.c.) to morphine (8 mg/kg, s.c.)
(according to Protocol | in Fig. 1), and we found that the response latency increased to
a level similar to that found in control non-tolerant mice, indicating that S1IRA was able
to rescue morphine antinociception from tolerant animals (Fig. 3A). The administration
of PRE-084 (40 mg/kg, s.c.) completely abolished the increase in the antinociceptive
effect of morphine induced by S1RA in morphine-tolerant mice, achieving values close
to those found in tolerant mice treated with morphine alone the day of the experiment

(Fig. 3A).

We also tested whether the repeated administration of SIRA (80 mg/kg, s.c.) before
each dose of morphine during the 3-days morphine administration (according to
Protocol Il in Fig. 1) would have a preemptive effect on the development of morphine
tolerance to its effect on nociceptive heat pain. When the effect of morphine (8 mg/kg,
s.c.) was tested on day 4, without any further administration of S1RA, the animals
showed a reduced morphine effect (Fig. 3B). These results indicate that tolerance to its
antinociceptive effect to heat stimulus was still developed in spite to repeated

preemptive SIRA administration.

Therefore, sigma-1 receptor inhibition by SIRA was able to restore the antinociceptive
effect of morphine to heat stimulus in mice tolerant to this opioid, but SIRA preemptive
treatment failed to affect the development of tolerance to the effect of morphine on

nociceptive heat pain.

These results are summarized in Table 1 (see page 139).
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Fig. 3. Modulation by S1RA of the tolerance to the effect of morphine on nociceptive pain due to heat
stimulation. The results represent the paw withdrawal latency during stimulation of the hindpaws with
55 2C. (A) Rescue of mo rphine tolerance by S1RA: Animals were repeatedly treated during 3 days with
morphine (tolerant, white bars) or its v ehicle (non-tolerant, black bars), according to Protocol | in Fig. 1.
The day of evaluation (day 4) mice were treated subcutaneously (s.c.) with morphine (8 mg/kg) or its
vehicle, morphine (8 mg/kg) + S1IRA (80 mg/kg) or its vehicle, and the combination of these drugs with
PRE-084 (40 mg/kg) or its vehicle. (B) Prevention of morphine tolerance by SIRA: Animals were treated
s.c. with S1IRA (80 mg/kg) or its vehicle immediately before each dose of morphine (tolerant, white bars)
during the induction of morphine tolerance, according to Protocol Il in Fig. 1. Control mice (non-tolerant,
black bars) received the vehicles of morphine and S1RA during 3 days, according to Protocol Il in Fig. 1.
The evaluation day (day 4) tolerant and non-tolerant mice were treated only with morphine (8 mg/kg,
s.c.) or its vehicle. (A and B) Each bar and vertical line represents the mean + SEM of the values obtained
in 8-10 animals. (A and B) Statistically significant differences between the values obtained in mice treated
with morphine or its vehicle (**P < 0.01), and between the values obtained in tolerant and non-tolerant
animals treated with morphine the day of the evaluation (%P < 0.01) (two-way ANOVA followed by
Student—Newman—Keuls test). (A) Statistically significant differences in tolerant mice between the values
obtained in mice treated the day of evaluation with: morphine + S1RA or its vehicle (*P < 0.01); morphine
+ S1RA associated with PRE-084 or its vehicle (TP < 0.01) (two-way ANOVA followed by Student—
Newman—Keuls test). (B) There were no statistically significant differences in the effect of morphine on
the evaluation day between the values obtained from mice treated with S1RA or its vehicle during the
induction of morphine tolerance (two-way ANOVA followed by Student—Newman—Keuls test).
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3.2.3. Modulation by S1RA of the antiallodynic effect of morphine during

inflammation

Mice administered with CFA around the tibiotarsal joint showed a marked decrease in
their mechanical threshold in the heel, denoting the presence of tactile allodynia (0.73
+ 0.05 g and 0.06 + 0.01 g for mice without and with inflammation, respectively) (Fig.
4A). Joint inflammation did not induce alterations in the von Frey threshold in the non-
inflamed area (pad) of the paw (data not shown), indicating that the sensory alterations
appeared to be restricted to the inflamed area. Morphine administration (1-4 mg/kg,
s.c.) induced a dose-dependent antiallodynic effect in animals with inflammation,
achieving a full recovery of the normal mechanical threshold at the highest dose tested
(Fig. 4A). Morphine effect was more prominent in tactile allodynia than on nociceptive
heat pain, since the doses needed to induce significant effects were lower (compare

Figs. 2A and 4A).

The administration of S1RA alone (80 mg/kg, s.c.) did not ameliorate inflammatory
tactile allodynia (Fig. 4B). However, the association of this dose of SIRA with a low dose
of morphine (1 mg/kg, s.c.), which was also devoid of antiallodynic effect per se, resulted
in a marked increase of the mechanical threshold of mice with inflammation, achieving
values similar to those from non-inflamed mice (Fig 4B). Similar to the results found in
heat nociception, the administration of the sigma-1 agonist PRE-084 (40 mg/kg, s.c.)
abolished the potentiation induced by S1RA of the antiallodynic effec t of morphine (Fig.
4B), supporting the selectivity of the effects induced by S1RA. Therefore, SIRA enhances
the antiallodynic effect of morphine through sigma-1 inhibition. These results are

summarized in Table 1 (see page 139).
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Fig. 4. Effects of morphine alone or associated with SIRA on inflammatory mechanical allodynia. The
results represent the 50% mechanical threshold (determined with von Frey filaments) of mice treated
periarticularly with CFA or saline (S). (A) Effect of the subcutaneous (s.c.) administration of several doses
of morphine (1-4 mg/kg) o r its vehicle. (B) Effect of the s.c. administration of morphine (1 mg/kg), SIRA
(80 mg/kg) or their vehicle; m orphine (1 mg/kg) + S1IRA (80 mg/kg), and the association of these drugs
with PRE-084 (40 mg/kg) or its vehicle. (A and B) Each bar and vertical line represents the mean + SEM of
values obtained in 8-10 animals. (A and B) Statistically significant differences between the values obtained
in: animals with and without inflammation (Y¥P < 0.01); animals treated with morphine or its vehicle (**P
<0.01) (one-way ANOVA followed by Student—Newman—Keuls test). (B) Statistically significant differences
between the values obtained in animals with inflammation treated with: morphine + S1RA or its vehicle
(*P < 0.01); morphine + S1RA associated with PRE-084 or its vehicle (TTP < 0.01) (one-way ANOVA followed
by Student—-Newman—Keuls test).

3.2.4. Modulation by S1RA of the tolerance to the antiallodynic effect of

morphine during inflammation

As described above for heat nociception, animals were rendered tolerant to morphine
by a 3-days escalating dosage regimen (Fig. 1, Protocol 1), whereas control non-tolerant
mice received morphine vehicle. On day 4, non-tolerant mice with inflammation showed
a full reversion of inflammation-induced tactile allodynia induced by the acute

administration of morphine 4 mg/kg (s.c.) (Fig. 5A, black bars).

However, morphine-tolerant mice showed a marked reduction in the antiallodynic
effect induced by the same morphine dose (0.73 + 0.09 and 0.27 + 0.11 g, for the

mechanical threshold in non-tolerant and tolerant mice with inflammation in response
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to morphine, respectively) (Fig. 5A). Once animals were rendered tolerant to morphine,
we associated the administration of SIRA (80 mg/kg, s.c.) to morphine (4 mg/kg, s.c.)
(according to Protocol | in Fig. 1), and we found that the mechanical threshold increased
to a level similar to that found in non-tolerant mice with inflammation treated with this
opioid drug (Fig. 5A). These results indicate that SIRA was able to rescue morphine
antiallodynic effect from tolerant animals. The administration of PRE-084 (40 mg/kg,
s.c.) completely abolished the effect of SIRA in morphine-treated tolerant mice,
achieving values close to those found in tolerant mice treated with morphine alone the

day of the experiment (Fig. 5A).

We also tested whether the repeated administration of SIRA (80 mg/kg, s.c.) before
each dose of morphine during the 3-days morphine administration would have a
preemptive effect on the development of morphine tolerance to its antiallodynic effect
(according to Protocol Il in Fig. 1). When the effect of morphine (4 mg/kg, s.c.) was tested
on day 4, without any further administration of S1RA, the animals showed a reduced
morphine effect (Fig. 5B). These results indicate that tolerance to the antiallodynic effect

of morphine was developed in spite of SIRA preemptive repeated administration.

Therefore, similar to the results found on heat nociception, sigma-1 receptor inhibition
by S1RA was able to restore the morphine-induced antiallodynic effects in mice with
inflammation tolerant to this opioid, but SIRA preemptive treatment failed to affect the

development of tolerance to the antiallodynic effect of morphine.

These results are summarized in Table 1 (see page 139).
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Fig. 5. Modulation by S1RA of the tolerance to the effect of morphine on inflammatory mechanical
allodynia. The results represent the 50% mechanical threshold (determined with von Frey filaments) of
mice treated periarticularly with CFA or saline (S). (A) Rescue of morphine tolerance by S1RA: Animals
were repeatedly treated during 3 days with morphine (tolerant, white bars) or its vehicle (non-tolerant,
black bars), according to Protocol | in Fig. 1. The day of evaluation (day 4) mice were treated
subcutaneously (s.c.) with morphine (4 mg/kg) or its vehicle, the combination of morphine (4 mg/kg) and
S1RA (80 mg/kg) or its vehicle, and the combination of these drugs with PRE-084 (40 mg/kg) or its vehicle.
(B) Prevention of morphine tolerance by S1RA: Animals were treated s.c. with SIRA (80 mg/kg) or its
vehicle immediately before each dose of morphine (tolerant, white bars) during the induction of morphine
tolerance, according to Protocol Il in Fig. 1. Control mice (non-tolerant, black bars) received the vehicles
of morphine and S1RA during 3 days, according to Protocol Il in Fig. 1. The evaluation day (day 4), tolerant
and non-tolerant mice were treated s.c. only with morphine (4 mg/kg) or its vehicle. (A and B) Each bar
and vertical line represents the mean + SEM of the values obtained in 8-10 animals. (A and B) Statistically
significant differences between the values obtained in: mice with and without inflammation that receive
the same treatment (Y¥P < 0.01); tolerant and non-tolerant animals treated with morphine the day of the
evaluation (%3P < 0.01); mice treated with saline or morphine the day of evaluation (**P < 0.01) (two-way
ANOVA followed by Student—-Newman—Keuls test). (A) Statistically significant differences in tolerant mice
between the values obtained in animals treated the evaluation day with: morphine + S1RA or its vehicle
(**P < 0.01); morphine + S1RA associated with PRE-084 or its vehicle (TP < 0.01) (two-way ANOVA followed
by Student—-Newman—Keuls test). (B) There were no statistically significant differences in the effect of
morphine on the evaluation day between mice treated with S1RA or its vehicle during the induction of
morphine tolerance (two-way ANOVA followed by Student—Newman—Keuls test).
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3.2.5. Absence of modulation by S1RA of morphine-induced recovery of grip

strength deficits during inflammation

Mice periarticularly administered with saline showed grip strength values close to the
100% of their basal values, whereas mice with CFA-induced joint inflammation showed
a decrease in their grip strength values of about half of their baseline measurement (Fig.
6A, first two bars). Morphine a dministration (2-8 mg/kg, s.c.) induced a dose-dependent
recovery of grip strength deficits in animals with inflammation, achieving a full recovery
of normal grip strength values at the highest dose tested (Fig. 6A). Morphine was less
potent to reverse grip strength deficits than to inhibit tactile allodynia during
inflammation, and both endpoints were more sensitive to morphine than nociceptive

heat pain (compare Figs. 2A, 4A and 6A).
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Fig. 6. Effects of morphine alone or associated with S1IRA on grip strength deficits induced by
inflammation. The results represent the grip strength values (expressed as the averaged % of the basal
value of each individual mouse before the periarticular injection) of mice treated periarticularly with CFA
or saline (S), (A) Effect of the subcutaneous (s.c.) administration of several doses of morphine (2-8 mg/kg)
or its vehicle. (B) Effect of the s.c. administration of morphine (2 and 4 mg/kg), S1IRA (80 mg/kg) or their
vehicle, and the association of morphine (2 and 4 mg/kg) with S1IRA (80 mg/kg). (A and B) Each bar and
vertical line represents the mean + SEM of values obtained in 8-10 animals. (A and B) Statistically
significant differences between the values obtained in mice with and without inflammation: ¥P < 0.05,
YWP < 0.01; and between animals with inflammation treated with morphine or its vehicle: *P < 0.05, **P
< 0.01 (one-way ANOVA followed by Student—-Newman—Keuls test). (B) There were no statistically
significant differences between the values obtained in mice treated with morphine + S1RA or its vehicle
(one-way ANOVA followed by Student—-Newman—Keuls test).
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The administration of S1RA alone (80 mg/kg, s.c.) induced a slight but significant
increase in the grip strength values of mice with inflammation (Fig. 6B). In contrast to
the results found on heat nociception and on inflammatory tactile allodynia, S1IRA
administration was unable to enhance the effect of morphine administered at either 2
or 4 mg/kg (s.c.) (Fig. 6B). To further confirm the lack of effect of SIRA on morphine
effect in the grip strength of mice with inflammation, we performed a time-course of
drug effects. The association of SIRA with morphine did not alter the effect of this opioid
drug when administered at 2 mg/kg (s.c.), at any time-point tested between 30-180 min

after drug administration (Fig. 7A).
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Fig. 7. Time-course of the effects of morphine and its association with S1IRA on grip strength deficits
induced by inflammation. The results represent the grip strength values (expressed as the % of the basal
value of each individual mouse before the periarticular injection of mice) treated periarticularly with CFA
or saline. (A) Time-course of the effects of the subcutaneous (s.c.) administration of morphine 2 mg/kg
associated with S1IRA (80 mg/kg) or its vehicle. (B) Time-course of the effects of the s.c. administration of
morphine 4 mg/kg associated with SIRA (80 mg/kg) or its vehicle. (A and B) Each point and vertical line
represents the mean + SEM of values obtained in 8-10 animals. (A and B) Statistically significant
differences between the values from mice with inflammation treated with the drug or vehicle at each
time-point: *P < 0.05, **P < 0.01. There were no statistically significant differences between the values
from mice treated with morphine associated with S1RA or its vehicle at any time-point tested (two-way
repeated measures ANOVA followed by Student—-Newman—Keuls test).
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Similar results were found when we tested the effects of the association of SIRA with

morphine 4 mg/kg (s.c.) (Fig. 7B).

Therefore, in contradistinction to the potentiation by SIRA of morphine-induced heat
antinociception and the antiallodynic effects in mice with inflammation, S1RA is unable

to modify morphine effects on grip strength deficits induced by joint inflammation.

These results are summarized in Table 1 (see page 139).

3.2.6. Modulation by S1RA of the tolerance to morphine-induced recovery of

grip strength deficits during inflammation

Animals were rendered tolerant to morphine by the same procedure described in
previous sections (Fig.1), whereas control non-tolerant mice received morphine vehicle.
Non-tolerant mice with inflammation showed a marked reversion of grip strength
deficits in response to the acute administration of morphine 8 mg/kg (s.c.) (Fig. 8A, black
bars). However, morphine-tolerant mice did not show significant effects on grip strength
by the same morphine dose (8 mg/kg, s.c.) whose effect remained at about half of the
baseline grip strength values (83.95 + 4.8 and 57.81 + 4.2 % of baseline grip strength
values in non-tolerant and tolerant mice with inflammation in response to morphine,

respectively) (Fig. 8A).

Once animals were rendered tolerant to morphine, we associated the administration of
S1RA (80 mg/kg, s.c.) to morphine (8 mg/kg, s.c.) (according to Protocol | in Fig. 1), and
we found that grip strength increased up to values close to 80% of baseline
measurements (Fig. 8A). Therefore, as for nociceptive heat pain and inflammatory
allodynia, SIRA was able to rescue morphine effect on grip strength from tolerant
animals. The administration of PRE-084 (40 mg/kg, s.c.) completely abolished the effect
of S1RA in morphine-treated tolerant mice, achieving values close to those found in
tolerant mice treated with morphine alone the day of the experiment (Fig. 8A),

supporting the selectivity of the effects induced by S1RA.
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Fig. 8. Modulation by S1RA of the tolerance to the effect of morphine on grip strength deficits induced by
inflammation. The results represent the grip strength values (expressed as the averaged % of the basal
value of each individual mouse before the periarticular injection) of mice treated periarticularly with CFA
or saline (S), (A) Rescue of morphine tolerance by S1RA: Animals were repeatedly treated during 3 days
subcutaneously (s.c.) with morphine (tolerant, white bars) or its vehicle (non-tolerant, black bars),
according to Protocol | in Fig. 1. The day of evaluation (day 4) mice were treated s.c. with morphine (8
mg/kg) or its vehicle; morphine (8 mg/kg) + SIRA (80 mg/kg) or its vehicle, and the combination of these
drugs with PRE-084 (40 mg/kg) or its vehicle. (B) Prevention of morphine tolerance by S1IRA: animals were
treated s.c. with S1IRA (80 mg/kg) or its vehicle immediately before each dose of morphine (tolerant, white
bars) during the induction of morphine tolerance, according to Protocol Il in Fig. 1. Control mice (non-
tolerant, black bars) received the vehicles of morphine and S1RA during 3 days, according to Protocol Il in
Fig. 1. The evaluation day (day 4), tolerant and non-tolerant mice were treated only with morphine (8
mg/kg, s.c.) or its vehicle. (A and B) Each bar and vertical line represents the mean + SEM of the values
obtained in 8-10 animals. (A and B) Statistically significant differences between the values obtained in:
mice with and without inflammation that receive the same treatment (Y¥P < 0.01); tolerant and non-
tolerant animals treated with morphine the day of the experiment (33P < 0.01); mice treated with saline
or morphine the day of the behavioral testing (**P < 0.01); tolerant mice treated with S1RA or its vehicle
either the day of the evaluation or as a preemptive treatment (*P < 0.01) (two-way ANOVA followed by
Student—Newman—Keuls test). (A) Statistically significant differences between the values obtained in
tolerant mice treated the day of evaluation with morphine + S1RA associated with PRE-084 or its solvent:
TP < 0.01 (two-way ANOVA followed by Student—Newman—Keuls test).

We also tested whether the repeated administration of S1RA (80 mg/kg, s.c.) during the
3-days morphine administration (according to Protocol Il in Fig. 1) would have a

preemptive effect on the development of morphine tolerance to its effect on grip
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strength deficits. When the effect of morphine (8 mg/kg, s.c.) was tested the evaluation
day, without any further administration of S1RA, mice showed a robust effect in
response to morphine (Fig. 8B). These results indicate that SIRA was able to successfully
prevent morphine tolerance in this particular outcome, in contradistinction to the
results on nociceptive heat pain and inflammatory tactile allodynia shown in the

preceding sections.

Therefore, the administration of S1RA, either when morphine tolerance was fully
developed or during the induction of tolerance, was able to preserve morphine effect

on grip strength deficits in mice with joint inflammation.

These results are summarized in Table 1.

Table 1. Summary of the main results obtained in this study of the role of sigma-1 receptors on
nociceptive heat pain and inflammation-induced tactile allodynia and grip strength deficits

Effect of SIRA on

L N Potentiation morphine tolerance
Sensitivity to  Sensitivity

Pain state Stimulus morphine to SIRA ofk:norphme Rescue of Prevention
y S1RA morphine  of morphine
tolerance tolerance
Nociceptive Heat + - + + -
von Frey +++ - + + -
Inflammatory
Grip
++ + - + +
strength

S1RA was always administered subcutaneously (s.c.) at 80 mg/kg. The doses of s.c. morphine used to test
the potentiation of its effect by S1RA varied according to the sensitivity to the opioid for each test (1
mg/kg for von Frey testing in mice with inflammation and 2-4 mg/kg for nociceptive heat pain and grip
strength deficits induced by inflammation), as well as for the evaluation of analgesic tolerance (4 mg/kg
for von Frey testing in mice with inflammation and 8 mg/kg for nociceptive heat pain and grip strength
deficits induced by inflammation).
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We studied and compared the effects of morphine, S1IRA and their association in three
different pain measures: nociceptive heat pain, inflammatory tactile allodynia and grip
strength deficits induced by inflammation. In addition, we studied the effects of SIRA

on morphine tolerance in these three different measures.

In this study we show that morphine was able to induce analgesic-like effects in
nociceptive heat pain, inflammatory tactile allodynia and grip strength deficits induced
by inflammation. However, the sensitivity to this opioid drug varied depending on the
endpoint examined. Inflammatory allodynia or grip strength deficits induced by
inflammation were more sensitive to morphine effects than nociceptive heat pain.
These results agree with the widely reported increase in opioid effects in cutaneous
sensory hypersensitivity during inflammation (reviewed in Stein et al., 2009), and
indicate that the enhancement of opioid effects during inflammation is a feature shared
by the functional deficit associated to this pathological condition. Interestingly, we
previously compared the pharmacology of grip strength deficits and tactile allodynia
during inflammation using several drugs from different pharmacological groups,
including opioids (oxycodone and tramadol), non-steroidal anti-inflammatory drugs
(ibuprofen and celecoxib), and acetaminophen (Montilla-Garcia et al., 2017). With the
exception of oxycodone, which showed a similar potency in reversing tactile allodynia
and grip strength deficits, all other known analgesic drugs showed effects at lower doses
in functional deficits than on cutaneous hypersensitivity (Montilla-Garcia et al., 2017).
Here we show that morphine was less potent in reversing grip strength deficits than
tactile allodynia, which support that the pharmacological sensitivity of both outcomes
during inflammation is not identical. Differences between the analgesic sensitivity of
standard cutaneous measures of pain and pain-induced functional deficits are not
limited to grip strength, as they have been previously described for other outcomes
aimed to test pain interference on physical function such as inflammation-induced
weight bearing differences or wheel running depression (reviewed in Cobos and Portillo-

Salido, 2013).
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We also tested the effects of SIRA (in the absence of morphine administration) on
nociceptive heat pain, inflammatory tactile allodynia and grip strength induced by
inflammation. S1RA did not alter nociceptive heat pain, as previously described for this
and other sigma-1 antagonists (e.g. Chien and Pasternak, 1994 and 1995; Tejada et al.,
2014 and 2017). We also show that S1RA administration failed to induce any effect on
inflammatory tactile allodynia. These results are in contrast to previous studies in which
sigma-1 antagonism was reported to ameliorate inflammatory hypersensitivity
(reviewed in Gris et al., 2015; Tejada et al., 2018). In the previous study which use CFA
as the inflammatory compound, the dose used to induce inflammation was considerably
lower than the one used in the present study (20 vs 30 pl in former and present studies)
(Gris et al., 2014, and present study). We needed to use a higher dose of CFA in our study
since lower doses of this compound do not induce enough decrease in grip strength to
reliably assess for the effects of analgesic drugs, as we previously reported (Montilla-
Garcia et al., 2017). Therefore, our experimental conditions might be too restrictive to
be overcome by the antiallodynic effects induced by sigma-1 antagonism. In spite of the
absence of effect of SIRA on inflammatory tactile allodynia, here we show that this
sigma-1 antagonist was able to partially ameliorate grip strength deficits induced by
inflammation, which again indicates that the sensitivity to drug effects of tactile
allodynia and grip strength deficits differ. We have previously shown that both
nociceptive heat pain and tactile allodynia during inflammation in our experimental
conditions are sensitive to the in vivo ablation of transient receptor potential vanilloid
(TRPV1)—expressing neurons by resiniferatoxin (Montilla-Garcia et al., 2017 and 2018).
However, grip strength deficits during inflammation are insensitive to resiniferatoxin
treatment (Montilla-Garcia et al., 2017). These results indicate that the neurobiological
mechanisms of grip strength deficits during inflammation and the behavioral tests of
cutaneous sensitivity explored here differ. Therefore, the effect of SIRA on grip strength
deficits of mice with inflammation might be due to sigma-1 actions in other pain
pathways not related to those involved in heat nociceptive pain or inflammatory tactile

allodynia.

In this study we show that the systemic administration of SIRA was able to enhance

morphine antinociception to heat stimulus. These results are apparently contradictory
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with our previous study which shows that the local peripheral administration of this
sigma-1 antagonist was unable to potentiate opioid antinociception (Montilla-Garcia et
al., 2018). Since central sigma-1 inhibition is known to markedly increase opioid
antinociception to a heat stimulus (Pan et al., 1998; Mei and Pasternak, 2002, 2007), it
could be concluded that the enhancement of opioid antinociception to heat stimulus by
systemic sigma-1 antagonism should occur at the central but not at the peripheral level.
We show that S1IRA markedly potentiated the antiallodynic effect of morphine on mice
with inflammation. To our knowledge this is the first report showing that a sigma-1
antagonist enhances the effect of an opioid drug in a pathological pain model. The
enhancement of morphine effects on nociceptive heat pain and inflammatory tactile
allodynia by S1RA were abolished by the administration of the sigma-1 agonist PRE-084,
which argues in favor of an action mediated by sigma-1 receptors on these effects
induced by S1RA. In spite of the obvious increase of morphine effects in nociceptive heat
pain and inflammatory tactile allodynia commented above, and to the higher sensitivity
of grip strength deficits to detect the effects of SIRA when administered alone (in the
absence of morphine), we show that S1IRA was not able to potentiate morphine effects
on grip strength deficits induced by inflammation, which further reinforces that the

neurobiology of grip strength deficits is different from that of cutaneous pain.

We also explored the modulation of morphine analgesic tolerance by S1RA, as this
opioid effect is a substantial drawback for the use of opioid analgesics (Morgan and
Christie, 2011). We found that when S1RA was administered to morphine-tolerant mice,
it was able to rescue morphine effect on nociceptive pain to heat stimulus, in agreement
with previous reports using this type of stimulus (Vidal-Torres et al., 2013; Rodriguez-
Mufioz et al., 2015b). We also show that S1IRA was able to rescue morphine effects on
inflammatory tactile allodynia and grip strength deficits induced by inflammation. The
rescue of morphine tolerance by this sigma-1 antagonist in the three outcomes
examined was abolished by the administration of PRE-084, which again argues in favor
of an action mediated by sigma-1 receptors on the effects induced by S1RA. It has been
suggested that sigma-1 antagonism both potentiates opioid analgesia and rescues
morphine analgesia from tolerance by decreasing the inhibitory actions of N-methyl-D-

aspartate receptor (NMDAR) activity on p-opioid receptors (Rodriguez-Mufioz et al.,
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2015a and b). Since S1RA failed to enhance morphine effect on grip strength deficits
during inflammation in non-tolerant mice but it was able to successfully rescue from
morphine tolerance, this suggests that the mechanisms for opioid potentiation by
sigma-1 receptors appear to be dissociated from the rescue of opioid analgesia, at least

in this particular outcome.

To study whether the administration of SIRA was able to prevent the development of
morphine tolerance, we administered this sigma-1 antagonist during the escalating
dosage regimen of morphine (but not in the day of the behavioral evaluation). We show
that S1RA failed to prevent the tolerance to morphine effects on nociceptive heat
stimulus, as previously reported (Vidal-Torres et al.,, 2013). In addition, sigma-1
antagonism also failed to prevent tolerance to the antiallodynic effect of morphine
during inflammation, but surprisingly, SIRA completely prevented the development of
morphine tolerance to its effects on grip strength deficits. There have been reported
other long-lasting effects of sigma-1 drugs, specifically induced by the sigma-1
antagonists SIRA and BD-1063, which prevent paclitaxel-induced neuropathic pain
(Nieto et al., 2012 and 2014), and the sigma-1 agonist PRE-084, which promotes pain
sensitization far beyond its expected half-life (Entrena et al., 2016). Sigma-1 drugs are
known to alter the translocation of neurotransmitter receptors such as NMDAR to the
plasma membrane, with the consequent modulation of their excitatory actions (Pabba
et al., 2014). These plastic changes might outlast the presence of the drug (either sigma-
1 agonists or antagonists) in the organism, so the biological half-life of the drug’s effects
may be longer than the half-life of the drug in the organism, which might explain the
longer-lasting actions of SIRA. However, it remains unclear why this long-lasting effect
of S1RA only affects grip strength deficits ant not heat nociception or inflammatory
tactile allodynia. The mechanisms of cutaneous sensitivity are extensively explored, but
further studies are needed to unveil the mechanisms of pain-induced functional
impairment, and they might not be fully overlapping (Cobos and Portillo-Salido, 2013;
Montilla-Garcia et al., 2017; Negus et al., 2018). Similarly, the mechanisms for opioid
analgesic tolerance might also depend on the measure explored. Regardless of the exact

mechanisms involved in the differential results obtained in grip strength deficits and the
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other two pain measures explored in the present study, in the light of our results it is

clear that they are not fully equivalent.

Although von Frey testing, the most widely behavioral test currently used in preclinical
pain research, is undoubtedly useful to detect sensory alterations in neuropathic
patients (e.g. Bennett, 2001; Bouhassira et al., 2005; Moharic et al., 2012), the use of
von Frey filaments in other human pain conditions such as during rheumatic diseases is
virtually absent. Therefore, although von Frey testing has been established as the
standard of preclinical pain testing, it is not an extended pain measure in patients with
non-neuropathic chronic painful diseases. On the other hand, grip strength has been
widely and routinely evaluated for decades in rheumatology as a functional measure in
patients with joint inflammation (e.g. Bijlsma et al., 1987; Lee, 2013; Pincus and
Callahan,1992), and it is known to correlate to pain (Callahan et al., 1987; Fraser et al.,
1999; Overend et al., 1999). In fact, one set of consensus-based recommendations
advocates measuring physical function as one of the main outcomes in clinical trials of
pain treatments (Dworkin et al., 2008). Taking into account the differences in the
modulation of opioid analgesia and tolerance by sigma-1 receptors in grip strength
deficits and the measures of cutaneous sensitivity explored in the present study we
believe it is worth to include measures of physical functioning in the standard repertoire
of behavioral tests in preclinical laboratories, to approach the human pain phenotype to

preclinical pain research.

We conclude that sigma-1 receptors play a pivotal role on the control of morphine
analgesia and tolerance (although in a manner dependent on the type of painful
stimulus explored). These findings might have important therapeutic implications for
the use of sigma-1 antagonists as opioid adjuvants. In addition, the results obtained
using grip strength deficits as a surrogate pain measure are not equivalent to those
found when exploring the standard measures of cutaneous sensitivity. Further studies
are needed to fully understand the mechanisms of pain interference on physical

function.
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SPECIFIC CONCLUSIONS

1. Clinically relevant p-opioid analgesics (morphine, buprenorphine and oxycodone), in
the absence of sigma-1 receptor inhibition, produce modality-specific
antinociception since they induce prominent systemic and peripheral
antinociceptive effects to heat stimulus, but little or no antinociceptive effects to

mechanical stimulation.

2. Peripheral sigma-1 receptors play a key role in the modality-specific peripheral
effects of opioid analgesics, since opioid antinociception to mechanical stimulus is
limited by peripheral sigma-1 tonic inhibitory actions, whereas peripheral opioid

antinociception to heat stimulus (produced in TRPV1-expressing neurons) is not.

3. Grip strength deficits during joint inflammation in mice are largely attributable to
pain, since they are inhibited by known analgesics in a way consistent with their
analgesic efficacy in humans (ameliorative effects of opioids are higher than those

induced by acetaminophen or NSAIDs).

4. The neurobiology of inflammatory tactile allodynia and grip strength deficits differ,
since these two outcomes develop with distinct time-courses, and respond
differentially to TRP antagonism and to the ablation of TRPV1-expressing neurons

(which abolished tactile allodynia without altering grip strength deficits).

5. The modulation by sigma-1 receptor of morphine-induced antinociception and
tolerance on standard measures of cutaneous sensitivity is different than in pain-

induced functional deficit, since systemic sigma-1 antagonism:

e Potentiates the antinociceptive effect of morphine to heat stimulus and the
effects on inflammatory tactile allodynia induced by this opioid, but it does not
potentiate morphine effects on grip strength deficits induced by joint
inflammation.

e Rescues morphine antinociception from tolerance on all three pain measures
evaluated (nociceptive pain to heat stimulus, inflammatory tactile allodynia and
grip strength deficit induced by inflammation). However, it only prevents the

development of morphine tolerance on grip strength deficit.
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GENERAL CONCLUSION

Sigma-1 receptors play a pivotal role on the control of morphine-induced
antincociception and tolerance, although in a manner dependent on the type of painful
stimulus explored (mechanical vs heat nociceptive stimulus and cutaneous sensitivity vs
pain-induced functional disability). These findings might have important therapeutic

implications for the use of sigma-1 antagonists as opioid adjuvants.
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LIST OF ABBREVIATIONS

AC

ADP

ANOVA

ATP

BD-1047

BD-1063

B.C.

CaM

cAMP

CaMKil

CCl

CFA

CGRP

CNS

COX-2

CRM |

CRM 11

DAMGO

DHEA

DMT

Adenylate cyclase
Adenosine diphosphate
Analysis of variance
Adenosine triphosphate

N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-

(dimethylamino)ethylamine dihydrobromide
1-[2-(3,4-dichlorophenyl)ethyl]-4-methylpiperazine dihydrochloride
Before Christ

Ca**—calmodulin

3 -5 cyclic adenosine monophosphate
Calmodulin-dependent kinase |l

Chronic constriction injury

Complete Freud’s adjuvant

Calcitonin gene related peptide

Central nervous system

Cyclooxygenase-2

Cholesterol recognition motif |

Cholesterol recognition motif Il

[D-Ala2, N-MePhe4, Gly-ol]-enkephalin
Dehydroepiandrosterone

N,N-dimethyltryptamine
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DOR
DPDPE
DRG
Enk

ER

ERK
GRKs

GxxxG

HINT1
HPMC
5-HT
IB4
ICSS
i.c.v.
IL-18

i.p.

IP3
JNK2
KO
LC

LTM
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[D-Pen2, D-Pen5]enkephalin

Dorsal root ganglion

Enkephalins

Endoplasmic reticulum

Extracellular signal-regulated kinase
G-protein receptor kinases
Canonical membrane-imbedded dimerization sequence
Helical region

Histidine triad nucleotide-binding protein 1
Hydroxypropyl meth- ylcellulose
Serotonin

Isolectin B4

Intracranial self-stimulation
Intracerebroventricular

Interleukin 1 beta

Intraperitoneal

Intraplantar

Inositol 1,4,5- trisphosphate

c-Jun N-terminal kinase 2

Knockout

Locus coeruleus
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MAM
MAPKs
MIAs
MOR
Mrgprd

MR200

MSAs
N/OFQ
NalBzoH
NE
NeuN

NE-100

NF-200
NMDA
NMDAR
NSAID
ORL-1
PAN

PAG
PKCy
pERK 1/2

PKA

Mitochondria-associated endoplasmic reticulum membrane
Mitogen-activated protein kinases

Mechanically insensitive afferents

p-opioid receptor

Mas-related G-protein-coupled receptor D

(+)-methyl (1R,2S)-2-{[4-(4-chlorophenyl)-4-hydroxypiperidin-1-
yllmethyl}-1-phenylcyclopropanecarboxylate

Mechanically sensitive afferents
Nociceptin/orphanin FQ
Naloxone benzoylhydrazone
Norepinephrine

Neuronal nuclei

N,N-dipropyl-2-[4-methoxy-3-(2- phenylethoxy)phenyl]ethylamine
hydrochloride

Neurofilament-200
N-methyl-D-aspartate
N-methyl-D-aspartate receptor
Nonsteroidal anti-inflammatory drug
Opioid receptor like-1

Primary afferent nociceptor
Periaqueductal grey matter

Protein kinase Cy

Diphosphorylated ERKs 1 and 2

Protein kinase A
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p.o. Orally

PRE-084 [2-(4-morpholinethyl) 1- phenylcyclohexanecarboxylate
hydrochloride]

QsT Quantitative sensory testing

RR Ruthenium red

RTX Resiniferatoxin

RVM Rostral ventromedial medulla

s.C. Subcutaneous

SC Spinal cord

S1RA 4-[2-[[5-methyl-1-(2-naphthalenyl)-1H-pyrazol-3-yl]oxylethyl]

morpholine hydrochloride

SBDL1 Steroid binding domain-like 1
SBDL2 Steroid binding domain-like 2
SP Substance P

STT Spinothalamic tract

G receptor Sigma receptor

o1receptor Sigma-1 receptor

T Pain transmission neuron
™1 Transmembrane domain 1
TM2 Transmembrane domain 2
TNF-a Tumor necrosis factor alpha
TRP Transient receptor potential
TRPV1 Transient receptor potential vanilloid type 1
WT Wild-type
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