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Presentacion

El dolor es una experiencia sensorial y emocional desagradable. Es un mecanismo muy
complejo determinado por dos componentes: el componente sensorial-discriminativo,
que corresponde a los mecanismos neurofisioldgicos de la nocicepcion y que informa de
las caracteristicas del dolor (naturaleza, duracion, intensidad,...) y el componente
afectivo-motivacional, que expresa la connotacion desagradable relacionada con la
percepcion del dolor y que conlleva consecuencias emocionales que afectan al estado de
animo y al bienestar del individuo. En la presente Tesis Doctoral se estudian estos dos
componentes que conforman el dolor, evaluando respuestas de comportamiento en dos
modelos animales de dolor, un modelo de dolor agudo visceral y un modelo de dolor
cronico de origen neuropatico. Ademas, se estudia el papel del receptor sigma-1 (6;R)
en cada modelo animal de dolor, evaluando su posible implicacion tanto en el
componente sensorial como en el afectivo. Para ello, se pusieron en practica dos
estrategias experimentales. Por un lado, se utilizaron ratones modificados genéticamente
a los que se les ha eliminado el gen del receptor del sigma-1 (ratones knock-out oR) y
por otro lado, se realiz6 un tratamiento farmacoldgico sistémico en ratones salvajes
(wild-type) con el E-52862 (S1RA), un antagonista del receptor sigma-1 altamente
selectivo. El E-52862 es un compuesto que ha sido desarrollado por ESTEVE y que tras
su primera evaluacion en seres humanos ha demostrado un buen perfil de seguridad y
tolerabilidad (estudios clinicos de Fase I). Actualmente contintia siendo evaluado en
subsecuentes estudios clinicos como indicacion para el dolor neuropatico de diferentes

etiologias (estudios de Fase II).
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Los resultados de esta Tesis Doctoral proporcionan nuevos conocimientos sobre el
receptor sigma-1 que apoyan el desarrollo clinico del antagonista selectivo para este
receptor, el E-52862, como una opcion terapéutica adecuada para el tratamiento del

dolor neuropatico y las comorbilidades afectivas asociadas a esta patologia.

Xii



Summary

The present Doctoral Thesis focuses on the study of the sigma-1 receptor (6;R) in the
field of pain. This research has been a part of the preclinical ;R project focusing on
drug discovery of 6;R ligands for the treatment of pain at the pharmaceutical company
ESTEVE. The overall purpose of this Doctoral Thesis was to explore the role of 6;R in
the sensory-discriminative and affective-motivational components of pain. To this end,
acetic acid-induced visceral pain and partial sciatic nerve ligation in mice were used to
model an acute and chronic pain state, respectively. The sensory discriminative and
affective-motivational components of pain in these models were infered by changes in
reflexive and non-reflexive behavioural outcomes, respectively. Abdominal contractions
(writhing) and paw behavioural hypersensitivity to mechanical and thermal stimuli were
analysed as reflexive outcomes. On the other hand, pain-related changes of sweet
preference, locomotor activity and reward-seeking behaviour were analysed as
non-reflexive outcomes. These models and behavioural outcomes were used to evaluate
the effect of pharmacological and genetic blockade of 6;R and also the effects of some
reference compounds. Furthermore, electrophysiological and molecular studies in
knock-out (6iR”) mice were used to understand the role of o;R in the

sensory-discriminative component of chronic pain.

Taken together, the results of this Doctoral Thesis provide new knowledge about ;R
and support the clinical development of selective o;R antagonists as a suitable

therapeutic intervention to treat neuropathic pain and its mood-related comorbidities.

xiii






List of Abbreviations and symbols

%: percentage

°C: degree Celsius

SHT: 5-hydroxytryptamine, serotonin
8-OH-DPAT: 8-hydroxy-2-(di-n-propylamino)tetralin
am: ante meridiem; from Latin, "before midday"
AA: acetic acid

ACC: anterior cingulate cortex

ad libitum: from Latin, "at liberty"

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMY: amygdala

ANOVA: analysis of variance

ATP: adenosine triphosphate

AUC: area under the curve

BG: basal ganglia

BiP: binding immunoglobulin protein

Ca®": calcium

CARR: carrageenan

CC: cingulate cortex

CCI: chronic constriction injury

CCS: constriction of the saphenous nerve

CFA: complete Freund's adjuvant

CNS: central nervous system

A’-THC: Delta 9-tetrahydrocannabinol

d.f.: degrees of freedom

DRG: dorsal root ganglion

EDs: median effective dose

EEG: electroencephalography

e.g.: exempli gratia; from Latin, "for example"
Enax: maximum effect

ER: endoplasmic reticulum

ERK: extracellular signal-regulated protein kinase
Fig.: figure

fMRI: functional magnetic resonance imaging

g: gram(s)

h: hour(s)

H>O: water

HPMC: hydroxypropylmethylcellulose

1.e.: id est; from Latin, "that is"

1.p./IP: intraperitoneal

IASP: International Association for the Study of Pain
Ibu: ibuprofen

kg: kilogram(s)

LMA: locomotor activity

LPS: lipopolysaccharide

MAM: mitochondrial-associated endoplasmic reticulum membrane
MAPK: mitogen-activated protein kinase

XV



MCC: midcingulate cortex

MIA: monoiodoacetate

min: minute(s)

mL: millilitre(s)

mRNA: messenger ribonucleic acid

N.D.: not determined

NAc: nucleus accumbens

NMDA: N-methyl-D-aspartate

no.: number

NSAID: nonsteroidal anti-inflammatory drug
N.T.: not tested

P: probability

PAG: periaqueductal grey

PB: parabrachial nucleus

pERK: phosphorylated extracellular signal-regulated kinase
pm: post meridiem; from Latin,"after midday"
PFC: prefrontal cortex

post hoc: from Latin, "after this"

PSNL: partial sciatic nerve ligation

RM: repeated measures

RSB: reward seeking behaviour

RVM: rostroventral medulla

S1: primary somatosensory cortex

S2: secondary somatosensory cortex

SE: standard error

s: second(s)

SEM: standard error of the mean

SNI: spared nerve injury

SNL: spinal nerve ligation

SNT: spinal nerve transection

SPL: superior parietal lobe

o1R: sigma-1 receptor

o,R: sigma-2 receptor

R sigma-1 receptor knock-out heterozygous
61R™": sigma-1 receptor knock-out homozygous
TNF-a: tumour necrosis factor o

TNT: tibial nerve transection

v/v: concentration, volume solute/volume of solution
VTA: ventral tegmental area

WO: wash-out

WT: wild-type

XVi



Contents

I. Introduction 1
1. The experience of pain 3
2. The sensory-discriminative component of pain 7
2.1. Neuroanatomical basis 7
2.2. Sensory consequences of pain 13

2.3. Preclinical measurement of the sensory-discriminative
component 18
3. The affective-motivational component of pain 22
3.1. Neuroanatomical basis 22
3.2. Affective consequences of pain 27

3.3. Preclinical measurement of the affective-motivational
component 32

4. Sensitivity of the sensory-discriminative and the
affective-motivational components of pain to analgesics drugs ------------- 35
5. The sigma-1 receptor 40
11. Hypothesis 47
III. Objectives 51
1V. Methods 55
V. Results 61

1. Role of the sigma-1 receptor in the sensory-discriminative
component of chronic neuropathic pain and acute visceral pain----------—--- 63

1.1. ARTICLE 1

Sigma-1 receptors regulate activity-induced spinal sensitization

and neuropathic pain after peripheral nerve injury 67

XVii



1.1.1.Annex |
Effect of pharmacological blockade of the sigma-1 receptor on
the expression of hind paw withdrawal reflex after peripheral
nerve injury

1.1.2. Annex II
Effect of genetic and pharmacological blockade of the sigma-1

receptor on the expression of writhing reflex behaviour after

AA-induced visceral pain

2. Role of the sigma-1 receptor in the affective-motivational component

of chronic neuropathic pain and acute visceral pain

2.1.

2.2.

2.3.

VI. General Discussion
VII. Conclusions

VIII. References

79

83

89

ARTICLE 2

Changes in saccharin preference behaviour as a primary

outcome to evaluate pain and analgesia in acetic acid-induced

93

visceral pain in mice

2.1.1.Annex III
Peripheral nerve injury failed to significantly alter the

saccharine preference behaviour in mice

ARTICLE 3

Pharmacological characterization of pain-related depression of

the reward seeking behaviour in mice

2.2.1.Annex IV
Effect of genetic and pharmacological blockade of the sigma-1
receptor on pain-related depression of reward seeking behaviour

after acetic acid-induced visceral pain in mice.

ARTICLE 4

Effect of genetic and pharmacological blockade of the sigma-1
receptor on pain-related depression of the reward seeking

behaviour after peripheral nerve injury in mice

Xviii

107

111

143

153

183

191

195



I. Introduction






The experience of pain Introduction

1. The experience of pain

The ability to detect noxious stimuli is a normal sensation triggered in the nervous
system as an alert to the possibility of injury and the need for rest and recuperation. Pain
is an adaptive response because it improves the survival value and wellbeing and
therefore enhances the probability of the body to survive and reproduce. The perception
of pain facilitates fast withdrawal from a damaging situation, safeguards the affected
body part while it heals, and provides a strong teaching signal that enables learning to
avoid similar harmful situations in the future. Pain also has motor responses that lead to
escape because it is part of the body’s defense system and acts like a protective

mechanism.

In addition, pain is considered to be a homeostatic emotion (Craig, 2003a), or
primordial emotion (like thirst, hunger or fatigue), because it reflects an adverse
condition in the body that requires a behavioural response, and also has
autonomic/homeostatic responses (drinking, eating or resting in the above examples)
aimed at maintaining the body's internal milieu in its ideal state. Homeostasis, as
elucidated by Cannon (Cannon, 1939), is a dynamic and ongoing process comprising
many integrated mechanisms that maintain an optimal balance in the physiological
condition of the body for the purpose of survival, including autonomic, neuroendocrine
and behavioural mechanisms. Pain contributes to the monitoring and maintenance of
homeostasis. Neural basis for these integrated homeostatic emotional behaviours must
be evolutionarily ancient because all vertebrates respond similarly to noxious stimuli

(Craig, 2003a).



Introduction The experience of pain

From the evolutionary perspective, the pain system is embedded within extensive
circuitry (mediating emotions, reward/anti-reward, and motivation) that represents a
neural network indispensable to preserve individuals and species, that promotes
behaviours necessary for survival (food, water and sex), and that prevents behaviours
that endanger wellbeing (pain and fear) through learning, conditioning and influence on

decision making (Elman et al., 2013).

13

The International Association for the Study of Pain (IASP) defines pain as ‘“an
unpleasant sensory and emotional experience associated with actual or potential tissue
damage, or described in terms of such damage” (Merskey, 1986). This definition
segregates pain in two dimensions: sensory and emotional. The sensory-discriminative
component of pain (i.e. nociception or sensory pain) provides information about the
location, modality and intensity of painful stimuli, and the affective-motivation
component of pain comprises the emotional dimension (the unpleasant character of
pain perception) (Craig, 2003b) and cognitive aspects of the experience of pain (Casey,
1982) that are involved in the attention, anticipation and memory of past experiences;
this component can interact with the other component, thus giving rise to pain
modulation (Valet et al., 2004). Interestingly, this affective dimension of pain relies on
neurophysiologic systems that are at least partly anatomically distinct from those

involved in the sensory perception of pain (Duquette et al., 2007).

Both experimental and clinical studies support the distinction between two separate but
parallel neural systems. The neuroanatomical basis of pain has been conceptualized as
involving “lateral” and “medial” subsystems (Albe-Fessard et al., 1985). The “lateral”
system (including thalamocortical afferents to somatosensory cortices and posterior

insula) subserves the sensory-discriminative processing of pain inputs, whereas the
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“medial” system (with projections to the anterior cingulate and prefrontal cortices)
would be preferentially involved in the motor, cognitive/evaluative and emotional pain
components. Over the last fifteen years solid evidence was generated indicating that
multiple cortical and subcortical structures are involved in human pain perception.
Human brain imaging studies have revealed consistent cortical and subcortical networks
that are activated by pain (Baliki and Apkarian, 2015). The brain areas most commonly
activated by noxious stimuli are primary somatosensory cortex (S1), secondary
somatosensory cortex (S2), anterior cingulate cortex (ACC), insula, prefrontal cortex

(PFC), thalamus, and cerebellum (Apkarian et al. 2005).

The role of the cortex in human pain perception remained controversial until the advent
of non-invasive brain imaging technologies. The cortical perception of pain is intimately
linked with areas of the brain involved in autonomic and neuroendocrine regulation
(amygdala, hypothalamus, thalamic reticular nucleus, ventral tegmental area, locus
coeruleus, laterodorsal tegmental nucleus) in a way that the perception of pain manifests
physically with changes in blood pressure, heightened reflexes, and skin galvanomic
response, among others (Blackburn-Munro, 2004). Moreover, the cortico-limbic
pathway is known to integrate nociceptive inputs with information about the overall
status of the body, in turn regulating (and sometimes amplifying) the effect attributed to

pain (Price, 2002).

This integrated system might indicate that pain is not only part of an afferent system in
which the final product is a change in behaviour, but that the perception of pain itself
may be part of a complex two-way afferent-efferent system (Fregni et al., 2007; Zaghi
et al., 2009). Moreover, a new view suggests that specific pain centers exist which

consist of a distinct “physical” sensation (represented in the parieto-insular cortex) and
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an “emotional” component (represented in the anterior cingulate), which have evolved
from a primitive system of the brain that controls the health of the body. The overlap
between these areas and the emotion-processing regions of the brain could explain the

peculiarly human subjective qualities of pain (Craig, 2003c).



The sensory-discriminative component of pain Introduction

2. The sensory-discriminative component of pain

The sensory-discriminative component allows localizing and feeling specific attributes
of pain, and can be considered as a sensory modality similar to vision or olfaction. It has
become increasingly evident that it is subserved by its own apparatus up to the cortical

level.

2.1. Neuroanatomical basis

The conscious appreciation of pain is a complex series of mechanisms whereby the
noxious stimulus is encoded and progressively transmitted to and processed by higher
centers of the nervous system until it is perceived as pain. The perception of pain is
thought to occur in the cortical structures (Fine and Ashburn, 1998). However, the exact
location in the brain where pain becomes a conscious experience and the reasons
individuals vary in their subjective experience of pain are unclear. Signals arriving in
the central nervous system are the result of the activation of specialized sensory
receptors called nociceptors that provide information about tissue damage. Nociception

is the term used to describe normal pain transmission and sensation.

The peripheral nerve endings innervate the skin and viscera that receive either the high
threshold internal (inflammatory soups) or external (heat, acid, and pressure) signals.
The cellular process by which noxious stimuli are changed into the electrical energy
necessary to transmit pain is defined as #ransduction (Fine and Ashburn, 1998). When
transduction is complete, the transmission of the pain impulse along the nociceptor
fibres (nerve axons) begins. Nociceptor fibres respond to mechanical, thermal or
chemical noxious stimuli. Tissue damage occurs when tissues are exposed in sufficient

quantity to these stimuli and induces the release of a number of substances. Nociceptors

7
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are excitatory neurons and release glutamate as their primary neurotransmitter as well as
other components including peptides (e.g., substance P, calcitonin gene-related peptide,
somatostatin) that are important in both central synaptic signaling and efferent signaling
in the skin (Basbaum et al., 2009) that facilitate the transmission of pain from the

periphery to the spinal cord (Pasero et al., 1999).

Peripheral nerve

Ad fiber C fiber
Lo o
>
= - -
w
—
i)
=
£ First pain Second pain
@©
o
& Time —
Noxious
stimulus

Fig. 1. Sensory neuron fibre types. Primary afferents are classified by their diameter, degree of
myelination, and conduction velocity. The largest diameter afferent fibres, A-beta (AP), respond
maximally to light touch and/or moving stimuli. There are two other classes of primary afferent nerve
fibres: the small diameter myelinated A-delta (Ad) and the unmyelinated (C) axons. The speed of
transmission is directly correlated to the diameter of axons of sensory neurons, whether or not they are
myelinated. C-fibres have a small diameter (Woolf and Ma, 2007) are bundled in fascicles surrounded by
Schwann cells, and support conduction velocities of 0.4-1.4 m/s (Djouhri and Lawson, 2004). Initial fast-
onset pain is mediated by A-fibre nociceptors whose axons are myelinated and support conduction
velocities of approximately 5-30 m/s, mostly in the slower Ad range, although a substantial proportion of
A-fibre nociceptors conduct in the AP conduction velocity range (Djouhri and Lawson, 2004). Available
from: <http://www. I pain.com/textbook/Chapterl.html> and <http://clinicalgate.com/back-and-neck-

pain>
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There are two major classes of nociceptors that transmit pain from the site of
transduction (periphery) to the spinal cord, A-fibres and C-fibres (Meyer et al., 2008)
(Fig. 1). A-fibres are thinly myelinated, large-diameter, fast-conducting fibres that
transmit well-localized sharp pain. A-fibres include medium diameter myelinated (Ad)
afferents that mediate acute, well-localized “first” or fast pain. These myelinated
afferents differ considerably from the larger diameter and rapidly conducting A fibres
that respond to innocuous mechanical stimulation (i.e., light touch). C-fibres are
unmyelinated, small-diameter, slow-conducting fibres that transmit poorly localized,
dull and aching pain. During the first segment of transmission, the impulse is carried

along nociceptor fibres in an ascending fashion to the dorsal horn of the spinal cord.

Nociceptors, like other primary somatosensory neurons, are pseudounipolar with a
single process emanates from the cell body located in the dorsal root ganglion (DRG)
(Fig. 2) —or trigeminal ganglion in the cephalic area— and bifurcates, sending a
peripheral axon to innervate the skin and a central axon to synapse on second-order
neurons in the dorsal horn of the spinal cord —or the trigeminal subnucleus caudalis,
respectively—. In this way, the propagation of electrical signals between periphery and
spinal cord (or brainstem) follows a direct axonal pathway, thus reducing the risk of
conduction failure (Amir and Devor, 2003). The central axon of DRG neurons enters
the spinal cord via the dorsal root and sprouts branches that terminate predominantly in
laminae I, II, IV and V of the dorsal horn on relay neurons and local interneurons
important for signal modification (Millan, 1999; Basbaum et al., 2009;
Alvarez-Leefmans, 2009). Relay neurons project to the medulla, mesencephalon and
thalamus, which in turn project to somatosensory and anterior cingulate cortices to drive

sensory-discriminative and affective-motivational aspects of pain, respectively (Millan,
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1999). The impulse is followed by transmission from the spinal cord to the brainstem
and thalamus. The thalamus, acting as a relay station, sends the impulse to the cortex

where it can be processed (Pasero et al.,1999) (Fig. 3).

The sensory-discriminative component of pain results in preferential activation of the
lateral thalamus and somatosensory cortices (S1 and S2) (Ohara et al., 2005), as well as
the posterior insular cortex (Moisset and Bouhassira, 2007). The somatosensory cortices
(ST and S2) encode information about sensory features, such as the location and
duration of pain (Kenshalo and Isensee, 1983; Kenshalo ef al., 1988; Chudler et al.,

1990; Greenspan et al., 1999; Ploner et al., 1999).

As revealed by neuroimaging studies in experimental and clinical pain states,
sensitization to noxious stimuli has specific correlates in cerebral pain processing
(Apkarian et al., 2005; Borsook et al., 2007a; Moisset and Bouhassira, 2007; Tracey
and Mantyh, 2007; Seifert and Maihdfner, 2009). As a main mechanism there is an
increased activity in pain processing brain areas (S1, S2, insula, ACC, PFC) and an
additional recruitment of other brain areas mainly reflecting cognitive, autonomic and
motor processing or modulatory networks (Apkarian et al, 2005; Maihofner and
Handwerker, 2005; Borsook et al., 2007b; Moisset and Bouhassira, 2007; Seifert et al.,
2008). Together, these processes convey encoded nociceptive information to pathways
of ascending hierarchical processing in the spinal cord and brain. Damage to the
anterolateral (spinothalamic) pain system makes it difficult to localize or describe the
physical characteristics of pain; however an unpleasant experience persists (Ploner et

al., 1999).

10
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Pain signals to brain R Hntateieiiiieie ettt Sttt
stem and brain nghﬂy myelinated
(through secondary A3 fibres
pain-projection
neurons)

To supraspinal
targets

Heavily
myelinated
AP fibres

bodies

Unmyelinated
C fibres

Pain-projection
neurons

Ventral Ventral projection fibres

Pain signals to spinal cord
(through primary afferents)

Normal
acute pain

Fig. 2. Perception of pain (I). Normal pain signaling in the body is transmitted to the spinal cord dorsal
horn through nociceptors. Nociceptive pain leads to the release of pain transmitters from primary afferent
terminals that project onto pain-projection neurons, primarily laminae I, IV and V in the spinal cord
dorsal horns. Nociceptive signaling from the dorsal root ganglia (DRG) is relayed to the dorsal spinal
cord, brain stem and brain, where the experience of pain occurs. The DRG contain pseudounipolar
sensory neurons —so called because they give rise to a single axon that bifurcates, with one part
projecting to the periphery and the other projecting to the dorsal horn of the spinal cord. The cell bodies
of nociceptive neurons in the DRG are broadly classified into large and small types.
Immunohistochemical staining studies have shown that slowly conducting C and Ad fibres have small
cell bodies, whereas faster-conducting AP fibres tend to have larger cell bodies. The inset shows a cross
section of spinal cord including the spinal cord dorsal horn and the DRG. From: Milligan ED and
Watkins LR. Pathological and protective roles of glia in chronic pain. Nature Reviews Neuroscience.

2009; 10:23-36.
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Somatosensory
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Fig. 3. Perception of pain (II). Pain information enters the spinal cord, crosses the midline, and ascends
through the anterolateral (spinothalamic) system to the brain. The lateral pain system, which supports the
sensory-discriminative dimension of pain, has axons that ascend laterally within the spinothalamic tract of
the spinal cord, synapse within lateral nuclei of the thalamus, and ultimately project to the primary
somatosensory cortex. From. Breedlove SM and Watson NV. Chapter 8: General Principles of Sensory

Processing, Touch, and Pain. Available from: <http://7e.biopsychology.com/vs08.htmI>

Moreover, descending pathways from the brainstem, cortex or other central nervous
system (CNS) regions affect pain processing by facilitating or inhibiting the information
ascending in nociceptive pathways. Modulation (inhibition and alteration) of pain
transmission occurs at several locations within the central nervous system (Fine and

Ashburn, 1998). The neuronal pathways involved in modulation are often referred to as

12
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the descending pain system because they originate in the brain stem and descend to the
dorsal horn of the spinal cord (Portenoy and Kanner, 1996). These descending pathways
release substances, such as endogenous opioids, serotonin and norepinephrine, which
can inhibit the transmission of noxious stimuli and produce analgesia (Pasero et al.,
1999). These descending inhibitory and facilitatory pathways originating in the brain, as
well as local inhibitory and excitatory interneurons in the dorsal horn, modulate the
transmission of nociceptive signals, thus contributing to the prioritization of pain
perception relative to other competing behavioural needs and homeostatic demands

(Heinricher et al., 2009).

2.2. Sensory consequences of pain

The detection of pain facilitated by the sensory-discriminative component draws
attention to an environmental problem that threatens damage, or is causing damage, to
bodily tissues. It motivates a behaviour that would tend to remedy the problem. Pain
perception, in a first instance, interrupts and demands attention, and triggers a series of
rapid behavioural reactions in an attempt to end such unpleasant sensation (Eccleston
and Crombez, 1999). These behaviours are known as “protective behaviours” and
include any actions oriented to escape from the pain-related stimulus or pain relevant
environment (withdrawal reflexes and escape behaviours) and any behaviours that
prevent or alleviate pain, including actions oriented towards protecting or caring for an
injury (guarded postures, disabled behaviour). These protective behaviours are highly
conserved among species. Nociceptive pain normally subsides with time; when noxious

stimulation ceases, pain also ceases (Backonja, 2003).

13



Introduction The sensory-discriminative component of pain

However the experience of chronic pain is entirely different from acute pain. The
transition from acute to chronic pain involves a time dependent neural reorganization
that initiates a series of events that potentiate one pathway at the cost of the other, thus
resulting in an abnormal processing of sensory inputs (Pasero et al., 1999; Dworkin et
al. 2003). Persistent pain arises from increases in excitability, or sensitization, of one or
more peripheral or central components of pain transduction pathways (Carrasquillo and
Gereau, 2008; Costigan et al., 2009; Woolf, 2011). Due to this plasticity, pain is no
longer coupled, as acute nociceptive pain is, to the presence, intensity or duration of
noxious peripheral stimuli. Instead, the injury-related plasticity produces pain
hypersensitivity by changing the sensory response elicited by normal inputs, including
those that usually evoke innocuous sensations which can be present in the nervous
system for weeks, months, even years beyond the expected period of healing or
resolution of the source of pain. This pain-related sensitization due to injury or

inflammation are present both at the peripheral and central level.

Peripheral sensitization results from a reduction in the firing threshold and an increase
in responsiveness of the peripheral nociceptors, which can result initially from local
exposure to neurogenic inflammatory factors such as calcitonin gene-related peptide,
substance P and serotonin, and later to a welter of noxious chemicals known as
“inflammatory soup” (Basbaum et al., 2009). A partial list of these chemicals includes
noradrenaline, bradykinin, histamine, prostaglandins, potassium, cytokines, and
neuropeptides. These cellular mediators act to sensitize nociceptors to further neural
input. This produces changes in the number and location of ion channels —especially
sodium ion channels— in injured nociceptor nerve fibres and their dorsal root ganglia.

As a result, the threshold for depolarization is lowered, and spontaneous discharges
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known as ectopic discharges can occur in abnormal locations. Consequently, the
response of nociceptors to thermal and mechanical stimuli is increased. Nociceptor
hyperactivity induces secondary changes in processing neurons in the spinal cord and
brain, so that inputs from mechanoreceptive A-fibres are perceived as pain.
Neuroplastic changes in the central pain modulatory systems can lead to further
hyperexcitability. As a consequence of peripheral nociceptor hyperactivity, dramatic
secondary changes in the spinal cord dorsal horn can lead to central sensitization

(Basbaum et al., 2009).

Central sensitization occurs as nociceptive neurons of the dorsal horn of the spinal cord
become persistently hyperexcitable. The term was first described by Woolf (Woolf,
1983) and nowadays is defined as the enhanced nociceptive synaptic transmission
within the spinal cord following persistent pain states, or more precisely, the abnormal

hyperexcitability of central nociceptor neurons.

Several excitatory amino acids and neuropeptides within the dorsal horn of the spinal
cord released following the peripheral nociception hyperactivity lead to postsynaptic
changes of second-order nociceptive neurons, such as phosphorylation of NMDA and
AMPA receptors (Ultenius ef al., 2006) or expression of voltage-gated sodium channels
(Hains et al., 2004). Increasing levels of mRNA for voltage-gated sodium channels
seem to correlate with ectopic activity (i.e., spontaneous depolarization), and an
increased expression of sodium channels in lesioned and intact fibres might lower the
action potential threshold until ectopic activity takes place (Lai et al., 2003; Black et al.,
2008; Siqueira et al., 2009). In addition to voltage-gated sodium channels, several other
ion channels probably undergo alterations after a nerve lesion, such as voltage-gated

potassium channels (Bahia et al., 2005), which might also contribute to changes in the
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membrane excitability of nociceptive nerves. These changes induce neuronal
hyperexcitability that enables low-threshold mechanosensitive AP and Ao afferent
fibres to activate second-order nociceptive neurons. Mechanistically, central
sensitization can be driven by pre- and postsynaptic changes as well as by increases in
the postsynaptic membrane excitability (Latremoliere and Woolf, 2009). Long-term
alterations in neuronal excitability are not limited to the spinal cord; indeed, a major
component of persistent pain is now thought to arise from adaptive changes in structure
and function of a number of central brain regions both directly and secondarily
implicated in higher processing of pain-related sensory information (Woolf, 2011).
Collectively, these changes result in a phenomenon known as “wind-up”, i.e., an
increased excitability and sensitivity of spinal cord neurons (Seal et al., 2009; Pfau et
al.,2011; Woolf, 2011) evoked by repetitive stimulation of afferent C-fibres, and stands
for a spinal amplification of the message coming from peripheral nociceptors
(Dickenson and Sullivan, 1987; Herrero et al., 2000). Wind up is a progressive
frequency-dependent facilitation of the responses of nociceptive neurons observed in the
application of repetitive (usually electrical) stimuli of constant intensity (Herrero et al.,

2000).

Central sensitization, together with peripheral changes, is believed to account for the
sensory symptoms of persistent pain (Fig. 4). Allodynia is a clinical term that describes
pain due to a stimulus that does not normally provoke pain. Mechanical dynamic and
mechanical static allodynia describe a state in which pain is evoked by light moving
touch or light pressure, respectively. Accordingly, cold and heat allodynia is evoked by
normally non-painful cold and warm stimuli (Nickel et al., 2012). Normally, A-fibres

produce the sensation of touch when stimulated; however, these same fibres can
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produce the sensation of intense pain in some individuals with pathophysiological pain
(Dworkin, 2002). Hyperalgesia is defined as an increased sensation of pain in response
to a normally painful stimulus. In mechanical hyperalgesia, normally slightly painful
pinprick stimulation is perceived as more painful. Peripheral sensitization, mediated
through C-fibres, is the mechanism responsible for hyperalgesia (Byers and Bonica,
2001). Two types of hyperalgesia are frequently described: primary hyperalgesia, which
is increased pain and sensitivity at the site of injury; and secondary hyperalgesia, which
is increased sensitivity and pain in uninjured tissue that surrounds the site of injury.
Whereas primary hyperalgesia is thought to be the result of peripheral changes that
occur after tissue damage, secondary hyperalgesia, like allodynia, is thought to result
from events that occur within the dorsal horn of the spinal cord after injury (Siddall and

Cousins, 1997; Byers and Bonica, 2001).

Other clinical symptoms associated to central sensitization, such as sensations of
burning pain, may be the result of continuous discharge in C-fibres, whereas dysesthesia
(unpleasant abnormal sensations) and paresthesia (abnormal sensations) may arise from
intermittent spontaneous discharges in Ad or AP fibres (Rowbotham and Petersen,
2001). Sensing ongoing spontaneous pain and paroxysmal shooting pain in the absence
of any external stimulus is caused by ectopic impulse generation within the nociceptive
pathways. Several clinical conditions involving pain, such as fibromyalgia, irritable
bowel syndrome, chronic fatigue syndrome, endometriosis and migraine, have all been

linked to central sensitization (Tietjen et al., 2009; Woolf, 2011).
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Fig. 4. Schematic representation of sensory consequences of acute and chronic pain. In acute pain
conditions, noxious stimuli detected evoke a reflex response that rapidly moves the entire animal, or the
affected part of its body, away from the source of the stimulus. With pain persisting past the injury,
defined as chronic pain, the affected person has symptoms of somatosensory hypersensitivity (i.e.,
allodynia, hyperalgesia) and ongoing pain (i.e., stimulus-independent pain). These are the conditions for
which patients repeatedly seek medical help, and there are no adequate treatments for the vast majority of

them. When pain is more persistent it becomes clinically more relevant.

2.3.  Preclinical measurement of the sensory-discriminative component

A large number of animal models of pain, both acute and chronic, have been
developed to better understand pain (Wall et al., 1979; Lombard et al., 1979; Bennett
and Xie, 1988; Diehl et al., 1988) and its pharmacological and non-pharmacological
modulation (Woolf, 1983; Coderre, 1992; Basbaum et al., 2009; Woolf, 2011). Some of
these animal models attempt to mimic inflammatory, osteoarthritic, neuropathic, cancer
and postoperative pain in rodents. Inflammation can be induced experimentally by

several agents, including carrageenan (CARR), complete Freund’s adjuvant (CFA) or
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bacterial lipopolysaccharide (LPS). Other inflammatory pain models involve
inflammation of the viscera, such as cyclophosphamide-induced cystitis. Osteoarthritis
can be induced experimentally by several methods, including the injection of the
chondrocyte glycolytic inhibitor monoiodoacetate (MIA) or by surgical destabilization
of the medial meniscus. The most widely used models of traumatic nerve injury include
chronic constriction injury (CCI), constriction of the saphenous nerve (CCS), partial
sciatic nerve ligation (PSNL), L5/L6 spinal nerve ligation (SNL), tibial nerve
transection (TNT), L5 spinal nerve transection (SNT), and spared nerve injury (SNI).
Peripheral neuropathy can also be induced experimentally (and clinically) by
antineoplastics, including paclitaxel, vincristin, cisplatin or oxaliplatin. In addition to
peripheral neuropathic pain models, neuropathy can also be induced by damaging the
central nervous system by mechanical contusion or electrolytic lesions, among others.
Cancer pain is usually induced in rodents by injecting tumor cells into the bone marrow
(femur, calcaneus or tibia), which is accompanied by bone destruction. To model
postoperative pain, the first model proposed was plantar incision. More recently, more
realistic surgical procedures have been used, such as laparotomy or thoracotomy. These
different injuries attempt to model clinical pain states in order to study their
pathophysiological mechanisms and test new candidate analgesics. These animal
models undoubtedly more closely mimic relevant human pain conditions as compared

to the evaluation of acute pain (Cobos and Portillo-Salido, 2013).

The commonly used outcomes used to assess the sensory component of pain in these
models have mainly focused on the appearance of reflexive movements upon the
presentation of a noxious stimulus. The noxious stimulus may be thermal, mechanical,

electrical or chemical, and is applied to a convenient body part, usually hindpaws, tail or
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abdomen. Common examples include withdrawal responses from stimuli that can be
escaped (e.g. paw withdrawal from a mechanical or thermal stimulus) or
stretching/flinching responses from stimuli that cannot be escaped (e.g. stretching
responses elicited by intraperitoneal injection of noxious chemical stimuli). Some of
these behaviours provide the animal with control of the intensity or duration of the

stimulus because the behaviour results in escape from the aversive stimulus.

In studies of acute nociception, pain is mainly assessed as the latency to the appearance
of reflexive movements of the stimulated area (the paw or tail for the hot plate or
tail-flick tests, respectively). Similarly, in tonic pain models, either formalin injected
into the hindpaw or the intraperitoneal injection of chemical algogens are also able to
elicit pain-induced reflexive responses (flinching/licking of the affected paw or
twitching of the body in the formalin and the writhing tests, respectively). Pathological
pain models focus on evaluating the enhancement of pain-like responses evoked by
either mechanical (von Frey and Randall-Selitto tests) or thermal (Hargreaves and
acetone drop tests) stimuli applied acutely. The von Frey test uses calibrated plastic
hairs of different diameters (intensities of stimulation) which are applied sequentially to
the target area of the animal to estimate the mechanical threshold for reflex withdrawal.
The Randall-Selitto test consists in applying increasing pressure via blunt mechanical
stimulation to the hindpaw until a withdrawal reflex, struggling or vocalization appears.
Recent modifications of this test use fixed pressure to the paw and record the latency to
the first pain-like response. The Hargreaves test uses a controlled light beam directed
to the paw from the bottom of a glass surface where the animal is placed, and the
outcome measure is latency to the paw withdrawal reflex. Finally, the acetone drop test

is based on the sensation of cold produced by the evaporation of acetone placed on the
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paw, which might elicit pain-like responses under 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. Alterations in these outcomes
illustrate the sensory hypersensitivity (hyperalgesia and allodynia) which often
accompanies a chronic pain condition, and constitute the standard measure of pain in

preclinical pain research laboratories worldwide (Cobos and Portillo-Salido, 2013).
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3. The affective-motivational component of pain

Pain includes a strong emotional component that makes it aversive, and there is a
reciprocal relationship between pain and affective states (Fig. 5). The
affective-motivational component is close to what may be considered as “suffering from
pain”, and is clearly related to aspects of emotion, arousal and behavioural
programming. The affective-motivational component of pain (i.e., the
moment-by-moment unpleasantness of pain) refers to the emotional responses elicited
by a painful stimulus —painful stimuli invoke feelings of suffering, fear, exhaustion,
disgust, sadness and anxiety, among others, which motivate the individual to escape
from or reduce the source of pain. Interestingly, this affective dimension of pain relies
on neurophysiological systems that are at least partly anatomically different from those

involved in the sensory perception of pain (Duquette et al., 2007).

3.1. Neuroanatomical basis

The affective-motivational dimension of pain is supported by the medial system, which
arises from neurons whose axons project medially within the spinothalamic tract in the
cord and brainstem, and synapse within medial thalamic nuclei before projecting to a
number of regions, including the cingulate cortex and the limbic system. People whose
pain is treated by destroying part of the medial pain system (e.g. the cingulate cortex or
the medial thalamus) report alleviation of the affective component of pain, but no loss
of sensory discrimination. Such observations have influenced clinical practice. For
example, destroying the cortical and thalamic components of the medial pain system to

treat intractable pain regained some popularity (Romanelli ef al., 2004).
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The brain circuitry interfacing acute pain representation and diverse chronic pain
conditions involves areas commonly thought to be essential in emotional learning and

memory, and in reward and addictive behaviour (Apkarian, 2008).

HEPEC

— Cerebellum |\ r|Cerebellum}

Fig. 5. Brain regions involved in the experience of pain. Left panel shows afferent pain pathways
projecting to multiple brain regions involved in affective states. Afferent nociceptive information enters
the brain from the spinal cord. Nociceptive information from the thalamus is projected to the insula,
anterior cingulate cortex (ACC), primary somatosensory cortex (S1) and secondary somatosensory cortex
(S2), whereas information from the amygdala (AMY) is projected to the basal ganglia (BG). Right panel
shows how attentional and emotional factors modulate pain perception via different pathways. Attention
and emotion alter pain via different descending modulatory systems. Emotions activate circuitry
involving the anterior cingulate cortex (ACC), prefrontal cortex (PFC) and periaqueductal grey (PAG)
(shown in green), whereas attention activates circuitry involving projections from the superior parietal
lobe (SPL) to the primary somatosensory cortex (S1) and insula (shown in blue). Grey regions show parts
of the ascending pain pathways depicted in left panel. PB, parabrachial nucleus; RVM, rostroventral
medulla. From: Bushnell MC, Ceko M and Low LA. Cognitive and emotional control of pain and its

disruption in chronic pain. Nature Reviews Neuroscience 2013,;14:502-11.
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The prefrontal cortex (PFC) is associated with high-order cognitive and emotional
functions including attention and working memory (Gusnard et al., 2001, Phelps et al.,
2004). In humans, different sub regions of the PFC have a role in acute pain; the medial
prefrontal cortex (mPFC) was found to be involved in signalling the unpleasantness of
pain (Lorenz et al.,, 2002). The mPFC plays an important role in cognitive functions,
such as decision making, avoidance of risky choices, and goal-directed behaviours in
animals and humans. The mPFC is implicated in controlling our so called motivational

behaviours (how we act to meet our “needs”).

Pain has been associated with functional and structural abnormalities in prefrontal
cortical areas (Apkarian et al., 2004b; Metz et al., 2009) and can impair emotion-based
decision making in humans (Apkarian et al, 2004a) and animals (Pais-Vieira et
al., 2009; Ji et al., 2010). Functional MRI (fMRI) studies in patients with chronic pain
have shown that chronic pain disrupts emotional and cognitive functions that are
typically associated with the mPFC in primates, thus suggesting that this disruption may
involve mPFC reorganization (Baliki ef al., 2006; Schweinhardt et al., 2006).
Additionally, studies in humans with chronic back pain show impaired performance on
emotional decision-making tasks (Apkarian et al., 2004b), which implies mPFC
involvement. Thus, the emerging picture is that the higher the intensity of chronic pain,
the higher the activity of mPFC (Metz et al., 2009). Finally, magnetic resonance studies
show that chronic pain is associated with decreased grey matter density in various PFC

regions (Apkarian et al., 2004b; Kuchinad et al., 2007).
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The cingulate cortex (CC) is a critical area for the cortical processing of nociceptive
inputs. Its anterior and supracallosal part (Brodmann’s area 24) receives direct afferent
fibres from several thalamic nuclei (midline, intralaminar, and mediodorsal nuclei)
involved in pain and limbic circuitry (Vogt, 2005). One of the CC anatomical
subdivisions proposed by Vogt and co-workers (Vogt et al., 1993, 2005), the anterior
cingulate cortex (ACC), is a key cortical region for pain perception (Zhuo, 2008;
Apkarian et al., 2005; Vogt, 2005; Johansen and Fields, 2004). The ACC is a brain
region that plays important roles in cognition and other executive functions. The ACC
consists of different layers of pyramidal cells and local interneurons. Anatomic and
functional studies reveal that ACC pyramidal cells receive sensory inputs projecting
from the thalamus as well as other subcortical structures (Fig. 5). For the output
projections of the ACC, pyramidal cells project to sensory related brain areas, including
the motor cortex, amygdala, midbrain areas, brainstem, and spinal cord (Zhuo, 2007).
The ACC mediates the affective component of pain responses (Rainville et al., 1997)
and the placebo effect (Wager et al, 2004), and anticipation of pain is positively
correlated with activity in both the ACC and mPFC (Porro et al., 2002). Numerous
functional neuroimaging studies and microelectrode exploration of the human brain
have shown that the midcingulate cortex (MCC), another anatomical subdivision, is
also activated by pain stimuli (Peyron et al., 2000; Jones et al., 2002; Hutchinson et al.,

1999).

The insular cortex is anatomically positioned to serve as one potential interface
between afferent processing mechanisms and more cognitively-oriented modulatory
systems. Afferent nociceptive information can be transmitted rostrally from S2 to the

posterior insula and then to the anterior insula (Fig. 5). The reciprocal connections of
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the insula with the PFC, ACC, amygdala, parahippocampal gyrus and S2 can allow
afferent nociceptive information to be integrated with information related to working
memory, affection, and attention (Mufson et al., 1981; Mesulam and Mufson, 1982;

Mufson and Mesulam, 1982; Friedman and Murray, 1986; Friedman et al., 1986).

The ACC and the insula, which have long been considered components of the limbic
(emotional) part of the brain (Penfield and Boldrey, 1937; MacLean, 1949), are more
important for encoding the emotional and motivational aspects of pain. The insula not
only receives inputs from the sympathetic and parasympathetic systems, but also from
pain pathways, and sends them to other cortical areas. As mentioned above, the insula is
connected to the ACC, an important cortical area by itself, in connection with the PFC,
and involved in consciousness and behaviour. The insula may be well positioned to
utilize cognitive information to modulate connected brain areas involved in the
processing of the sensory-discriminative and affective-motivational components of pain.
Accordingly, insula lesions would be expected to lead to a complex pattern of altered
experiences of pain evoked by suprathreshold noxious stimuli. Such changes could even
include increased pain sensitivity due to a loss of modulation of the brain areas involved

in various aspects of nociceptive processing (Starr et al., 2009).

The insula is also connected to the amygdala, the brain area responsible for fear
responses and that is itself connected with the ACC (Medford and Critchley, 2010). The
amygdala is an almond-shaped structure located in the temporal lobe of mammals and
thought to be involved in assigning emotional significance to environmental
information, and triggering adapted physiological, behavioural and affective responses.
The amygdala is considered to provide an emotional value —either positive or

negative— to sensory information, thus leading to adapted behavioural and affective
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responses, and contributing to emotional memory (Veinante et al., 2013). Pain-related
hyperactivity in the amygdala leads to mPFC deactivation and decision-making deficit
(Ji et al., 2010). These mechanisms of pain-related inhibition of the mPFC are not yet

known.

In general, the influence of cognitive aspects and emotions on the processing of sensory
information is mediated by extensive neuroanatomical networks with a pivotal role of
the insular cortex and ACC (Seminowicz et al., 2004). The affective-motivational
aspect of pain preferentially activates the ACC and the anterior insular cortex, which in
turn activate other components of the limbic system (i.e. areas of executive processing
such as the medial and dorsolateral PFC) (Moisset and Bouhassira, 2007), which play

an integral role in focusing attention to salient stimuli.

3.2. Affective consequences of pain

Animal studies of persistent neuropathic and inflammatory pain conditions suggest an
elaborate reorganization of the peripheral and spinal cord properties. Depending on the
type of injury, the details of the reorganization seem to impact distinct cell types and
receptor types in the periphery as well as the spinal cord, giving rise to enhanced
nociceptive transmission cephalad probably through distinct pathways (Hunt and
Mantyh, 2001; Woolf and Salter, 2006). During persistent inflammatory, neuropathic or
visceral pain, a long-lasting functional plasticity of brain activity contributes to an
enhancement of the pain experience, including affective anxiety-like states (Fig. 6).
Functional brain imaging studies in patients with visceral pain have provided evidence
of an exaggerated activation of a vigilance network (i.e., the prefrontal cortex) and a

failure to activate regions involved in pain inhibition (e.g., anterior cingulate cortex)
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(Chang, 2005; Derbyshire, 2003; Piche et al., 2010). Additionally, these functional
brain imaging studies revealed that negative emotions of anxiety, anger and stress
correlated negatively with anticipatory downregulation within the dorsal pons,

amygdala and anterior cingulate cortex during visceral pain (Berman et al., 2008).
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Fig. 6. Interactions between sensory-discriminative and affective-motivational components of pain.
A simplified theoretical diagram of the main interactions between both components of pain. The
interaction between basal ganglia (Gl Pal), amygdala (Amyg), and medial prefrontal cortex (MPFC)
constitutes the emotional, motivational and hedonic components, which hypothetically influence the
quality of perceived pain and also modulate nociceptive processing at the spinal cord level through
descending pathways. Blue pathways engage motivation, hedonics, and affection. Red pathways are
more involved in sensory coding, including inputs to the thalamus, primary and secondary somatosensory
cortices (S1 and S2), and insula. The interaction between MPFC and dorsolateral prefrontal cortex
(DLPFC) is mutually inhibitory. Authors hypothesize that blue pathways are strengthened in chronic
neuropathic pain and red pathways are more involved in acute pain. Descending pathway indicated
through the periaqueductal gray (PAG). The specific interactions between ascending and descending
modulations would determine the specific brain activity patterns identified in distinct chronic pain
conditions, which would reflect peripheral as well as learned central reorganization. From: Apkarian AV,

Baliki MN and Geha PY. Towards a theory of chronic pain. Progress in neurobiology 2009,;87:81-97.
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Depressive disorders are a widespread condition in chronic pain. There is a substantial
body of human research supporting the association of chronic pain with high levels of
emotional distress, particularly depression and anxiety (Gatchel et al., 2007). This is not
surprising because prolonged pain can be conceptualized as a complex form of stress
(Blackburn-Munro and Blackburn-Munro, 2001, Chapman et al., 2008) and stress plays
a pivotal role in the development of both depression and anxiety (Taylor et al., 2006;
Gotlib et al., 2008; Andrews and Thomson, 2009; El Hage et al., 2009; Nugent et al.,
2011). Persistent pain, together with physical impairment often associated with pain
conditions, are likely to produce high levels of stress which greatly contribute to anxiety
and depression processes (Romera ef al., 2011). In addition, depression and anxiety in
human patients are often comorbid and involve sleep disturbances (Drake et al., 2003;
Batmaz et al., 2013). This has been repeatedly observed in human pain patients
(Pilowsky et al., 1985; Wilson et al., 2002; Batmaz et al., 2013, Li et al., 2012). Sleep
disturbances have been associated with pain severity (Wilson et al., 2002; Li et al.,
2012), nocturnal pain episodes (Li et al., 2012), and physical disability and subsequent
psychological disturbances (Pilowsky et al., 1985: Batmaz et al., 2013, Li et al., 2012).
Altogether, these problems have a substantial negative impact on the patients’ daily

activities.

The convergence of depression and pain is reflected in the circuitry of the nervous
system. In the experience of pain, communication between body and brain goes both
ways. Normally, the brain diverts signals of physical discomfort so that the individual
can concentrate on the external world. When this shut-off mechanism is impaired,
physical sensations, including pain, are more likely to become the centre of attention.

Brain pathways that handle the reception of pain signals, including the seat of emotions
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in the limbic region, use some of the same neurotransmitters involved in mood
regulation, particularly serotonin and norepinephrine. When regulation fails, pain is
intensified along with sadness, hopelessness and anxiety. Chronic pain, like chronic
depression, can alter the functioning of the nervous system and perpetuate itself (Bair et

al., 2003; Turk and Okifuji, 2002).

The reduction in the ability of chronic pain sufferers to enjoy everyday pleasures (i.e.,
anhedonia) might form part of a vicious cycle for patients, where both negative mood
and lack of pleasure result in exacerbated pain, leading to more negative mood and
anhedonia (Marbach and Lund 1981; Marbach et al., 1983). The reciprocal relationship
between mood and anxiety disorders and pain, make experience of one precipitate or
exacerbate the symptoms of the other. People with chronic pain have three times the
average risk of developing psychiatric symptoms —usually mood or anxiety
disorders— and depressed patients have three times the average risk of developing
chronic pain. Mood and anxiety disorders have also been associated with an increased
likelihood of developing chronic pain symptoms (Bair et al., 2003; Gureje et al., 2001;
Magni et al., 1994) and of inducing greater sensitivity to experimentally induced
noxious stimulation (Rhudy and Meagher, 2000; Tang et al., 2008). On the other hand,
it may also reflect the fact that cognitive and affective symptoms associated with mood
and anxiety disorders affect the perception of chronic and acute pain. Finally, pain
slows recovery from depression and depression makes pain more difficult to treat; for
example, it may cause patients to drop out of pain rehabilitation programs. Worse, both
pain and depression feed on themselves, by changing both the brain function and
behaviour. Depression leads to isolation and isolation leads to further depression; pain

causes fear of movement, and immobility creates the conditions for further pain. When
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depression is treated, pain often fades into the background and when pain goes away, so

does much of the suffering that causes depression (Lesho, 2003).

Pain-induced disturbances of reward processing. Some current evidences suggest that
long-term pain impairs several aspects of reward processing: 1) anhedonia (i.e. the
inability to feel pleasure) is associated with chronic pain (Marbach and Lund, 1981;
Marbach et al., 1983); 2) decreased reward sensitivity and/or decreased motivation has
been observed in rats with neuropathic pain (Ozaki et al., 2002); 3) impaired
decision-making based on reward and punishment has been reported in patients with
chronic back pain and complex regional pain syndrome (Apkarian et al., 2004a) as well
as in an animal model of arthritic pain (Ji et al., 2010; Pais-Vieira et al., 2009); and 4)
impaired operant learning of pain sensitization and habituation has been found in

fibromyalgia patients (Becker ef al., 2011).

Numerous neuroimaging studies show that several brain regions are implicated in both
pain and reward processing, including the anterior and posterior insula, amygdala, ACC,
dorsal and ventral striatum, and orbitofrontal cortex (Leknes and Tracey, 2008). The
pain—reward interactions found in behavioural data are mirrored in anatomical and
functional overlaps of cerebral systems that process pain and reward (Leknes and
Tracey, 2008). Chronic pain seems to alter the brain systems that process pain and
reward, thereby possibly affecting how pain and reward interact (Becker et al., 2012)
but the way pain changes reward processing is currently unknown. More recent studies
have emphasized the active role of the cortex in clinical, primarily chronic pain
conditions, and suggest that distinct chronic pains may have unique associated brain
activity, reorganize the brain in unique ways, and also have an impact on the modulation

of information processing in specific ways (Apkarian, 2008).
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Some evidence indicates that prolonged pain and stress increase tonic dopamine release
(Puglisi-Allegra et al., 1991; Wood, 2006) impairing reward processing in the
orbitofrontal cortex and ventral striatum, and dopamine activity. In line with this notion,
fibromyalgia patients actually failed to show striatal dopamine release in response to an
experimental pain stimulus (intramuscular hypertonic saline injection) as compared to
healthy controls (Wood et al., 2007). Further, dopamine release in the nucleus
accumbens (NAc) after morphine treatment is markedly suppressed by sciatic nerve
ligation (Ozaki ef al., 2003), a model of neuropathic pain. The striatum, particularly the
ventral striatum, or NAc and amygdala, and related brain areas, are important in
emotional memory, and could as a result mediate anhedonia, anxiety and reduced
motivation predominantly found in many patients (Nestler et al., 2002). Indeed,
dysregulation or lesion of areas from these regions is associated with anhedonia (Miller

et al., 2006; Schlaepfer et al., 2008).

3.3. Preclinical measurement of the affective-motivational component

The excessive overfocuses on reflex behaviors have been evaluated critically because
the pain phenotype in humans involves complex behavioral alterations, including
changes in daily living activities and psychological disturbances (the key affective
component of pain phenomena) which are not reflected by reflexes. Recently, additional
measures of supraspinal integration using non-reflexive pain behaviours have been
increasingly pursued over the past few years (Cobos and Portillo-Salido, 2013). These
behavioural outcomes, as a measure of the affective-motivational component of pain in

several pain models, are summarized in Table 1.
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Table 1. Pain model and behavioural responses used in preclinical research for the

measurement of the sensory-discriminative (reflexive outcome) and affective-motivational

(non-reflexive outcome) components of pain.

Pain state Experimental . X
. . Reflexive outcome Nonreflexive outcome
modeled manipulation
Formalin Licking/flinching of the paw Conditioned place aversion
Decreased exploratory activity
Tonic pain . . Decreased wheel running
AA (i.p.) Stretching of the body Conditioned place aversion
Anhedonia
L Thermal and mechanical Weight bearing asymmetry (if performed in the
Plantar incision .
hypersensitivity paw)

Postoperative
pain

Other surgical Decreased exploratory activity

procedures Increased analgesic self-administration

Weight bearing asymmetry
Gait alterations
Grip strength deficits
Decreased exploratory activity
Decreased burrowing behavior
Injecti f D d wheel i
) njection o Thermal and mechanical ecreased wheel runnmg' .
inflammatory . Decreased home cage activity
hypersensitivity |
compound Heat avoidance

Analgesic self-administration
Conditioned place aversion by pain
Conditioned place preference by analgesia
Increased anxiety and depression related behaviors?
Sleep alterations?
Weight bearing asymmetry

. Thermal and mechanical Grip strength deficits ..

Osteoarthritis MIA . Decreased home cage activity

hypersensitivity L.
Decreased exploratory activity
Conditioned place preference by analgesia

Inflammatory
pain

Thermal and mechanical

Cancer pain Grip strength deficits
P hypersensitivity P &
Decreased burrowing behavior
Cold avoidance
Analgesic self-administration
Peripheral Traumatic peripheral Thermal and mechanical g . . .
neuropath nerve injur hypersensitivit Conditioned place aversion by pain
pathy ury W Y Conditioned place preference by analgesia
Increased anxiety and depression related behaviors?
Sleep alterations?
Central Central nervous Decreased exploratory activity
Mechanical hypersensitivity . )
neuropathy system damage Conditioned place preference by analgesia

?: Unclear at the moment; AA: acetic acid; MIA: monosodium iodoacetate. From: Cobos EJ and
Portillo-Salido E. "Bedside-to-Bench" Behavioral Outcomes in Animal Models of Pain: Beyond the
Evaluation of Reflexes. Current neuropharmacology 2013; 11:560-91.
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The methodology to quantify pain-related changes in behaviour can be categorized
based on whether the primary outcome measure is reflexive or non-reflexive. These
non-reflexive measures such as operant learning measures, spontaneous nocifensive
behaviours, avoidance behaviours, physical activity levels or quality of life/function

activity, involve cortical processing and decision making.

Non-reflexive measures that reflect more complicated consequences of pain in animals
should help improve our understanding of mechanisms and diseases of co-morbidities
associated to pain states and would provide a complete picture of the animal’s
experience of chronic pain (Blackburn-Munro, 2004). Further, in animal tests, studying
the signs affected by pain which contribute to a reduced quality of life is important to
understand the precise action of putative analgesic drugs and improve the relevance of
these studies to humans. These include anxiety-, reward-, social- and despair-based

behaviours as well as alterations in general locomotion, sleep, food and liquid intake.
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4. Sensitivity of the sensory-discriminative and the

affective-motivational components of pain to analgesics drugs

Despite the ever-expanding number of medications indicated for wvarious pain
conditions, there is still an unmet need for chronic pain management (Harden and
Cohen, 2003). Pain management is limited by the inability to match a patient's condition
—and pain mechanisms— to optimal treatment(s). Some evidences in clinical
population point to the hypothesis that sensory and affective pain descriptor profiles
exhibit an analgesic-specific response. For instance, lower doses of morphine result in
statistically reliable reductions in the affective but not the sensory intensity responses,
while highest dose of morphine reduce both sensory and affective responses to
nociceptive stimuli (Price et al., 1985). In a comparative clinical study with
post-orthopedic surgery patients decreases in the sensory component of pain were
mostly associated with pain relief following ibuprofen, and decreases in the affective
component of pain were mostly associated with pain relief following acetaminophen
plus codeine (Heidrich et al., 1985). Roberts and co-workers showed a
pharmacodynamic interaction of drugs in the affective, but not the sensory, dimension
of pain in an experimental pain model involving thermal stimuli applied to normal
subjects (Roberts e al., 2006). In this study, subjects received A’-THC alone or in
combination with morphine and rated the pain associated with the application of thermal
stimuli to skin using two visual analog scales, one for the sensory and one for the
affective aspects of pain. Among sensory responses, neither A-THC nor combination
with morphine had a significant effect; however the combination of both drugs had a

synergistic affective analgesic effect. Finally, exploratory analysis of data from a trial of
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a gabapentin-morphine combination has also showed that sensory and affective pain

descriptor profiles exhibit a treatment-specific response (Gilron ef al., 2013).

All these studies suggest that the discrimination between the sensory and affective
components of pain could be particularly useful when comparing analgesics of differing
pharmacologic classes and when comparing the results of such assays in pain
syndromes characterized by differing pain qualities. The investigations to evaluate
treatment-specific effects on multiple sensory and affective pain descriptors, and
prediction of treatment response by these descriptors, will advance efforts toward

developing and implementing more effective individualized pain therapies.

Preclinical research has also shown that affective-motivational outcomes of pain have
an extraordinary sensitivity to drug-induced analgesic-like effects in comparison to

sensory-discriminative outcomes of pain (Cobos and Portillo-Salido, 2013).

Comparative results from preclinical studies summarized in Table 2 clearly show that
mechanisms underlying the affective-motivational dimension of pain can be dissociated

from the processing of sensory-discriminative component of pain.

The majority of evaluated drugs showed more effect or were more potent on the
affective than the sensory component of pain. This enhanced sensitivity to drug-induced
analgesia of the affective-motivational dimension of pain is seen for known analgesics
of different classes, such as opioids and NSAIDs, and in a variety of outcomes. In fact,
there are many drugs that have effects on the affective-motivational component of pain
at doses which were inactive or minimally active in the sensory-discriminative

component of pain, thus suggesting that these compounds might mediate their
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antinociceptive actions by affecting exclusively the affective-motivational component of

pain.

In many cases higher plasma levels of pain relievers in reflex based rodent models of
pain are necessary in comparison to doses that relieve pain clinically. Thus, the doses
that decrease the affective-motivational component of pain may be more relevant to the
doses that are needed to relieve pain in the clinic. However, given the complex nature of
pain perception in humans, both the affective-motivational and sensory aspects of pain

must be important.

Only a few studies displayed in Table 2 reported a lower sensitivity to drug-induced
analgesia in a nonreflexive outcome compared to a reflexive response. Curiously these
studies used the locomotor and exploration activity (LMA) as nonreflexive/affective
outcome. For instance, in the study by Stevenson (2009), morphine was shown to be
56-fold less potent in reversing the depression in locomotion induced by the
intraperitoneal injection of acetic acid compared to acetic acid-induced writhing. These
results suggest that LMA is not a particularly useful outcome to discriminate between

the sensory and the affective components of pain.

In summary, results displayed in Table 2 clearly show that mechanisms underlying the
affective-motivational dimension of pain can be clearly dissociated from the processing
of sensory-discriminative component of pain and the majority of evaluated drugs
showed more effect or were more sensitive on the affective than sensory component of
pain suggesting that the high sensitivity of these outcomes to drug effects are an

intrinsic quality of these measures.
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5. The sigma-1 receptor

Sigma receptor was first discovered in 1976 by William Martin and coworkers and was
initially considered as a subtype of the opiate receptor because they bind certain
synthetic opioids (Martin et al., 1976). Subsequent studies confirmed that the sigma
receptor is a non-opioid, non-G protein-coupled intracellular protein (Hanner et al.,
1996, Hayashi et al., 2011). In the early 1990s, and based on the selectivity profile of
some ligands, the molecular mass of the binding sites and the anatomical distribution,
two distinct sigma receptor subtypes were identified: the sigma-1 (o;R) receptor and the
sigma-2 (o,R) receptor (Bowen et al., 1989; Hellewell and Bowen, 1990; Hellewell et
al., 1994). While o;R has been cloned (Hanner et al., 1996; Kekuda et al., 1996; Prasad
et al., 1998; Seth et al., 1998; Mei and Pasternak, 2001), o,R has not yet been cloned.
o1R consists of 223 amino acids (Hanner et al., 1996) with two transmembrane domains
(Aydar et al., 2002). o;R has a molecular weight of ~25 kDa and although it has no
homology to any other mammalian proteins (Hanner et al., 1996), it shares a 30%
identity with the yeast C8—C7 sterol isomerase (ERG2 protein), which is involved in
sterol synthesis (Moebius et al., 1997). o;R, however, does not contain sterol isomerase
activity (Hanner et al., 1996). The fact that ;R shares no homology with any
mammalian protein made it difficult to predict the molecular function of ;R from the
amino acid sequence. Nonetheless, a combination of subcellular localization studies,
protein purification studies, coupling proteins identification studies and in vitro protein

activity assays has begun to reveal the molecular function of o;R.

o1R has been identified as a ligand-responsive endoplasmic reticulum (ER) chaperone

residing mainly at the ER-mitochondrion interface (MAM: the mitochondria-associated
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ER membrane) (Hayashi and Su, 2007; Maurice and Su, 2009; Su et al., 2010). In its
dormant state, o;R forms a complex with another chaperone binding immunoglobulin
protein (BiP), also known as 78 kDa glucose-regulated protein (GRP78), in the lumen
of the ER. The presence of 6;R agonists can trigger dissociation of the ;R from BiP,
activating the o;R chaperone (Hayashi and Su, 2007; Su et al., 2010). It was also
demonstrated that 6;R antagonists inhibit the action of agonists (Hayashi and Su, 2007).
Therefore, synthetic drugs that can associate with ;R activate or inhibit their chaperone
activity. The physical interaction that occurs between subcellular organelles provides an

efficient mechanism for modulating cellular processes.

The MAM is a small section of the outer mitochondrial membrane tethered to the ER by
lipid and protein filaments. MAM proteins, like o;R, contribute to multiple signaling
pathways. o;R associating with BiP stabilizes inositol 1,4,5-triphosphate receptors
type-3 at the MAM, leading to the regulation of Ca*” influx into mitochondria and
following ATP production, as an inter-organelle signaling modulator between the
endoplasmic reticulum and mitochondria (Hayashi and Su, 2007; Su et al., 2010). If
stimulated by high concentrations of agonists or impacted by extreme ER stress, o|R is
able to translocate from the MAM to the plasma membrane to directly bind to or
indirectly regulate various ion channels (mainly sodium and potassium), kinases and
receptors, including NMDA and some G-protein-coupled receptors, such as dopamine
DI receptors and p-opioids receptors (Almansa and Vela, 2014). As a molecular
chaperone, 6;R and its ligands have no effect on ion channels and receptors under
normal physiological conditions. However, in the presence of disease or dysfunction,
the assistance of o;R chaperones may be demanded by changes in the activity of

specific ion channels, receptors and other cellular signaling mediators (Su et al., 2010).
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o1R has been implicated in a myriad of cellular functions, biological processes and
diseases. o;R interacts with endogenous neurosteroids, thus suggesting a link between
the endocrine, nervous and immune systems (Su et al., 1988). Additionally, ;R has
been shown to be involved in the regulation of numerous neurotransmitter systems, such
as cholinergic, dopaminergic and glutamatergic neurotransmission (Fu et al., 2010;
Cobos et al., 2008). Although the signal transduction pathway after activation of 6|R is
not completely understood, there is increasing evidence suggesting that its represents a

potential therapeutic target in many diseases.

o1R is expressed in nearly all mammalian cells. However, despite its ubiquity, no
natural ligand for 6|R has been clearly identified; thus, scientists have puzzled for years
over the precise function of this receptor protein. Nevertheless, the o;R activity has
been shown to be modulated by progesterone, sphingosine, and endogenous trace
amines and their N-methyl and N,N-dimethyl derivatives (Saavedra and Axelrod, 1972).
o;R is widely present in peripheral organs and tissues such as lung, liver, kidney and
heart (Hellewell et al., 1994; Alonso et al., 2000; Guitart et al., 2004). o;R is found in
the immune, endocrine and nervous systems, with a characteristic distribution in the
central nervous system. Interestingly, 6;R has been described to be located in CNS
regions involved in pain control (i.e., the superficial layers of the spinal cord dorsal
horn, periaqueductal gray matter, locus coeruleus, and rostroventral medulla) (Alonso et

al., 2000).

Sigma-1 receptor and pain. Preclinical evidence has pointed out its potential as an
adjuvant therapy to enhance opioid analgesia, without increasing the side effects
associated with the use of opioids (Zamanillo et al., 2013; Vidal-Torres, et al., 2013). It

was demonstrated that o|R is physically associated to p-opioid receptors and that 6;R
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antagonists (but not agonists) potentiate opioid analgesia without influencing opioid
receptor binding (Kim et al., 2010). It is important to note that this increase in opioid
potency appears to be limited to analgesia and not to side effects such as the inhibition
of gastrointestinal transit (Chien and Pasternak, 1994; Vidal-Torres et al., 2013).
Therefore, ;R is a biochemically quite unique molecule that plays an important role in

the modulation of opioid analgesia.

On the other hand, o;R ligands by themselves also play a role in modulating pain
behaviour in the absence of opioids, particularly in sensitizing and chronic pain
conditions. The site of action of this modulatory effect points to the spinal cord, where
o;R is abundantly expressed in the superficial layers of the dorsal horn, and the
underlying mechanism involved points to NMDA receptors and Ca’’-dependent
intracellular cascades. These aspects have been studied using ;R knock-out mice and
selective o;R antagonists. Investigation using 6;R knock-out mice has shown that mice
lacking o;R are not able to completely develop the two phases of formalin-induced paw
licking/biting behaviour. Both phases were reduced by >50% in comparison to
wild-type animals, indicating that o;R is necessary for the full expression of
formalin-induced pain (Cendan et al., 2005b). The NMDA receptor plays an important
role in this behavioural test. Mice lacking ;R are not able to develop mechanical
hypersensitivity induced by intraplantar injection of capsaicin (Entrena et al., 2009).
Capsaicin administration induces secondary mechanical hypersensitivity through a
central mechanism involving NMDA activation and extracellular signal-regulated
kinase (pERK) phosphorylation (Kawasaki et al., 2004). The behavioural phenotype of

o1R knock-out mice sensitized by formalin or capsaicin was mimicked in wild-type
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mice using systemically administered o;R antagonists which exerted antinociceptive

(antiallodynic and antihyperalgesic) effects (Cendan et al., 2005a, Entrena et al., 2009).

Taken together, the above information highlights an important yet largely unexplored
but promising area of research to examine the biological function and therapeutic
potential of o;R. o;R ligands act as ideal therapeutic drugs effective only under
pathological conditions, but inactive in normal, resting conditions (Hayashi and Su

2003; Tsai et al. 2009; Hayashi et al. 2010, 2011).

ESTEVE has been working in the field of ;R and has accumulated significant
know-how and expertise. ESTEVE has developed its first-in-class new chemical entity,
the pyrazole derivative E-52862 (SIRA), identified in a medicinal chemistry program as
a highly active and selective 6;R antagonist (Diaz ef al., 2012). E-52862 showed high
affinity for ;R (Ki = 17 nM) and good o/c, selectivity ratio (>550) as well as
antagonistic behaviour according to the phenytoin test. Moreover, it was highly
selective over a 170 target panel and was shown to penetrate the blood-brain barrier and
bind to the o;R in the CNS (Romero et al, 2012). This ;R antagonist displays
analgesic activity after systemic administration in different animal models of pain at
doses devoid of side effects. Interestingly, a close correspondence (significant
correlation) has been found between the extent of CNS receptor occupancy and the
antinociceptive efficacy of E-52862 on different pain models (Romero et al., 2012).
When combined with opioids, E-52862 increases the opioid analgesia but not the
undesirable side effects of opioids such as tolerance, hyperalgesia and other

opioid-related side effects (Vidal-Torres ef al., 2013).
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E-52862 is a novel and highly selective 6;R antagonist that provides a new approach to
the management of pain. E-52862 is the only compound representing this new drug
class (i.e., o;R antagonists for the treatment of pain) which has advanced to clinical
development (Vela et al., 2015). E-52862 has completed single- and multiple-dose
phase I clinical studies and has shown a good safety, tolerability, pharmacodynamic and
pharmacokinetic profile in healthy subjects (Abadias et al., 2013). It is currently in

phase II clinical development for multiple neuropathic pain indications.
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Hypothesis

The sigma-1 receptor (o;R) is a unique ligand-regulated target class with chaperoning
functions over different molecular targets. In its role as a molecular chaperone, ;R
modulates downstream signalling pathways activated upon the stimulation of other
systems (Su et al., 2010). The function of o;R can be modulated by agonists and
antagonists that differentially affect the ability of oR to interact with different proteins.
It has been postulated that o;R ligands have no effects by themselves but are able to
modulate signalling pathways under pathological conditions. o;R is distributed in
peripheral organs and in different areas of the central nervous system involved in
memory, emotions, and sensory and motor functions (Wolfe et al., 1989). In particular,
it is expressed in key areas for pain control, such as the dorsal root ganglia, the
superficial layers of the dorsal horn spinal cord, the periaqueductal grey matter, the
locus coeruleus, and the rostroventral medulla (Zamanillo et al., 2013). 6;R was first
linked to analgesia by Chien and Pasternak twenty years ago describing an endogenous
anti-opioid system in acute pain models (Chien and Pasternak, 1994). Later studies
using genetic (o;R knock-out mice) and pharmacological (selective ;R antagonists)
approaches found a reduction in pain-like behaviours in the acute somatic pain induced
by formalin and capsaicin (Cendan et al., 2005a, b; Entrena et al., 2009) suggesting a

possible role of 6;R in chronic pain.

Pain includes not only a sensory-discriminative but also a motivational-affective
component (Fernandez and Turk, 1992; Auvray et al, 2010). The
sensory-discriminative component of pain provides information about the spatial and
temporal localization of nociceptive inputs on the body and it is usually evaluated in the
preclinical setting by reflex-based procedures (e.g., tail flick, licking, and guarding)

induced by aversive stimulation (through the application of particular mechanical,
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thermal, electrical, and chemical stimuli). Reflex-based procedures are important
measures in preclinical pain studies, but are insufficient to capture the complexity of the
pain experience which frequently triggers the onset of new disorders such as depression

and/or anxiety (Cobos and Portillo-Salido, 2013).

The affective-motivational component of pain provides the input driving the negative
emotional experience from the threatening long-term consequences of the nociceptive
input, which underline several affective disorders such as depression (Simons et al.,
2011). Anhedonia, or markedly diminished interest or pleasure, is a hallmark symptom
of depression and is usually evaluated in the preclinical setting by decreases on the
expression of positively motivated behaviours (Der-Avakian and Markou, 2012), which
are behaviours that have the ability to ensure a positive emotional state experienced as

pleasure (Pfaffmann, 1960; Cytawa and Trojniar, 1978).

Considering that pain includes both a sensory-discriminative and an
affective-motivational component and the role of o;R in areas controlling both
sensory-discriminative function and emotions, we hypothesized that modulation of
o;R could attenuated not only the enhanced behavioural reflex in the
sensory-discriminative component of acute and chronic pain but also the putative
deficits on positively motivated behaviours of the affective-motivational

component.
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Objectives

The global aim of this Thesis was to compare the role of ;R in both the
sensory-discriminative and the affective-motivational components of visceral acute pain

and chronic neuropathic pain.

To achieve this aim, the following specific objectives have been addressed:

1. To set-up the model of acetic acid (AA) as a model of acute visceral pain
and the model of partial sciatic nerve ligation as a model of chronic
neuropathic pain using reflex-based measurements, and consequently

providing information about the sensory-discriminative component of pain.

2. To study the effect of the absence of ;R on the sensory-discriminative
component of pain using reflex-based measurements in both acute and

chronic pain models.

3. To study the effect of pharmacological blockade of o;R on the
sensory-discriminative component of pain using reflex-based measurements

in both acute and chronic pain models.

4. To set-up behavioural models based on hedonic-like behaviours providing
information about the affective-motivational component of pain in the acute

visceral and chronic neuropathic pain model.

5. To study the effect of the absence of o;R on the affective-motivational
component of pain using changes of hedonic-like behaviours in both acute

and chronic pain models.
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6. To study the effect of pharmacological blockade of o;R on the
affective-motivational component of pain using changes of hedonic-like

behaviours in both acute and chronic pain models.
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Methods

Materials and methods used in the present Doctoral Thesis are widely described in its

respective published article or manuscript. However, to provide an overview of the

different experimental approaches, we have added the following tables where we

present the summarized methodology.

Table 1. Summary of methods for the

component of pain.

study of the sensory-discriminative

Pain-related

Injury behaviours Endpoint Assessment methods Drugs tested
AA ip. Writhing reflex Writhes (n) Manually record E-?tz,ﬁiz)’lgl)l-)l[?)glcl\:?&
PSNL Hyperse.ns1t1v.1ty t(? Hindpaw withdrawal von Frey filaments (up and E-52862
mechanical stimuli latency (g) down method)
PSNL Hypersens1t¥v1ty.to Hindpaw withdrawal Plantar test apparatus NT.
thermal stimuli latency (s)
PSNL Hypersensitivity to Hindpaw elevations (n) Hot/cold plate NT.

cold stimuli

analgesiameter

AA: acetic acid; PSNL: partial sciatic nerve ligation;, MOR:morphine; Ibu: ibuprofen; DIC: diclofenac;
DLX: duloxetine; CAF: caffeine; NT: no tested.

Table 2. Summary of methods for the study of affective-motivational component of

pain.
Injury Pam-re.:lated Endpoint Assessment methods Drugs tested
behaviours
AAip./ PSNL® Decreased sweet Solution intake (g) Two-pottle choice, Ibu, CAF
preference saccharin versus water
AAip. Decreased locomotor Motion time () Actimeter Tbu, CAF

AAip./PSNL?

activity

Decreased approach
behaviour, decreased
consumption

Latency to eat (s),
number of approaches
(n), amount consumed

(g), eating time (s)

E-52862, BD-1063, MOR,

Manually record Tbu, DIC, DLX, CAF

AA: acetic acid; PSNL: partial sciatic nerve ligation; LMA: Locomotor Activity; RSB: Reward Seeking
Behavior; MOR :morphine; Ibu: ibuprofen; DIC: diclofenac; DLX: duloxetine; CAF: caffeine. "No drug
tested; P Only tested with E-52862.
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Behavioural studies were performed with CD-1 wild type (WT) mice (Charles River,

L’ Arbresle, France).

The effect of the absence of 6;R in both components of pain was performed with o;R
knock-out (6;R™) mice generated by ESTEVE (Langa et al., 2003) and backcrossed up
to the 10™ generation on CD-1 genetic background to reduce to less than 1% the genetic
material remaining from the original background (Wong, 2002). The colony was

maintained and distributed by Harlan Laboratories (Sant Feliu de Codines, Spain).

The effect of pharmacological blockade of o;R for the studying the role of this receptor
in the sensory-discriminative and affective-motivational components of pain were
performed with the highly selective 6;R antagonist E-52862 developed by ESTEVE and

compared with other ;R antagonist or reference compounds.

We selected the intraperitoneal administration of diluted doses of acetic acid (AA) as a
visceral noxious stimulus to model an acute pain state. These noxious stimuli not only
lead nociceptive responses that trigger reflex responses but also could provide us with
inputs from the affective consequences linked to visceral pain (Gebhart and Ness,

1991).

We selected the partial sciatic nerve ligation (PSNL) to model a chronic pain state. In
this model, the damages in the peripheral nerve produce sensory-discriminative
alterations as mechanical and thermal hypersensitivity but the negative affective

consequences are less explored (Fig. 1).
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Dorsal Root
Ganglion L4
LS
Spinal Nerve
Ligation (SNL) t’ L&

% Partial Sciatic Nerve
Ligation (PSNL)

Chronic Constriction
Injury (CCI)

Sciatic Nerve

Spared Nerve

Injury (SNI)
Common
Peroneal Sural
Nerve  Tibial porve
Nerve

Fig. 1. Animals model of neuropathic pain. PSNL was the neuropathic pain model performed to study
the sensory-discriminative and affective-motivational components of chronic pain. In the partial sciatic
ligation (PSNL) model, a portion of the sciatic nerve is tightly ligated (Seltzer ef al., 1990). Other models
depicted: SNL model (spinal nerve ligation); CCI model (chronic constriction injury, four loose
chromic-gut ligatures on the sciatic nerve); SNI model (spared nerve injury) (Decosterd and Woolf,
2000). In all cases, only a portion of the afferents going to the foot are lesioned. The magnitude and
duration of pain responses vary considerably depending on the suture material and strains (Yoon et al.,

1999). From: Campbell JN and Meyer RA. Mechanisms of neuropathic pain. Neuron 2006,52:77-92.
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1. Role of the sigma-1 receptor in the
sensory-discriminative component of chronic

neuropathic pain and acute visceral pain
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1. Role of the sigma-1 receptor in the sensory-discriminative

component of chronic neuropathic pain and acute visceral pain

In order to study the role of 6|R in the sensory-discriminative component of chronic
neuropathic pain, behavioural hypersensitivity to thermal and mechanical stimulation
in the partial sciatic nerve ligation model in mice was evaluated and two experimental
strategies were used. Firstly, 5;R”" mice were used to study the effect of the absence of
o;R on the development of peripheral neuropathy. We accomplished the study using
electrophysiological, immunohistochemical and immunoblot analysis. The results
obtained from the experimental procedures conducted with 6;R”" mice are presented in
Article 1. Secondly, E-52862 was used to selectively block ;R in the same model of
peripheral neuropathy. The results obtained with this approach are presented in

Annex L.

The abdominal writhing behaviour induced by intraperitoneal (i.p.) administration of
acetic acid was selected to explore the role of 6;R in the sensory-discriminative
component of acute visceral pain. Similarly to the study of chronic neuropathic pain, a
genetic and a pharmacological approach were used. Firstly, the writhing-reflex
responses when the receptor was absent were assessed in R mice. Secondly,
selective 61R antagonists were used to block the receptor function. The results obtained

with these two approaches are presented in Annex I1.
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1.1. ARTICLE 1

Sigma-1 receptors regulate activity-induced spinal sensitization and

neuropathic pain after peripheral nerve injury

Beatriz de la Puente, Xavier Nadal, Enrique Portillo-Salido, Ricard Sanchez-Arroyos,
Sergio Ovalle, Gabriel Palacios, Asuncion Muro, Luz Romero, José Manuel Entrena,
José Manuel Baeyens, José Antonio Lopez-Garcia, Rafael Maldonado, Daniel

Zamanillo, José Miguel Vela

Department of Pharmacology, Drug Discovery and Preclinical Development, ESTEVE

Pain 2009; 145:294-303

Article Comment in: Central sensitization needs sigma receptors.

Drews E and Zimmer A. Pain 2009; 145:269-70.
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Sigma-1 receptor (o;R) is expressed in key CNS areas involved in nociceptive processing but only limited
information is available about its functional role. In the present study we investigated the relevance of
&R in modulating nerve injury-evoked pain. For this purpose, wild-type mice and mice lacking the
o41R gene were exposed to partial sciatic nerve ligation and neuropathic pain-related behaviors were
investigated. To explore underlying mechanisms, spinal processing of repetitive nociceptive stimulation
and expression of extracellular signal-regulated kinase (ERK) were also investigated. Sensitivity to nox-
ious heat of homozygous o;R knockout mice did not differ from wild-type mice. Baseline values obtained
in o;R knockout mice before nerve injury in the plantar, cold-plate and von Frey tests were also indistin-
guishable from those obtained in wild-type mice. However, cold and mechanical allodynia did not
Allodynia develop in &R null mice exposed to partial sciatic nerve injury. Using isolated spinal cords we found that
Spinal cord mice lacking oR showed reduced wind-up responses respect to wild-type mice, as evidenced by a
ERK reduced number of action potentials induced by trains of C-fiber intensity stimuli. In addition, in contrast
Wind-up to wild-type mice, o;R knockout mice did not show increased phosphorylation of ERK in the spinal cord
Central sensitization after sciatic nerve injury. Both wind-up and ERK activation have been related to mechanisms of spinal
cord sensitization. Our findings identify o;R as a constituent of the mechanisms modulating activity-
induced sensitization in pain pathways and point to o;R as a new potential target for drugs designed
to alleviate neuropathic pain.

®© 2009 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

Keywords:
Sigma-1 receptor
Neuropathic pain
Hyperalgesia

1. Introduction port from the endoplasmic reticulum to plasma membrane lipid

rafts [29,30]. Other relevant functions are to regulate components

Sigma receptors have been classified into two subtypes (R
and o,R) [15,22]. Sigma-1 receptor (o4R) is the only subtype that
has been cloned so far, and its sequence has no known homology
with other mammalian protein. The gene encodes a protein of
223 amino acids with at least one putative transmembrane domain
anchored to endoplasmic reticulum and plasma membranes
[23,60,62].

From a functional point of view, the ;R has been proposed to
be a modulator of a variety of receptors and ion channels, acting as
amplifiers in signal transduction cascades [67]. At the endoplasmic
reticulum the o;R acts as a chaperone regulating the flow of Ca®*
via inositol 1,4,5-trisphosphate (IPs) receptors [26,27]. In addition,
o4R regulates interorganellar Ca?* signaling [28] and lipid trans-

* Corresponding author. Tel.: +34 93 4466244; fax: +34 93 4466220.
E-mail address: jvela@esteve.es (J.M. Vela).

of plasma membrane-bound signal transduction such as phospho-
lipase C and protein kinase C activities [55] and, importantly, mod-
ulation of activity of neurotransmitter receptors and ion channels,
including K" channels, Ca?* channels, N-methyl-p-aspartate
(NMDA), dopamine and 7y-aminobutyric acid (GABA) receptors
[2,44,51,56,61,66].

1R has been proposed as a putative target in several therapeu-
tic fields such as cognition and neurodegeneration, depression and
anxiety, schizophrenia, and drug addiction [15,22,46,47,52]. Exist-
ing evidence also supports a role in pain. oyRs are widely ex-
pressed in the nervous system [1,40,58,59,72] including areas
important for pain control. During long time, data supporting a role
for o;Rs in modulating pain were restricted to studies describing
a tonic inhibitory control of o;R on opioid receptor-mediated
antinociception: oR agonists inhibit antinociception induced
by morphine whereas o;R antagonists and ;R antisense

0304-3959/$36.00 © 2009 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.pain.2009.05.013
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oligodeoxynucleotides (ODNs) enhance the antinociceptive effect
of morphine and other p-, 8- and k-opioid receptor agonists in
acute thermal nociceptive tests [10,11,39,48,60]. The notion that
;R may also play a role in nociception in the absence of opioids
came from recent studies showing that formalin-induced nocicep-
tion was attenuated in 4R knockout mice [8] and by systemic
administration of haloperidol and haloperidol metabolites I and II
(with an order of potency which correlated with their affinity for
o1Rs) [7]. Furthermore, intrathecal administration of o;R antago-
nists dose-dependently reduced formalin- and nerve injury-in-
duced pain behaviors [37,63].

The selectivity and pharmacology of ;R ligands are unclear.
Certain neurosteroids interact with o;Rs and have been proposed
to be their endogenous ligands [47,52], but the precise nature of
endogenous high-affinity o;R ligands is still under debate [20].
In this study, we took advantage of the genetic approach using
1R knockout mice to examine the role of o;Rs in mechanisms
underlying neuropathic pain and spinal sensitization. We
previously showed that deletion of this gene results in viable and
fertile o R-deficient mice with no detectable abnormalities [41].
Here we show that o;R modulates behavioral hypersensitivity
and spinal hyperactivity secondary to nerve injury. Our findings
identify ;R as a key constituent of the mechanisms modulating
activity-induced sensitization in nociceptive pathways and point
to o;R as a new potential target for the treatment of neuropathic
pain.

2. Methods
2.1. Animals

Wild-type, heterozygous (o;R*~) and homozygous (o;R/)
male sigma receptor knockout mice backcrossed (N10 generation)
to a CD1 albino genetic background (Harlan Ibérica, Barcelona,
Spain) from 6 to 8 weeks old at the beginning of the experiments
were used. Null mutant mice were generated by targeted removal
of most of the coding region of the mSR1 gene, as described previ-
ously [41]. Mice had access to food and water ad libitum and were
kept in controlled laboratory conditions with temperature at
21+1°C and a light-dark cycle of 12 h (lights on at 7:00 A.M.).
Behavioral testing was conducted in a sound attenuated room
and was done in blind respect to genotype and surgical procedure.
Experimental procedures and animal husbandry were conducted
according to ethical principles for the evaluation of pain in con-
scious animals [74] and to European guidelines regarding protec-
tion of animals used for experimental and other scientific
purposes (Council Directive of 24 November, 1986, 86/609/ECC)
and received approval by the local Ethical Committee.

2.2. Neuropathic pain model: partial sciatic nerve ligation

The partial sciatic nerve ligation model was used to induce neu-
ropathic pain, according to the protocol previously described [43].
Briefly, mice were anesthetized with isoflurane (induction: 5%;
surgery: 2%) and the common sciatic nerve was exposed at the
level of the mid-thigh of the right hindpaw. At about 1cm
proximally to the nerve trifurcation, a tight ligation using 9-0
non-absorbable virgin silk suture (Alcon surgical, Texas, USA)
was created enclosing the outer 33-50% of the diameter of the sci-
atic nerve, leaving the rest of the nerve “uninjured”. Care was taken
to ensure that the ligation was not too tight so as to occlude the
perineural blood flow. The muscle was then stitched with 6-0 silk
suture and the skin incision closed with wound clips. Control,
sham-operated mice underwent the same surgical procedure and
the sciatic nerve was exposed, but not ligated.
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2.3. Nociceptive behavioral tests

2.3.1. Evaluation of thermal nociception (tail-flick and hot plate tests)

Acute heat nociceptive responses were assessed by the tail-flick
and hot plate tests in uninjured independent groups of ;R knock-
out and wild-type mice (n=12 per group). For the tail-flick test,
animals were placed in a loose Plexiglas restrainer on a tail-flick
apparatus (Panlab SL, Barcelona, Spain). A photobeam was focused
on the tail about 4 cm from the tip, and the latency to tail-flick re-
sponse was recorded automatically to the nearest 0.1 s. The inten-
sity of the radiant heat source was adjusted to yield baseline
latencies between 3 and 5 s in wild-type mice. A cut-off latency
time of 10 s was imposed to avoid damage to tail tissues. Thermal
nociceptive responses were also assessed by the hot plate test at
50 £ 0.5 °C. Briefly, mice were placed on the surface of the hot plate
(Panlab SL, Barcelona, Spain) and the latency to the beginning of
forepaw licking and jumping was recorded. Animals were removed
from the hot plate after the jumping response was recorded. In or-
der to avoid burns, the maximal time (cut-off) in the hot plate did
not exceed 160 s.

2.3.2. Evaluation of neuropathic pain-related behaviors

Hyperalgesia to noxious thermal stimulus and allodynia to cold
and mechanical stimuli were used as outcome measures of neuro-
pathic pain in sham and nerve-injured mice (n =12 per group) by
using the plantar, cold-plate and von Frey test, respectively. Ani-
mals were first habituated for one hour to each different experi-
mental test once daily for 4 days. After the habituation period,
baseline responses were established during 2 consecutive days
for each paradigm in the following sequence: von Frey, plantar
(30 min later) and cold-plate test (15 min later). One day after
baseline measurements, sciatic nerve injury was induced. o R
knockout and wild-type mice were tested in each paradigm on
days 3, 6 and 10 after the surgical procedure using the same exper-
imental sequence as for baseline responses.

Mechanical allodynia was quantified by measuring the hindpaw
withdrawal response to von Frey filament stimulation [9]. Briefly,
animals were placed into compartment enclosures in a test cham-
ber with a framed metal mesh floor through which the von Frey
monofilaments (bending force range from 0.008 to 2 g) (North
Coast Medical, Inc., San Jose CA, USA) were applied and thresholds
were measured using the up-down paradigm. The filament of 0.4 g
was used at first. Then, the strength of the next filament was de-
creased when the animal responded or increased when the animal
did not respond. This up-down procedure was stopped four mea-
sures after the first change in animal responding. The threshold
of response was calculated by using the up-down Excel program
generously provided by Basbaum'’s laboratory (UCSF, San Francisco,
USA). Clear paw withdrawal, shaking or licking was considered as a
nociceptive-like response. Both ipsilateral and contralateral hind-
paws were tested.

Thermal hyperalgesia was assessed with a plantar test apparatus
(Ugo Basile, Varese, Italy), as previously reported [24], by measur-
ing hindpaw withdrawal latency in response to radiant heat.
Briefly, mice were placed into compartment enclosures on a glass
surface. The heat source was then positioned under the plantar
surface of the hindpaw and activated with a light beam intensity
chosen in preliminary studies to give baseline latencies from 8 to
95 in control wild-type mice. The digital timer connected to the
heat source automatically recorded the response latency for paw
withdrawal to the nearest 0.1 s. A cut-off time of 20 s was imposed
to prevent tissue damage in the absence of response. The mean
withdrawal latencies for the ipsilateral and contralateral hindpaws
were determined from the average of three separate trials, taken at
5-min intervals to prevent thermal sensitization and behavioral
disturbances.
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Cold allodynia was assessed by using a hot/cold-plate analgesia
meter (Columbus, OH, USA) as previously described [4]. Briefly,
mice were placed into compartment enclosures on the cold surface
of the plate which is maintained at a temperature of 5 £ 0.5 °C. The
number of elevations of each hindpaw was then recorded for
5 min. A score was calculated by subtracting the number of eleva-
tions of the right hindpaw (ipsilateral) from left hindpaw (contra-
lateral). A positive difference score indicates development of cold
allodynia.

2.4. ERK immunoblotting and immunohistochemistry

2.4.1. Western blotting

Immediately after deep anesthesia with sodium pentobarbital
(100 mg/kg, i.p.), spinal cords were carefully removed from wild-
type and o,R~/~ mice 14 days (n = 6 per group) after surgery and
ipsilateral spinal hemicord segments L4-S1 were dissected, frozen
immediately in dry ice and stored at —80 °C. Spinal cord tissue was
homogenized by sonication in 1% sodium dodecyl sulfate (SDS)
containing a protease and phosphatase inhibitor cocktail pur-
chased from Calbiochem (San Diego, CA, USA). The homogenate
was centrifuged at 10,000g for 10 min at 4 °C. The supernatant
was decanted from the pellet and used for Western blot analyses.
The concentration of protein in the homogenate was measured
using the DC Protein Assay from Bio-Rad Laboratories Inc. (Hercu-
les, CA, USA). Equal amounts of protein (50 pg) were fractionated
by 8% (wfv) SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane, blocked with 5% non-fat dry milk in Tris-
Tween 20-buffered Saline (T-TBS) overnight at 4 °C. Membranes
were then incubated with rabbit primary polyclonal antibodies
recognizing the mitogen-activated protein kinase (MAPK, total
ERK 1/2) or mouse monoclonal antibodies recognizing the acti-
vated MAPK (diphosphorylated MAPK, p-ERK 1/2) obtained from
Sigma-Aldrich Co. (Madrid, Spain) at a 1:20,000 and a 1:5000 dilu-
tion, respectively, in 5% non-fat dry milk in T-TBS. The blots were
washed three times for 10 min with T-TBS and then incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG or
goat anti-mouse IgG, purchased from Pierce Biotechnology Inc.
(Rockford, IL, USA), diluted 1:5000 in 5% non-fat dry milk in T-
TBS. The membranes were then washed with T-TBS three times
for 10 min, one time with TBS for 10 min and the peroxidase reac-
tion revealed by chemiluminescence (Immun-Star HRP Chemilu-
minescent Kit) from Bio-Rad. Chemiluminescence was detected
with the ChemiDoc XRS System from Bio-Rad. The blots were then
incubated for 15 min at room temperature in stripping buffer (Re-
Blot Plus Strong Antibody Stripping Solution) from Chemicon Inter-
national Inc. (Temecula, CA, USA) and re-probed for B-tubulin,
using rabbit polyclonal antibodies diluted 1:1000 obtained from
Abcam Inc. (Cambridge, MA, USA), as a loading control. The densi-
tometric analysis of immunoreactive bands was done using the
Quantity One software (Bio-Rad) and normalized respect to the
intensity of the corresponding B-tubulin immunoreactive bands
to obtain relative optical density ERK and p-ERK values. p-ERK
was finally normalized respect to total ERK protein.

2.4.2. Immunohistochemistry

Wild-type and o;R~/~ mice 14 days after surgery (n=12 per
group) were deeply anesthetized with sodium pentobarbital
(100 mg/kg, i.p.) and perfused intracardially with 200 ml of cold
saline solution followed by 500 ml of a cold 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4 (PB). After perfusion, spinal cord
segments L4-S1 were dissected out and postfixed for 4 h in 4%
paraformaldehyde in PB at 4 °C. Then, spinal cord segments were
washed in PB and serial coronal sections (40 pm-thick) were ob-
tained with the aid of a vibratome (vibrocut FTB, Frankfurt, Ger-
many) and collected in phosphate-buffered saline (PBS) to be
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processed immunohistochemically as free-floating sections. Sec-
tions were pre-incubated with 0.3% H,0, in PBS for 30 min to block
endogenous peroxidase activity and, after washing three times
with PBS, with normal goat serum diluted 1:100 in PBS for 1 h at
room temperature (RT) to prevent unspecific staining. Sections
were then incubated for 48 h at 4 °C with the primary antibody
(anti-p-ERK 1/2) diluted 1:500 in PBS with 1% bovine serum albu-
min and 0.4% Triton X-100. After washing three times for 10 min in
PBS sections were incubated with goat anti-mouse biotinylated
antibodies from Vector Laboratories Inc. (Burlingame, CA, USA) di-
luted 1:200 in PBS for 1 h at RT. After washing the sections three
times in PBS, an avidin-biotin-peroxidase complex (Vector) was
applied diluted 1:100 in PBS for 1h at RT. The sections were
washed again in PBS and placed in a chromogen solution
containing 0.05% 3,3’-diaminobenzidine and 0.01% H,0, in PBS
for 5 min. The immunostained sections were placed on slides and
coverslipped with glycergel mounting medium (DakoCytomation,
Inc., Barcelona, Spain) for microscopic observation and
photography.

Possible changes in p-ERK immunoreactivity in the dorsal horn
were assessed by quantifying the density of immunostaining. Sec-
tions were simultaneously processed for immunohistochemistry in
order to avoid methodological changes affecting the intensity of
staining. Three appropriate fields per mice containing the dorsal
horn were digitized by a video camera connected to a microscope
and interfaced to a computer. The boundary of the dorsal horn
(laminae I +II) was traced and the mean density of immunostain-
ing was measured based on the inverse computer grayscale (from
0 = white to 255 = black) by using the National Institutes of Health
(NIH) Image | software. Individual immunodensity values were
corrected by subtracting the background (labeling in the white
matter) for each section.

2.5. Electrophysiology

Spinal cords were obtained from newborn 5- to 10-day-old
o;R~/~ and wild-type mice after urethane (2 mg/kg, i.p.) anesthe-
sia followed by dorsal laminectomy. In vitro AC recordings were
performed as previously described [45] using a total of 13 spinal
cords from wild-type and 10 cords from homozygous R/~
knockout mice. Briefly, the spinal cord was fixed to the Sylgard
base of a recording chamber and continuously superfused (6-
9 ml/min) with oxygenated (95% O3; 5% CO,) artificial cerebrospi-
nal fluid (ACSF) at pH 7.4 and RT. The composition of the ACSF
was (in mM): NacCl (128), KCl (1.9), KH,PO, (1.2), MgS0, (1.3),
CaCl, (2.4), NaHCOs (26) and glucose (10). A period of 60 min
was allowed for the preparation to stabilize before testing spinal
reflexes. The lumbar dorsal root (L4 or L5) and the corresponding
ventral root were placed in tight-fitting glass suction electrodes.
After setting up, the spinal cord was left untouched for one hour.
Stimuli were then applied to the dorsal root in trains of shocks
(20 stimuli at 1 Hz) and responses were recorded from the corre-
sponding ventral root. Stimuli were adjusted to activate only
thick and myelinated fibers (50 ps and 50 pA) or increased up
to activate all fibers in the root including nociceptive C fibers
(300 ps and 300 pA). The signal coming from the ventral root
suction electrode was amplified to record fast compound spikes
produced by the firing of action potentials by motor neurons
using a Neurolog AC amplifier. Signals were digitized at 5 kHz
and stored for offline computer-aided analysis using a CED
1401 interface and Spike 2 software from Cambridge Electronic
Design Ltd. (Cambridge, UK). AC recordings from ventral roots
were analyzed based on threshold criteria to count spikes to each
stimulus of the train. Spike counts were performed for each stim-
ulus of the train in a window between 20 and 950 ms from stim-
ulus artifact.
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2.6. Statistical analysis A HOT PLATE (50 °C)
_ o 180 OwWT

Data obtained from thermal nociceptive tests were compared 160
by one-way ANOVA and neuropathic pain-related behaviors were 140 H o,R"
compared on each experimental day by using a two-way ANOVA L 1%
repeated measures (paw and genotype as between factor of varia- g 100
tion; day and surgery as within group levels) followed by corre- Z @
sponding one-way ANOVA and post hoc comparisons (Fisher's E:" o
LSD test) when appropriate. Similarly, the difference between the ] )
groups for ERK immunoreaction in Western blots and immunohis- = 40 1
tochemistry was compared using ANOVA followed by post hoc 22 ]

comparison.

In electrophysiological studies, response profiles from the dif-
ferent groups of animals were compared by means of one-way AN-
OVA. Rise rate of spike counts was calculated as the maximal
number of spikes minus the minimum number divided by the
interval between them in seconds and non-paired Student’s t-test
was used for comparison.

In all cases, the criterion for statistical significance was estab-
lished when p value was below 0.05.

3. Results

3.1. Nociceptive behavior of a; receptor deficient mice: baseline
control and neuropathic pain-related behaviors

3.1.1. Response of non-injured mice to thermal and mechanical stimuli

Sensitivity to noxious heat of homozygous ;R knockout mice
(o;R/"), measured as the latency time of response to thermal
stimulation in the hot plate (50 °C) and tail-flick tests, did not differ
from wild-type mice (Fig. 1). Similarly, baseline values obtained in
1R knockout mice before nerve injury in the plantar, cold-plate
and von Frey tests were indistinguishable from those obtained in
wild-type mice (Fig. 2-4). Therefore, homozygous (5;R~/~) knock-
out mice perceive and respond normally to acute thermal and
mechanical nociceptive stimuli.

3.1.2. Thermal (heat) hyperalgesia (plantar test) secondary to nerve
injury

No differences in baseline paw withdrawal latencies before sur-
gery were found in the plantar test when compared to wild-type,
o1R heterozygous (o;R"~) and homozygous (o;R™/~) knockout
mice (Fig. 2). Sham-operated wild-type, 5;R*~ and o;R~/~ mice
also showed similar paw withdrawal latencies 3, 6 and 10 days
after surgery in both the ipsilateral and the contralateral paws.

As expected, a significant decrease in paw withdrawal latencies
(thermal hyperalgesia) was observed in the ipsilateral, nerve-in-
jured paw of wild-type mice 3, 6 and 10days after surgery
(Fig. 2). Thermal (heat) hyperalgesia also developed in heterozy-
gous and homozygous &R knockout mice exposed to sciatic nerve
injury, as significantly reduced withdrawal latencies of their ipsilat-
eral paws, indistinguishable from those in wild-type mice, were
found 3, 6 and 10 days after surgery (Fig. 2). In the same way, no dif-
ferences were found in the contralateral paw when compared paw
withdrawal latencies of wild-type, o;R*/~ and o;R~/~ mice exposed
to sciatic nerve injury 3, 6 and 10 days after surgery (Fig. 2).

3.1.3. Cold allodynia (cold-plate test) secondary to nerve injury

Baseline values before surgery did not reveal significant differ-
ences between wild-type, o;R"~ and o;R~/~ mice. Likewise,
sham-operated wild-type, 5,R*~ and 6,R~/~ mice showed similar
cold-plate scores 3, 6 and 10 days after surgery (Fig. 3). The re-
sponses of the contralateral paw were similar in all the experimen-
tal groups at the different times.

72

FPL JUMP

B TAIL-FLICK

OwT
8 | B o R+

Latency time (s)

Fig. 1. Nociceptive response to noxious heat (hot plate and tail-flick tests) in
control wild-type and homozygous ;R ~/~ mice. (A) The latency time for fore paw
licking (FPL) and jumping (JUMP) responses on exposure to a hot plate kept at 50 °C
did not differ in o;R/~ knockout mice respect to wild-type (WT) mice. (B)
Similarly, the latency of the tail-flick response evoked by noxious heat stimulation
using a light beam was in homozygous &R knockout mice indistinguishable from
wild-type mice. Each bar and vertical line represent the mean + SEM (n=12 per
group). No statistically significant differences were found between wild-type and
1R/~ mice either in the hot plate or in the tail-flick test.

As expected, a significant increase of the cold-plate score (cold
allodynia) was found in wild-type mice exposed to the sciatic
nerve injury 3, 6 and 10 days after surgery when compared to
sham-operated mice. Heterozygous o;R*/~ mice exposed to the
sciatic nerve injury also developed cold allodynia as significant in-
creases of the cold-plate score 3, 6 and 10 days after surgery were
found when compared to sham-operated mice (Fig. 3). However,
cold-plate scores in homozygous o;R™/~ exposed to nerve injury
were not significantly different from values obtained in sham-
operated mice at 3, 6 and 10 days after surgery (Fig. 3).

3.1.4. Mechanical allodynia (von Frey test) secondary to nerve injury

The pressure threshold eliciting paw withdrawal responses at
baseline, before surgery, did not differ when wild-type, o;R"~
and o,R~/~ mice were compared (Fig. 4). In the same way, sham-
operated wild-type, ;R*'~ and R/~ mice required similar pres-
sure to elicit withdrawal of both the ipsilateral and the contralat-
eral paw 3, 6 and 10 days after surgery. Wild-type, o;R"/~ and
o:R/~ mice exposed to sciatic nerve injury also required similar
pressure to elicit withdrawal of the contralateral paw 3, 6 and
10 days after surgery.

Partial sciatic nerve ligation induced mechanical allodynia in
wild-type mice, as evidenced by a significant reduction from day
3 post-injury of the pressure required to evoke withdrawal of the
ipsilateral, nerve-injured paw compared to baseline pre-injury
and contralateral paw values (Fig. 4). Heterozygous o;R*/~ mice
exposed to sciatic nerve injury also showed decreases in the pres-
sure threshold eliciting withdrawal of the ipsilateral paw 3, 6 and
10 days after surgery. However, mechanical allodynia was signifi-
cantly attenuated in R~ mice, pressure thresholds being



Sensory-discriminative component of pain

Results

298 Beatriz de la Puente et al./ PAIN® 145 (2009) 294-303
14 - SCIATIC NERVE INJURY 14 - SHAM-OPERATED

— 12 4 12 4
L
= i J
8 10 g 14 é
2
o 8 8
_g ¥ ¥ Ry
5 97 s 2 6
2
2 A * % P ko ]
= *kk oo *hk

2 4 2

0 T v T 0 T T T

Basal Day 3 Day 6 Day 10 Basal Day 3 Day 6 Day 10

-8 Wild-type ipsilateral
—C— Wild-type contralateral

—#— Heterozygous a,R*™" ipsilateral
-0 Heterozygous a,R*" contralateral

—A— Homozygous o,R™ ipsilateral
——Homozygous o;R’ contralateral

%% p < 0.001 vs contralateral

Fig. 2. Development of thermal (heat) hyperalgesia (plantar test) following nerve injury in control wild-type and o;R-deficient mice. Thermal hyperalgesia, evidenced as a
significant reduction in the latency time for withdrawal of the ipsilateral, respect to the contralateral, hindpaw in response to radiant heat was found 3, 6 and 10 days after
sciatic nerve injury in wild-type, o,R heterozygous and o,R homozygous knockout mice. The development of thermal hyperalgesia did not differ when the different
genotypes were compared. Similarly, no effect of genotype was found when compared to responses in sham-operated mice. Each point and vertical line represent the

mean + SEM (n = 12 per group).

significantly modified respect to wild-type on days 6 and 10 after
nerve injury. Interestingly, in the homozygous ¢;R~/~, mechanical
allodynia was strongly reduced 3 days after nerve injury and was
not observed on days 6 and 10 post-injury (pressure thresholds
eliciting withdrawal of the ipsilateral and contralateral paws were
not significantly different). In fact, significant differences between
o,R7~ knockout and wild-type mice were found in the with-
drawal thresholds of the ipsilateral, nerve-injured paw on all eval-
uated days (3, 6 and 10 post-injury) (Fig. 4).

3.2. Activation of ERK in the spinal cord secondary to sciatic nerve
injury

Activation (phosphorylation) of mitogen-activated protein
kinases (MAPKs), particularly extracellular signal-regulated kinase
(ERK 1/2; p44/42 MAPK), occurs in dorsal horn neurons and glial

cells following nerve injury and contributes to the induction and
maintenance of neuropathic pain [34,42,73]. We explored the pos-
sibility that differential activation of ERK in the spinal cord could
underlie the differences in neuropathic pain-related behaviors
(i.e., allodynia) between wild-type and o;R~/~ knockout mice.
ERK activation in spinal cords from sham-operated and nerve-in-
jured mice was analyzed by Western immunoblotting and immu-
nohistochemistry. Immunoblots using proteins from ipsilateral
spinal hemicord segments L4-S1 14 days after surgery were done
for total ERK and its phosphorylated form (p-ERK) (Fig. 5A). No sig-
nificant changes in total ERK protein were found either in wild-
type or in o;R~/~ knockout mice when nerve-injured and sham-
operated mice were compared. As expected, the phosphorylation
of ERK was increased (7.8-fold; p<0.01) in the ipsilateral spinal
hemicord of wild-type mice exposed to sciatic nerve injury with
respect to sham-operated wild-type mice. However, the significant
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Fig. 3. Development of cold allodynia (cold-plate test) following nerve injury in control wild-type and &;R-deficient mice. Cold allodynia, evidenced as a significantly
increased number of elevations of the right hindpaw (ipsilateral) respect to left hindpaw (contralateral) was evidenced in nerve-injured, respect to sham-operated mice, wild-
type and &R heterozygous mice, but not in o;R homozygous knockout mice. No effect of genotype was found when compared to responses in sham-operated mice. Each
point and vertical line represent the mean £ SEM (n =12 per group).
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Fig. 4. Development of mechanical allodynia (von Frey test) following nerve injury in control wild-type and oR-deficient mice. Mechanical allodynia, evidenced as a
significant reduction in the pressure evoking withdrawal of the nerve-injured hindpaw was clearly evidenced in wild-type mice on all days of measurement. It was
attenuated in heterozygous ;R mice on days 6 and 10 after nerve injury, and it was strongly reduced 3 days after nerve injury and was not observed on days 6 and 10 post-
injury in homozygous &R knockout mice. No effect of genotype was found when responses in sham-operated mice were compared. Each point and vertical line represent the

mean £ SEM (n =12 per group).

upregulation subsequent to nerve injury found in the wild-type did
not occur in the knockout mice, as no significant change in the
intensity of p-ERK immunoreactive bands was found when com-
pared ipsilateral cords from R/~ mice exposed to nerve injury
and sham operation (1.3-fold increase in nerve-injured mice with
respect to sham-operated mice).

By immunohistochemistry, increased activation of ERK in the
spinal cord (L4-S1 segments) was apparent in the ipsilateral dorsal
horn of nerve-injured respect to sham-operated wild-type mice
14 days after surgery. This was evidenced by both the presence
of increased numbers of p-ERK immunoreactive cells and the in-
creased p-ERK immunostaining intensity showed by cells
(Fig. 5B-H). Immunostaining for p-ERK was present in numerous
cells in superficial laminae I and II, but also with smaller numbers
in more ventral laminae, and was located in the soma as well as in
the nucleus. In the o;R~/~ knockout mice no differences in p-ERK
immunostaining in the spinal cord were found when nerve-injured
and sham-operated mice were compared. When p-ERK immunore-
action in the ipsilateral dorsal horn (laminae I-11) was quantified in
the sections, the density was significantly increased after nerve in-
jury (respect to sham operation) in wild-type but not in o;R~"~
knockout mice (Fig. 5B).

3.3. Spinal processing of repetitive nociceptive stimulation

In order to provide an electrophysiological correlate to the noci-
ceptive behavioral findings described above, in vitro AC recordings
were performed in spinal cords from wild-type and homozygous
&R/~ knockout mice. Repetitive stimulation of the dorsal root
at stimulus intensities sufficient to activate C-fibers produced a
typical wind-up response in ventral root recordings, which mani-
fested as a progressive increase in action potential firing (Fig. 6).
Stimulus intensities insufficient to activate C-fibers (i.e., 50 ps
and 50 pA) did not produce wind-up upon the arrival of the affer-
ent volleys. Interestingly, spinal cords from wild-type animals
showed stronger wind-up responses than those from homozygous
1R/~ animals (Fig. 6). This was evidenced as a reduction in the
total number of action potentials induced by trains of C-fiber
intensity stimuli in spinal cords from o;R~/~ mice respect to
wild-type mice. For 200 ps and 200 pA stimuli, wild-type cords
produced the smaller mean spike count in response to the second
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stimulus of the train (22 + 5 counts) and the greater in response to
the last stimulus (223 + 36 counts). The rise rate of the response
was 8.7 + 1.6 spikes per second in wild-type cords. For the same
stimulus intensity, spinal cords from o;R~/~ animals showed
slightly larger spike counts than wild-types at the beginning of
the train of stimuli (71 % 26 counts) and much smaller spike counts
towards the end of the train (141 + 37 counts). This resulted in a
significantly smaller rise rate for knockout animals (3.2 = 0.9 spikes
per second) compared to controls (p < 0.05; two-tailed unpaired t-
test). Responses to repetitive A-fiber intensity stimulation did not
produce spike wind-up and were similar in wild-type and o,R™/~
knockout mice.

4. Discussion

In the present study we took advantage of a genetic approach
using ¢;R~/~ knockout mice to examine the role of o;R in nocicep-
tion secondary to nerve injury. Our results indicated that increased
sensitivity (allodynia) to mechanical and thermal (cold) stimuli
found after nerve injury is markedly attenuated to absent in mice
lacking o;Rs. Differential modulation of spinal excitability and
ERK signaling could contribute to the reduced behavioral hyper-
sensitivity seen in &R knockout mice after nerve injury.

The sensitivity to noxious heat stimulation in the 5,R~/~ knock-
out mice did not differ from wild-type mice, as evidenced in the
hot plate and tail-flick tests. In the same way, baseline (before sur-
gery) responses of oyR-deficient mice to thermal (heat and cold)
and mechanical stimuli were undistinguishable from wild-type
ones. Responses of sham-operated mice also remained unchanged
(respect to wild-type) in o;R-deficient mice. Thus, in the absence
of nerve injury, no differences in the performance of the sensory/
nociceptive pathway were seen when compared oR-deficient
mice to wild-type mice, suggesting that basic mechanisms for
transduction, transmission and perception of sensory and nocicep-
tive inputs are intact in mice lacking o;Rs. This is in agreement
with previous pharmacological studies showing that o ligands
did not influence nociceptive behaviors by themselves in normal
conditions [7,11,18,38].

However, after sciatic nerve injury, when hypersensitivity in the
ipsilateral paw would result in perception of pain from non-nox-
ious stimuli (allodynia), the scenario is different. We found that
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mechanical allodynia was attenuated in heterozygous o;R"/~ mice
and was not observed in homozygous 6;R~/~ mice 6 and 10 days
after nerve injury. Cold allodynia in homozygous (but not in het-
erozygous) 1R knockout mice exposed to nerve injury was also
attenuated. In contrast, nerve injury-induced heat hyperalgesia
was not modified in ¢;R knockout mice respect to wild-type mice.
A differential modulation by &Rs of sensory/nociceptive pathways
depending on the stimulus quality and modality is thus suggested.
This adds to previous findings that different receptor systems and
mechanisms are involved in the diverse sensory abnormalities (i.e.,
mechanical versus thermal) associated with neuropathic pain
[3,49,57,68].

The conception that o;Rs plays a role in modulating pain
behaviors in sensitizing conditions is also supported in previous
studies. Formalin-induced pain was reduced in o;R knockout mice
[8] and haloperidol and its metabolites [ and II, which behave as
antagonists at this receptor [13,14], inhibited formalin-induced
pain [7]. Similarly, intraplantar injection of capsaicin induced
mechanical allodynia in wild-type but not in 4R knockout mice
and o;R antagonists were able to inhibit this pain behavior [18].
Regarding the site of action, intrathecal pretreatment with the
o;R antagonist BD-1047 has been shown to dose-dependently re-
duce pain behaviors in second phase of the formalin test [37]. The
analgesic effect occurred concomitantly with a reduction in forma-
lin-evoked Fos expression and phosphorylation of the NMDA
receptor NR1 subunit (pNR1) at protein kinase C (PKC) and protein
kinase A (PKA) dependent sites in spinal dorsal horn [37]. In sepa-
rate recent studies, activation of spinal o;Rs has been found to
have opposite effects: intrathecal administration of o;R agonists
facilitated nociception involving Ca®*-dependent second messen-
ger cascades [64], and enhanced NMDA-induced pain in parallel
to an increased pNR1 expression [38]. Interestingly, the effect of
pharmacological blockage of spinal o{Rs in a neuropathic pain
model, the chronic constriction injury of the sciatic nerve in rats,
has recently been investigated [63]. The o,R antagonist BD1047
intrathecally administered on postoperative days 0-5 significantly
attenuated the development of mechanical allodynia, but not ther-
mal hyperalgesia, concurrent with an inhibition of nerve injury-in-
duced NMDA receptor NR1 subunit expression and
phosphorylation [63]. These results fully agree with the observa-
tion reported here that mechanical allodynia, but not thermal
hyperalgesia, is suppressed in nerve-injured o{R knockout mice.

Collectively, results described above support a modulatory role
of o4Rs in spinal sensitization and point to NMDA receptors and
Ca?*-dependent intracellular cascades as underlying mechanisms.
This is not surprising as o;Rs are functionally coupled to NMDA
receptors [5,25,44,51,53] and regulate intracellular Ca®* concentra-
tion via phospholipase C (PLC) and IP; receptors [26,27,54,55,67].
The overall effect of activating o;Rs is to increase intracellular
Ca?* concentration by potentiating Ca®* entry at the plasma mem-
brane level (NMDA-induced Ca** influx) and Ca’* mobilization
from endoplasmic stores ([Ps-induced Ca®* mobilization). Indeed,
NMDA and IP; receptors, as well as downstream Ca?*-dependent
second messengers including PKC and other calcium/calmodulin-
dependent kinases (e.g., CaMKII) are involved in central (spinal)
sensitization and pain hypersensitivity [6,16,19,32,33,36,70].
Hence, according to our results, blocking/absence of o;Rs might
be associated with reduced nerve injury-evoked activity of Ca?*-
permeable NMDA and IP; receptors (Fig. 7), thus causing reduction
in central sensitization-related pain hypersensitivity.

The oR is expressed abundantly in the spinal cord, mainly in
the two superficial laminae, in dendritic processes and neuronal
perikarya, both on the plasma and endoplasmic reticulum mem-
branes [1]. Its expression in the spinal cord is upregulated early
and transiently during the induction phase of neuropathic pain
[63]. We focused on functional changes in excitability and synaptic

76

Sensory-discriminative component of pain

301

plasticity in the spinal cord as an integrative correlate of the role
played by &Rs. Central sensitization is a complex synaptic plastic-
ity phenomenon characterized by the rapid-onset, activity-depen-
dent increase in the excitability of nociceptive spinal dorsal horn
neurons. Several types of synaptic plasticity arise in response to
noxious stimuli that modify nociceptive transmission in the spinal
cord. These include immediate-onset phenomena such as wind-up
and long-term potentiation (LTP). Wind-up is interpreted as an
amplification in the spinal cord of the nociceptive message that ar-
rives from peripheral nociceptors, whereby repetitive stimulation
of dorsal horn neurons induces an increase in their evoked re-
sponses with each stimulus [17,31,50]. In our study, in spinal cords
from wild-type mice, repetitive stimulation of primary afferent fi-
bers in the dorsal root produced a typical wind-up response man-
ifested as a progressive increase in action potential firing.
Interestingly, spinal cords from mice lacking o{Rs showed reduced
wind-up responses respect to wild-type ones, as evidenced by a
smaller rise rate of the response and a subsequent reduction in
the total number of action potentials induced by trains of stimuli.
These data point to a modulatory role of &R on spinal excitability
after repetitive nociceptor stimulation, such as that expected to oc-
cur as a consequence of nerve injury. Similar to our findings in the
spinal cord, o;Rs are known to modulate LTP in the hippocampus
[44]. In this way, glutamatergic NMDA and substance P tachykinin
receptors (i.e., NK1) have been identified as key mediators of wind-
up and central sensitization [31,69], and ¢;Rs modulate elevations
of cytosolic Ca?* incurred not only upon activation of NMDA but
also of NK1 receptors through the PLC-1P; pathway (Fig. 7).

Ca®* entry into neurons via NMDA receptors or mobilized via IP3
receptors can initiate the intracellular ERK signaling cascade. In
fact, neurotransmitters released by primary afferent fibers, acting
through a variety of receptors and ion channels, activate Ca?*-
dependent enzymes such as PKC, CaMKs, adenylate cyclase-PKA
and tyrosine kinases, which lead to ERK activation (phosphoryla-
tion) in dorsal horn neurons [34-36] (Fig. 7). As a common effector
of multiple signals, ERK activation is activity-dependent in dorsal
horn neurons. Indeed, activation of ERK in dorsal horn neurons is
induced by repetitive C-fiber electrical stimulation and blockage
of spinal ERK suppresses wind-up [21]. Similarly, LTP of C-fiber-
evoked field potentials induces ERK activation in spinal dorsal horn
and inhibition of ERK blocks the induction and maintenance of LTP
[71]. In this way, in addition to its kinase-dependent posttransla-
tional regulation, the ERK pathway also regulates long-term pain
hypersensitivity via transcriptional regulation of key gene products
[36,65,71]. After nerve injury, ERK activation occurs early and it is
long lasting. It is immediately induced in neurons of the superficial
dorsal horn and this is followed by a widespread sequential induc-
tion in spinal microglia and astrocytes [42,73]. Activated glia pro-
duce inflammatory mediators that sensitize dorsal horn neurons.
Activity of dorsal horn neurons, in turn, promotes activation of
spinal glia. This neuron-glia interaction involves ERK signaling in
the positive feedback enhancing and prolonging pain sensitization.
Indeed, in several nerve injury models, intrathecal ERK inhibitors
(i.e., MEK inhibitors or ERK antisense ODNs) reduce pain hypersen-
sitivity, particularly mechanical allodynia, when administered in
both the induction and maintenance phases of neuropathic pain
[12,42,65,73]. In the present study, ERK activation was increased
in spinal cords of wild-type mice exposed to sciatic nerve injury
14 days after surgery, but no significant changes respect to
sham-operated mice were found in the spinal cords from nerve-in-
jured 6,R/~ knockout mice. This finding supports that o;R is in-
volved in the regulation of intracellular cascades, probably Ca®*
dependent, that lead to phosphorylation of ERK (Fig. 7). The inabil-
ity to upregulate ERK activation subsequent to nerve injury found
in the spinal cords of o;R knockout mice could be interpreted
along the lines of reduced sensitization and pain hypersensitivity



Sensory-discriminative component of pain

Results

302

Substance P
v Bradykinin

\ATP, others

Growth factors (BDNF...)

v \g

GPCR

Endoplasmic
reticulum ® Y
Ca®*
®
® o
.Caz*

Beatriz de la Puente et al./PAIN® 145 (2009) 294-303

Glutamate ¥

membrane

CAMKs
ERK/MAPK pathway
Other pathways

!

Transcription factors

Fig. 7. Involvement of &R in signal transduction pathways. Activation by nociceptive mediators released into the dorsal horn of G-protein-coupled receptors (GPCRs)
involving Gag-coupling and other phospholipase C (PLC)-activating G proteins, and/or tyrosine kinase receptors (TKRs), stimulates PLC enzymes to hydrolyze phosphorylated
phosphatidylinositols (e.g., PIP,) to produce diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP; binds then to IP; receptors (IP3-R) in the endoplasmic reticulum to
promote the efflux of Ca?* to the cytoplasm. Raises of cytosolic Ca®* are also produced by Ca?* influx through ionotropic N-methyl-p-aspartate receptors (NMDA-Rs) and
voltage-gated Ca®* channels (VGCCs). In turn, some PLC isoforms are activated by Ca®* and low increases in intracellular Ca®* concentrations activate IP5-R (Ca®*-induced Ca®*
release) to promote more Ca** to be released from the endoplasmic reticulum. Interestingly, protein kinase C (PKC) as well as calcium/calmodulin-dependent kinases
(CAMKSs) is activated by Ca®". These enzymes phosphorylate diverse plasma membrane receptors and ion channels (e.g., NR1 subunit of NMDA-R), being responsible for their
rapid sensitization, and activate different signaling pathways, including the ERK pathway, leading to both rapid kinase-dependent posttranslational regulation and long-term
changes via transcriptional regulation in dorsal horn neurons. o;R plays a key role in the control of intracellular Ca?* levels. Activation of o,Rs increases intracellular Ca®*
concentrations by potentiating both Ca** entry at the plasma membrane level (via NMDA-R and VGCC) and Ca?* mobilization from endoplasmic stores (via PLC and IP53-R),
which is followed by increased kinase sensitization (rapid) and transcriptional activation (long-term) of key gene products underlying pain hypersensitivity. Absence/
blocking of oRs would avoid upregulation of Ca**-dependent sensitizing intracellular cascades.

(allodynia) and it is consonant with the reduced wind-up re-
sponses found in spinal cords from mice lacking o;Rs.

Taken together, our findings propose the G;R as a new constit-
uent of the mechanisms modulating activity-induced sensitization
in nociceptive pathways and thus as a new potential target of ac-
tion for drugs designed to alleviate neuropathic pain.
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Sensory-discriminative component of pain Results
1.1.1. AnnexI

Effect of pharmacological blockade of the sigma-1 receptor on the expression of hind

paw withdrawal reflex after peripheral nerve injury

As previously shown, the withdrawal reflex to cold and mechanical stimulation did not
develop normally in o1R”" mice exposed to partial sciatic nerve injury. This result
suggested that genetic o;R blockade modulates the behavioural manifestations of the
sensory-discriminative component in chronic pain conditions (Article 1). In the present
section, the effect of the pharmacological antagonism of ;R on the nociceptive reflex
responses exhibited in wild-type mice exposed to partial sciatic nerve ligation (PSNL)
was analysed to further evaluate the role of o;R in the sensory-discriminative

component of chronic pain.

PSNL used to induce neuropathic pain was performed in female CD-1 mice according
to the methodology previously explained in Article 1. The o;R selective antagonist
E-52862 (S1IRA) (supplied by Laboratorios Esteve) was used for pharmacological
treatment in wild-type PSNL and sham-operated mice. Paw withdrawal was measured
with calibrated von Frey filaments as explained in Article 1. Drug evaluation was
conducted starting at 2 weeks after injury, when the maximum mechanical
hypersensitivity was observed (see Article 4). The effects of single doses of E-52862 on
the mechanical threshold were evaluated on days 15-17 post-surgery, according to a
3x3 Latin square design. All animals received the 3 doses of E-52862 (20, 40 and
80 mg/kg at a dose volume of 10 mL/kg) by intraperitoneal route. The hindpaw

withdrawal threshold was evoked 30 min after drug administration. Finally, on day 18
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post-surgery, the mechanical nociceptive threshold was evaluated after a 24-h drug
washout period, and the responses were considered as an internal control to confirm that
baseline thresholds were not influenced by previous treatments. In all cases both

ipsilateral and contralateral paws were tested.

Behavioural data are expressed as mean + SEM. The data obtained as baseline
mechanical thresholds were analysed with the Student's two-independent-sample ¢ test.
The data obtained from the Latin square design were analysed with two-way repeated
measures ANOVA (surgery and paw as main factors) followed by the Bonferroni’s
multiple comparison test as post hoc analysis. To calculate the EDsy, data were
converted to percentage of antihypersensitivity effect based on the following formula:
% antihypersensitivity effect = [(PW— PW1)/(PWc-PWi)] x 100, where PW is the paw
withdrawal threshold (g) of the ipsilateral paw in drug treatment, PWi is the paw
withdrawal threshold (g) of the ipsilateral paw at pre-treatment day, and PWc is the paw
withdrawal threshold (g) of the contralateral paw at pre-treatment day. One way
analysis of variance with Bonferroni post hoc comparison determined the differences

between doses. A value of P <0.05 was considered to be statistically significant.

Mechanical hypersensitivity, defined as a significant reduction in the pressure evoking
withdrawal of the nerve-injured hindpaw, was clearly evidenced in PSNL mice
(P <0.001). The withdrawal threshold value for the right (ipsilateral) paw in PSNL and
sham-operated mice was 0.18 £ 0.04 g and 1.43 £ 0.05 g, respectively (Fig. 1A, B).
However, the responses to mechanical stimuli in sham-operated mice remained
unchanged after surgery (P > 0.05). Withdrawal threshold values of 1.5 + 0.03 g and 1.4

+ 0.04 g were obtained for the contralateral and ipsilateral paw, respectively.
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Fig. 1. Effects of the pharmacological blockade of o;R on the hind paw withdrawal reflex after
mechanical stimulation in mice exposed to peripheral nerve injury. Threshold mechanical sensitivity
was assessed with Von Frey filaments in PSNL (A) and sham-operated (B) mice in the ipsilateral and
contralateral sides. PSNL surgery induced marked mechanical hypersensitivity in the ipsilateral hind paw
14 days after injury as compared to sham surgery (Basal in the graph). PSNL and sham-operated mice
were administered o;R antagonist E-52862 (20, 40 and 80 mg/kg) daily as of days 15—17 post-surgery
according to a Latin Square design, and paw withdrawal threshold measurements were performed 30 min
after drug administration. After a 24-h drug washout period (WO in the graph), the hindpaw withdrawal
threshold was measured at day 18 post-injury. (C) Dose-response curve of the antihypersensitivity effect
of E-52862 (E,;,,x=100; EDso = 35.8 + 3.4 mg/kg). Each point and vertical line represent the mean + SEM.
$5p < 0.001, Student's two-sample t-test. ***P < 0.001, two-way RM ANOVA, Bonferroni’s post hoc
test. ###P < 0.001, one-way ANOVA, Bonferroni’s post hoc test.

Pharmacological experiments showed that E-52862 had no effect on the responses of
sham-operated mice after treatment [F(4,64) = 2.27, P > 0.05], thus suggesting that
normal transmission and perception of sensory and nociceptive inputs remain intact
following pharmacological antagonism of o;R. However, nerve injury-induced
mechanical hypersensitivity was dose-dependently inhibited by the acute
systemic administration of E-52862, with E;.x = 100% and EDsy = 35.8 + 3.4 mg/kg. A
statistically significant dose effect was obtained in PSNL mice [F(4,64) = 23,2;
P < 0.001]. Bonferroni’s post hoc test revealed that E-52862 significantly increased the

paw withdrawal threshold at 40 and 80 mg/kg (P < 0.001) as compared to the baseline
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nerve-injured hindpaw value, while 20 mg/kg of E-52862 had no significant effect
(P >0.05) (Fig. 1C). The antinociceptive effect of E-52862 was consistent with the
observation that 6;R”" mice failed to develop mechanical hypersensitivity following

nerve injury in o;R, shown in Article 1.

The efficacy and potency of &R antagonist E-52862 to reduce the mechanical
hypersensitivity secondary to neuropathic pain was maximum and well within the range
of doses where E-52862 was active in other pain models, including chemical
sensitization with capsaicin (EDsy = 26.3 = 5.5 mg/kg), formalin (EDsy = 40.0 = 5.2
mg/kg), CFA (42.1 £ 7.1 mg/kg) or carrageenan (35.9 + 9.8 mg/kg) (Gris et al., 2014),
and PSNL-induced mechanical allodynia (EDsy = 23.4 + 0.9 mg/kg) (Romero et al.,
2012). Our results showed that the EDsy of E-52862 was higher than that obtained by
Romero and co-workers in the same model of neuropathic pain in male mice, thus
suggesting the possibility of gender influences. This study was performed in female
mice for comparison with the affective-motivational studies (see Article 4) where
females were used on the basis of studies of the literature, which indicate that females
are more susceptible to psychological distress and severe pain than their male
counterparts (Mogil and Chanda, 2005; Breivik et al., 2006; Theis et al., 2007;

Fillingim et al., 2009).

In summary, this pharmacological study showed that &R blockade suppresses
nociceptive reflex behaviours in a peripheral nerve injury model in mice, thus
supporting the hypothesis that 6|R plays a role in the sensory-discriminative component

of chronic neuropathic pain.
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1.1.2. AnnexII

Effect of genetic and pharmacological blockade of the sigma-1 receptor on the

expression of writhing reflex behaviour after AA-induced visceral pain

This study evaluated the role of ;R on the sensory-discriminative component of acute
pain using the acetic acid (AA)-induced abdominal writhing. Intraperitoneal
administration of a diluted dose of AA, which irritates the serous membranes, causes a
very stereotyped behaviour in the mouse, characterized by abdominal contractions,
movements of the body as a whole (particularly of the hind paws) and twisting of
dorso-abdominal muscles (Le Bars et al., 2001). These behaviours are considered to be
reflexes and thus evidence of the sensory-discriminative aspect of pain (Hammond,
1989; Le Bars et al., 2001). Similarly to chronic pain, writhing-reflex responses were
assessed when the receptor was absent using 6;R”" mice and when the receptor function
was blocked using the systemic administration of selective 6;R antagonists E-52862

and BD-1063.

Experiments were performed in female wild-type mice (Charles River, Barcelona,
Spain) and 61R”" CD-1 mice (Laboratorios Esteve, Barcelona, Spain) weighing 25-30 g.
o1R”" mice were generated on a CD-1 background as previously described (Article 1).
AA solutions were prepared by adding 0.015, 0.03, 0.06 and 0.09 mL of glacial acetic
acid to double deionized water at a final volume of 10 mL. The injection volume of
acetic acid was 10 mL/kg, i.p. E-52862 and BD-1063, purchased by Laboratories Esteve
(Barcelona, Spain), were dissolved in HPMC 0.5% and administered intraperitoneally at

a volume of 10 mL/kg.
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The evaluation of visceral nociception was performed using writhing tests according to
Koster and co-workers (Koster et al., 1959). In the time course and dose range study of
AA-induced writhing, wild-type and o1R”" mice received a single i.p. administration of
AA at different doses (0.15, 0.3, 0.6 and 0.9%, w/v). After injection of AA each mouse
was placed inside a Plexiglas observation cylinder (25 cm diameter; 30 cm high) and the
number of writhes was recorded for 60 min. A writhe was defined as a wave of the
contraction of the abdominal wall muscles followed by extension of the hind limbs.
Based on the results of this experiment, the dose of 0.6% was selected to evaluate the
effects of drugs injected 30 min before AA, and the number of abdominal contractions
was counted for 10 min starting at 5 min after AA injection, where maximum
contractions were obtained. In control mice, an appropriate amount of vehicle (HPMC

0.5%) was used.

Behavioural data are expressed as mean £ SEM. One-way repeated measures ANOVA
was used to analyse writhing data measured for 60 min. The total number of writhing
data was analysed with two-way ANOVA (genotype and AA doses as main factors)
followed by Bonferroni’s multiple comparison test as post hoc analysis. A value of
P <0.05 was considered to be statistically significant. Statistical analyses were carried
out with the GraphPad Prism 5.00 program (GraphPad Software, San Diego, CA, USA).
For EDs calculation, data were converted to percentage of antinociception based on the
following formula: Antinociception % = [(mean no. of writhes (test group) — mean no.
of writhes (control group) / mean no. of writhes (control group)] x 100%. A
dose-response curve was plotted by nonlinear regression analysis, and EDsy (dose of
drug that produced half of its maximal response) and E,x (maximum effect) values

were obtained. SEs were calculated on the basis of the best-fit values = SEs of
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regression with GraphPad Prism software, and data were analysed with one-way

ANOVA followed by Bonferroni’s post hoc test for individual inter-group comparisons.

Figure 1 shows the number of writhes induced by i.p. administration of different
concentrations of diluted acetic acid. AA (0.15-0.9%, 1.p.) evoked a dose-related
abdominal writhing behaviour. The highest number of abdominal writhes was observed
5 min after AA administration for 10 min with both the 0.6 and 0.9% doses of AA.
Then, a progressive decrease in this behaviour was observed. The effects of AA were no

longer apparent after 60 min (P < 0.005, 0.9% AA, 0.6% AA, Fig.1A).

The time course of the writhing response evoked by i.p. administration of different
doses of AA was indistinguishable between homozygous o1R” and wild-type mice
(data not shown). Fig. 1B shows the total number of writhes counted for 60 min. Lower
doses of AA (0.3% and 0.15%) induced a reduced number of writhes for both genotypes
(0.15% AA: 17.0 = 7.1 and 9.0 £ 2.9 writhes in wild-type and o1R”" mice, respectively;
0.3% AA: 14.8 + 7.9 and 23.3 + 10.7 writhes in wild-type and o,R”" mice, respectively).
However, AA injected at doses of 0.6% and 0.9% dramatically increased abdominal
contractions in both homozygous o;R” and wild-type mice. Consequently, no
statistically significant differences were found between wild-type and 6;R” mice in the
total number of writhes measured for 60 min (0.6% AA: 107.0 £ 9.8 and 114.0 = 18.7 in
wild-type and o;R”" mice, respectively; 0.9% AA: 1459 + 16.8 and 141.1 + 14.0
writhes in wild-type and o:R”" mice, respectively) (Fig. 1B). The fact that the absence
of ;R failed to modify the reflex behaviour after AA-induced visceral pain suggested

that 6;R does not play a key role in this behaviour.
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Fig. 1. Writhing behaviour induced by i.p. administration of different concentrations of AA
(0.15-0.9%) in mice. The nociceptive reflex responses (writhes) were recorded for the first 60 min after
administration of AA. (A) Time course of these reflex responses in wild-type mice. (B) Cumulative

number of writhes during the 60 min period in wild-type (WT) and 6,R”" mice. Data are means + SEM.
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Fig. 2. Effects of ;R antagonists on the AA-induced writhing test in mice. A) o,R antagonists
BD-1063 or E-52862 were tested in the AA-induced writhing test in mice. The number of writhes induced
by 0.6% AA was completely blocked by 30 min pre-treatment with BD-1063 or E-52862. ***P < (.001

vs. vehicle, one-way ANOVA, Bonferroni’s post hoc test.

Also, the effect of 6;R antagonists on the number of reflex behaviours evoked by AA
after treatment with E-52862 or BD-1063 was evaluated. Both BD-1063 and E-52862

dose-dependently reduced the number of writhes (Fig. 2) with similar potency
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(EDso=34.2 + 2.3 and EDsy = 39.6 + 7 mg/kg, respectively) and efficacy (Emax = 100%

vs. 106.3%, respectively) (Fig. 2B).

As shown for chronic neuropathic pain described in Annex I, these EDs, values are well
within the range of doses where E-52862 was active in other pain models (see Table 1).
The fact that pharmacological blockade of 6;R produced a dose-response decrease in
the number of writhes induced by AA suggests that 6;R plays a role in the behavioural

expression of AA-induced reflex responses.

Table 1. EDs, values for E-52862 in different mouse models of pain.

Nociceptive E-52862

. . . -/= 1)
Animal model Pain etiology response ED, + SE o:R"vs wT References
CFA . Chronlg MeCham.C.al. 421 +7A1 attenuated Gris et al., 2014
inflammation  hypersensitivity
Formalin test ~ Tonic nociception Licking 40.0+5.2 attenuated Romero et al., 2012
Writhing assay Acutg V|sgeral Writhing reflex  39.6 + 7.0  indistinguishable Annex |l
nociception
Carregeenan . Acute. MeChanl.C.al. 35.9 £9.8 indistinguishable  Gris et al., 2014
inflammation  hypersensitivity
PSNL Chronic Mechanical 35.8+3.4 not developed Annex |

neuropathy hypersensitivity

Neurogenic Mechanical

Capsaicin test nociception hypersensitivity

26.3+5.5 not developed Romero et al., 2012

UONociceptive responses obtained in o R mice as compared to wild-type (WT) mice after painful
stimulation in the specified animal models. PSNL: Partial sciatic nerve ligation;, CFA: complete Freund's

adjuvant.
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These results have yielded apparently conflicting results. Indeed, while the absence of
o1R failed to modify the nociceptive responses evoked by i.p. administration of AA, the
pharmacological blockade of ;R produced a clear antinociceptive response. 6;R”" mice
showed a “pain-resistant” phenotype in some experimental pain models such as the
formalin, capsaicin or neuropathic pain models (i.e. nociceptive behaviours did not
develop or were inhibited vs. wild-type) (Cendan et al., 2005b; Entrena et al., 2009;
Nieto et al., 2012) (Article 1). However, the genetic inactivation of o;R did not prevent
the acquisition of CARR-induced and CFA-induced pain-related behaviours or
PSNL-induced heat hypersensitivity (Article 1). As different injuries are known to
recruit different pain pathways and mechanisms (Lee et al., 1998; Dowdall et al., 2005;
Li et al., 2013), the different phenotypes observed throughout the various models
suggest a distinct involvement of the o;R system in the mechanisms underlying pain

responses, depending on the pain model and the readout.

In summary, the main findings were that the pain-related behaviours (writhes) induced
by i.p. administration of AA were similar in wild-type and ,R”" mice, thus suggesting
that ;R does not play a key role in the sensory-discriminative manifestation of acute
pain. However, the pharmacological blockade of o;R inhibited the expression of the
AA-induced reflex behaviour in wild-type mice, thus suggesting that the acute
modulation of 6;R by drugs can affect the sensory-discriminative component of acute

pain.

88



Affective-motivational component of pain Results
2. Role of the sigma-1 receptor in the
affective-motivational component of chronic

neuropathic pain and acute visceral pain

89






Affective-motivational component of pain Results

2. Role of the sigma-1 receptor in the affective-motivational

component of chronic neuropathic pain and acute visceral pain

Because depression is strongly linked to pain in humans (Simons et al., 2014), we
focused on depressive-like behaviours to study the role of o;R in the
affective-motivational component of acute and chronic pain. To this end, the two
different strategies previously used in the sensory-discriminative component of pain
were followed. First, both AA-treated and PSNL mice and their respective controls were
tested for anhedonia —a core symptom of depression defined as the inability to
experience pleasure from activities typically found enjoyable— by means of the
saccharin preference test. The results obtained from experimental procedures conducted
in acute visceral pain model are reported in Article 2, and the results obtained from
experimental procedures in chronic neuropathic pain model are reported in Annex III.
The results obtained in these experimental approaches led us to devise a reward seeking
behaviour (RSB) paradigm where not only consumption but also appetitive,
goal-directed behaviours would be reliably disrupted by pain (Article 3). Finally, we
compared the response to AA and PSNL of wild-type and 61R”" mice on RSB and also
characterized the dose response effect of E-52862 and known analgesics on pain-related
depression of RSB. The results obtained from these experimental procedures conducted
in the acute visceral pain model are reported in Annex IV. The results obtained in the
chronic neuropathic pain model are reported in Article 4. This article also compares the
effect of E-52862 with the sensory-discriminative component of pain (already shown in

Annex I).
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Abstract: Reflex-based procedures are important measures in preclinical pain studies that
evaluate stimulated behaviors. These procedures, however, are insufficient to capture the
complexity of the pain experience, which is often associated with the depression of several
innate behaviors. While recent studies have made efforts to evidence the suppression of some
positively motivated behaviors in certain pain models, they are still far from being routinely
used as readouts for analgesic screening. Here, we characterized and compared the effect of the
analgesic ibuprofen (Ibu) and the stimulant, caffeine, in assays of acute pain-stimulated and pain-
depressed behavior. Intraperitoneal injection of acetic acid (AA) served as a noxious stimulus
to stimulate a writhing response or depress saccharin preference and locomotor activity (LMA)
in mice. AA injection caused the maximum number of writhes between 5 and 20 minutes after
administration, and writhing almost disappeared 1 hour later. AA-treated mice showed signs of
depression-like behaviors after writhing resolution, as evidenced by reduced locomotion and
saccharin preference for at least 4 and 6 hours, respectively. Depression-like behaviors resolved
within 24 hours after AA administration. A dose of Ibu (40 mg/kg) — inactive to reduce AA-
induced abdominal writhing — administered before or after AA injection significantly reverted
pain-induced saccharin preference deficit. The same dose of Ibu also significantly reverted the
AA-depressed LMA, but only when it was administered after AA injection. Caffeine restored
locomotion — but not saccharin preference — in A A-treated mice, thus suggesting that the reduc-
tion in saccharin preference — but not in locomotion — was specifically sensitive to analgesics.
In conclusion, AA-induced acute pain attenuated saccharin preference and LMA beyond the
resolution of writhing behavior, and the changes in the expression of hedonic behavior, such
as sweet taste preference, can be used as a more sensitive and translational model to evaluate
analgesics.

Keywords: saccharin preference, locomotor activity, pain, writhing, analgesia, ibuprofen,
caffeine

Introduction

Most studies on pain and analgesia use reflex-based procedures (eg, tail flick, licking,
and guarding) induced by aversive stimulation through the application of particular
mechanical, thermal, electrical, and chemical stimuli to identify analgesics. This
approach has been evaluated critically because it overfocuses on reflex behaviors and
consequently neglects the key affective component of pain phenomena. ' Consequently,
the development of relevant new dependent variables to increase the validity of ani-
mal models of pain is increasingly pursued.*®* Among them, the evaluation of innate
behaviors suppressed — instead of enhanced — by pain has been highlighted.®”*'?
A claimed advantage of selecting these behaviors as endpoints is that those drugs
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with analgesic properties will be associated with increased
behavior rates, and, as a result, analgesic effects would be
readily dissociable from motor impairment. In addition, the
study of pain-suppressed behaviors should allow outlining the
role of behavioral depression, which is normally associated
with pain syndromes''* and with others aspects related to
the mechanisms and determinants of the affective component
of pain."

From this perspective, any behavior spontaneously per-
formed by an animal can be selected as target behavior to
evaluate whether pain is or is not able to depress it. However,
hedonically oriented behaviors, which are behaviors that have
the ability to ensure a positive emotional state experienced as
pleasure, ' are expected to be rapidly expressed and main-
tained by the animals at relatively high rates, which would
help reduce methodological problems such as using food or
water deprivation during the behavioral tasks. Furthermore,
decreases in rate, frequency, duration, or intensity of highly
preferred behaviors (“hedonic behaviors”) caused by pain
(or other insults) can be suggestive of a deterioration of the
animal global welfare and/or quality of life, which makes
hedonically oriented behaviors interesting in the testing of
beneficial effects of analgesics — which should restore the
normal hedonic behavior of the animals.

In this study, two positively motivated behaviors, such as
the natural rodent preference for sweet taste and rodent loco-
motor activity (LMA) in a novel environment, were selected
as the main dependent variables to measure the presence of
pain or analgesia. Preference for sweet taste maintains a high
rate in mice and requires an intact cognitive function as well
as appetitive motivation.'® A precise measurement of sweet
taste preference is easy to conduct and can be determined
in home cages without animal handling. This behavior has
been shown to be sensitive to different pharmacological and
environmental manipulations. It has been used to model
anhedonia — the lack of interest or pleasure in response to
hedonic stimuli or experiences — in the chronic mild stress
animal model of depression.'** LMA measures spontaneous,
instinctive behaviors of rodents that are largely motivated by
the exploration of a novel environment for means of escape.
Decrease in locomotion as a consequence of pain has been

11,21-23

consistently reported in both humans and rodents,® and
psychomotor retardation — which includes motor impairment
affecting gross locomotor skills — is also a central feature of
depression.?**

The classical preclinical pain test of acetic acid (AA)-
induced abdominal constriction to induce pain was used. In

this test, AA injection causes inflammation of the abdominal

cavity wall and evokes sustained writhing behavior and
reduced motor activity. The occurrence of this writhing
behavior (abdominal cramps or stretching) per unit of time
is commonly evaluated. These behaviors are considered to
be reflexes and to be evidence of visceral pain,* but the fre-
quency of writhing decreases spontaneously with time.

The goal of the present study was to compare the anal-
gesic sensitivity of two pain-suppressed behaviors with the
AA-induced standard reflexive outcome (writhing behavior).
For that purpose, the time course of AA-induced behavior
(writhing) and AA-depressed behavior (saccharin preference
and LMA) was first studied. Secondly, the restorative effects
on both LMA and saccharin preference behavior of a dose of
ibuprofen (Ibu) devoid of efficacy on AA-induced writhing
were evaluated. This was performed by administering the
drug before (development protocol) and after (expression
protocol) the induction of pain by AA. Finally, the effects of
caffeine-induced behavioral activation to assess the specific-
ity of the different tests were evaluated.

Methods

Animals

Female CD1 mice weighing 25-30 g were used in all experi-
ments (Charles River, L Arbresle, France). The study protocol
was approved by the local Committee of Animal Use and Care
of our institution (ESTEVE) and was in accordance with the
guidelines for the Care and Use of Laboratory Animals of
the European Community (European Directive 2010/63/EU)
and with the International Association for the Study of Pain
guidelines on ethical standards for investigation in animals.”’
Light/dark cycle (reverted 12/12 hours, lights on at 6 pm),
temperature (22°C), and humidity (40%) were controlled.
Animals had free access to food and water and were used
after 14 days of acclimatization to housing conditions. All
experiments were performed between 9 am and 6 pm.

Drugs

The drugs investigated were Ibu (40-320 mg/kg), sup-
plied by Laboratorios Esteve (Barcelona, Spain), and caf-
feine (5-20 mg/kg), purchased from Sigma Chemical Co
(Barcelona, Spain). Approximately 0.5% hydroxypropyl
methylcellulose (HPMC) (Sigma Chemical Co) dissolved
in saline was used as vehicle. The drugs (or the vehicle
in the control group) were administered intraperitoneally
(IP) at a volume of 10 mL/kg. The time of administration
was chosen in order to evaluate the putative preventive or
restorative effect of Ibu on target behaviors. To evaluate
the preventive effect, the drug was administered 30 minutes
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before AA challenge (“development protocol”). To evaluate
a purely restorative effect, the drug was administered 120 or
150 minutes after AA challenge for saccharin preference and
LMA, respectively (“expression protocol”).

Assay of acetic acid-induced writhing

For the time course study, mice were injected 10 mL/kg of
AA (0.6%) or vehicle (distilled water) by IP route. Each
mouse was then placed in an individual, clear plastic obser-
vation chamber and the total number of writhes was counted
for 1 hour after administration.

Based on the results of this protocol, the interval ranging
between 5 and 15 minutes after AA injection was selected
to evaluate the effects of Ibu and caffeine on the number of
writhes. Separate groups of mice were administered vehicle
(HPMC 0.5%), Ibu, or caffeine, IP, 30 minutes before 0.6%
AA injection.

For scoring purposes, a “writhe” was defined as a con-
traction of the abdominal muscles accompanied by body
elongation and hind limb extension. Data are expressed as
the mean number of writhes over the 10-minute observation
period.

Saccharin preference test

Mice were habituated to saccharin (0.1%, Sigma Aldrich
Co, St Louis, MO, USA) consumption by means of sac-
charin solution diluted in tap water as sole drinking fluid for
48 hours. After habituation, the baseline saccharin preference
was measured for 6 hours 1 day before the test. During the
saccharin preference test, fluid consumption was measured
for 24 hours with a two-bottle protocol, whereby mice were
exposed to a bottle each of tap water and 0.1% saccharin
solution. Water and saccharin solution intake was estimated
simultaneously in control and experimental groups by weigh-
ing the bottles at 2, 4, 6, 8, and 24 hours. The animals were not
previously deprived of water and food, but had no access to
food during the first 6-hour preference tests. For each mouse
on each day, the ratio of solution preference was calculated
according to the formula below:

Ratio (%) = Saccharin solution intake/(Saccharin
solution intake + Water intake)x100

Novelty induced LMA evaluation

LMA was scored automatically in independent experiments.
Eight standard actimeters (Linton Instrumentation Inc.,
Norfolk, UK) equipped with infrared beam motion detec-
tors were used. On the day of the experiment, mice were
evaluated in a dark environment. Mice were marked and

weighed at the beginning of each experimental session. After
administering AA, the compounds, or their vehicles, the
animals were returned to their home cages and then placed
in the LMA cages at the scheduled time. In the time course
experiment, LMA was evaluated in separate groups of mice
exposed to the chamber only once at the scheduled post-AA
time (1, 2, 3, 4 or 5 hours post-AA). Moving time (seconds)
was measured for 60 minutes in each separate group, with
readings performed every 5 minutes.

Data analysis

Data are expressed as mean + standard error of mean. For
studies of LMA and saccharin preference, data were ana-
lyzed with two-way repeated measures analysis of variance
(ANOVA), with pain and treatment drug as factors. One-way
ANOVA was used for area under the curve (AUC, from 0 to
24 hours) comparison. One-way repeated measures ANOVA
was used to analyze writhing test data, and one-way ANOVA
with Bonferroni’s multiple comparison test as post hoc
analysis was used to analyze drug treatment data. P<<0.05
was considered statistically significant. Statistical analyses
were carried out with the GraphPad Prism 5.00 program
(GraphPad Software, San Diego, CA, USA).

Results
Acetic acid-induced stimulation
of writhing and depressed sweet

preference behavior

IP injection of 0.6% AA robustly induced the appearance of
abdominal constrictions (writhing) in mice (Figure 1, left
axis). The number of writhes peaked 5-20 minutes after AA
administration (P<<0.001). Then, a progressive decrease in this
behavior was observed, and the effects of AA were no longer
apparent after 60 minutes (P>0.05). The right axis of Figure 1
shows the preference for a saccharin solution (0.1%) in ani-
mals pretreated with AA (pain group) or its vehicle (control
group). The baseline values for saccharin preference measured
1 day earlier did not vary significantly between the pain and
the control groups (80.1£2.1 and 77.3£3.3%, respectively).
Mice treated with the vehicle of AA demonstrated a preference
for saccharin solution over water of 65%—75% at different
times. Variations between baseline and test day values were
observed across all experiments. These variations were attrib-
uted to the different baseline recording times — 6 hours on a
continuous basis —and to mice handling on the test day, which
included IP injection. Pretreatment with 0.6% but not 0.3%
(data not shown) AA significantly decreased the expression of
saccharin preference behavior as compared to control mice.
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Figure | Time course of AA-induced writhing and AA-depressed saccharin preference measured over a period of 24 hours post-AA.
Notes: The administration of AA (0.6%) (pain group, black squares) induced the appearance of writhing behavior (left axis) that almost disappeared after | hour. In contrast,
depressed sweet preference behavior (right axis) remained for at least 6 hours as compared to control mice (white squares). Data are mean + SEM. *P<<0.05 (4-6), **P<<0.01

(0-2), *P<0.001 (2-4) vs pain.

Abbreviations: AA, acetic acid; SEM, standard error of mean; h, hours; min, minutes.

Two-way repeated measures ANOVA (time X pain) showed
a significant effect of time [F(4,48) =28.24, P<<0.001] and
pain [F(1,12) =15.46, P<<0.01] and a significant interaction
between these two factors [F(4,48) =2.76, P<<0.05]. AA-
induced deficit in the expression of this hedonic behavior was
observed for at least 6 hours, and normal preference behavior
was restored 24 hours after AA administration (Figure 1, right
axis). Post hoc testing showed significantly reduced saccharin
preference rates in AA-induced pain in mice at 2, 4, and 6
hours (P<<0.01, P<<0.001, and P<0.05, respectively), but
not at 24 hours.

Acetic acid-induced decrease of LMA

LMA as a function of pretreatment interval at the same
concentration of AA tested in the saccharin preference
experiment is shown in Figure 2. Control mice showed
peak activity during the first 5 minutes. After that, mice
became habituated to the environment and their locomo-
tion behavior progressively declined. The administration

1501

1001

Motion time (s)

of 0.3% AA did not change LMA as compared to vehicle-
treated mice (data not shown). However, mice treated with
0.6% of AA showed a strongly shortened motion time as
compared to control mice (vehicle). A repeated measures
two-way ANOVA showed significant effects of pain
at 60 minutes [F(1,28) =20.69, P<<0.001], 120 minutes
[F(1,28) =16.40, P<<0.001], 180 minutes [F(1,28) =9.23,
P<0.01], and 240 minutes [F(1,28) =18.22, P<<0.001], but
not at 300 minutes [£(1,28) =0.17, P>0.05]. A significant
interaction between pain and time was detected at 60 minutes
[F(11,308)=6.35, P<<0.001], 120 minutes [F(11,308) =7.23,
P<<0.001], and 180 minutes [F(11,308) =2.14, P<<0.05], but
not at 240 minutes [F(11,308)=0.92, P>0.05] or 300 minutes
[F(11,308) =0.62, P>0.05].

Effects of ibuprofen and caffeine

on acetic acid-induced writhing
Ibuadministration 30 minutes before AA led to a significant, dose-
related inhibition of A A-induced writhing in mice. Doses of 160

-0~ Vehicle
- AA0.6%

1.5 2 25

3 3.5 4.5

Time post-AA (h)

Figure 2 Time-related effect after AA injection on AA-depressed exploratory behavior.
Notes: Separate groups of animals were injected with AA 0.6% (black squares) or its vehicle (white squares) at 0, |, 2, 3, and 4 hours before each LMA evaluation. Each group
of mice was exposed to the chamber only once on the indicated post-AA time. Motion time (seconds) was measured between 0 and 60 minutes, every 5 minutes. Note that
LMA depression in mice injected with AA 0.6% remained for at least 4 hours as compared to vehicle-treated mice. Data are mean + SEM.

Abbreviations: AA, acetic acid; LMA, locomotor activity; SEM, standard error of mean; h, hours; s, seconds.
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and 320, but not 40 or 80 mg/kg, significantly inhibited AA-
induced writhing behavior (P<<0.01, Figure 3A). Caffeine
administration, however, failed to significantly inhibit AA-
induced writhing in mice at the doses of 5, 10, and 20 mg/kg
IP (Figure 3B, NS).

Effects of ibuprofen on AA-induced

deficit in saccharin preference behavior
Next, we aimed at determining whether an analgesic was
able to revert AA-induced deficit in the saccharin preference
behavior of mice in two different administration protocols,
the “development” and the “expression” protocols.

In the development protocol, 40 mg/kg of Ibu — a dose
that failed to produce any analgesic effect evaluated by AA-
induced writhing — or vehicle were administered 30 minutes
before AA challenge. Mice receiving vehicle (vehicle +
AA group) before AA injection showed a significantly
depressed saccharin preference behavior as compared to
control mice (vehicle + vehicle group). Repeated measures
two-way ANOVA (time X pain) showed a significant effect
oftime [F(5,80)=27.17, P<0.001] and pain [F(1,80) =4.81,
P<0.05], and a significant time X pain interaction between
these two factors [F(5,80) =2.45, P<<(0.05]. Ibu did not affect
the normal saccharin preference of vehicle-injected mice
(Ibu + vehicle group) and did not prevent decreased saccha-
rin preference in AA-treated mice (Ibu + AA group) before
2 hours, but it was able to revert the AA-induced deficit in
the preference for saccharin from 2 to 6 hours (Figure 4A).
Repeated measures two-way ANOVA (time X treatment)
showed a significant effect of time [F(5,80) =39.29,
P<0.001], treatment [F(1,80) =11.91, P<<0.05], and inter-
action between these two factors [F(5,80) =3.49, P<<0.01].
One-way ANOVA followed by Bonferroni’s post hoc test
of the AUC (from 0 to 24 hours) globally suggested total

A
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2 30{ T
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g 104 %
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0 40 80 160 320

Ibuprofen (mg/kg, IP)

Figure 3 Effect of Ibu (A) and caffeine (B) on AA-induced writhing.

restoration of saccharin preference behavior in AA-treated
mice (Figure 4B; P<<0.01).

We took advantage of the long-term duration of the AA-
induced decrease in saccharin preference to evaluate whether
Ibu was able to revert the deficit once established (“expression
protocol”). Thus, Ibu or vehicle was administered 2 hours after
AA or vehicle challenge (arrow in Figure 4C). AA-injected
mice treated with vehicle (vehicle + AA group) showed a
significant decrease in saccharin preference behavior as
compared to those injected with vehicle (vehicle + vehicle
group). Two-way repeated measures ANOVA (time X pain)
showed a significant effect of time [F(5,70)=31.34, P<<0.001],
pain [F(1,70) =9.13, P<<0.01], and interaction between
these two factors [F(5,70) =3.58, P<<0.01]. Similar to the
development protocol, Ibu did not change the preference
for saccharin of the vehicle-injected mice, but was able
to revert the deficit of the AA-injected mice (Figure 4C).
Repeated measures ANOVA (time X treatment) showed a sig-
nificant effect of time [F(5,70) =34.52, P<<0.001], treatment
[F(1,70)=5.09, P<<0.05], and interaction between these two
factors [F(5,70)=4.63, P<<0.001]. Similarly, one-way ANOVA
followed by Bonferroni’s post hoc test of the AUC was also
suggestive of a restored saccharin preference behavior in
AA-treated mice (Figure 4D, P<<0.01).

Effects of ibuprofen on the
AA-induced deficit in LMA
‘We next aimed to determinate whether Ibu was able to revert
the AA-induced deficit in the exploratory behavior of mice,
also using the two administration protocols (“development”
and “expression” protocols).

In order to prevent deficit, Ibu was again administered
at 40 mg/kg (inactive dose evaluated by writhing behaviors)
30 minutes before AA challenge (“development protocol”).

B

:.:%30-/]_?
3 '%
§10./¢
b3 0 /é

Caffeine (mg/kg, IP)

Notes: Ibu (40, 80, 160, and 320 mg/kg) and caffeine (5, 10, and 20 mg/kg) were administered IP 30 minutes prior to writhing test. Note that 40 mg/kg of Ibu did not

significantly reduce the number of writhes. *P<0.001 vs vehicle.
Abbreviations: AA, acetic acid; Ibu, ibuprofen; IP, intraperitoneal.
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Notes: Administration of 40 mg/kg of Ibu 30 minutes before (development protocol) and 2 hours after (expression protocol) AA injection reverted (Ibu + AA group; gray
circle in A and C, and gray solid bar in B and D) saccharin preference behavior deficit in AA-treated mice (vehicle + AA group; black square in A and C, and black bar in B
and D). The vehicle + vehicle group (white square in A and C, or white bar in B and D) includes control mice injected with vehicle instead of AA and treated with the vehicle
of Ibu. The Ibu + vehicle group (white circle in A and C, or lined bar in B and D) includes control mice injected with vehicle instead of AA and treated with Ibu. Bar graphs
(B and D) show the AUC values calculated for each experimental group in both protocols. Data are mean + SEM. *P<<0.05 vs vehicle group; **P<<0.01 vs AA-induced pain

group; ***P<0.01 vs vehicle group; *P<<0.05 vs AA-induced pain group.

Abbreviations: AA, acetic acid; AUC, area under the curve; Ibu, ibuprofen; SEM, standard error of mean; h, hours.

Vehicle-treated mice injected with AA (vehicle + AA group)
showed a significantly depressed LM A behavior as compared
to control mice (vehicle + vehicle group). Repeated measures
two-way ANOVA (time X pain) showed a significant effect
oftime [F(11,154)=9.81, P<<0.001], pain [F(1,154)=20.10,
P<0.001], and no interaction between these two factors
[F(11,154)=1.68, P>0.05]. While Ibu administration failed
to significantly affect the expression of the LMA behavior in
the animals injected with AA vehicle (Ibu + vehicle group),
it did slightly increase the LMA of AA-injected mice (Ibu +
AA group), particularly over the first 10 minutes (Figure 5A).
Repeated measures ANOVA (time X treatment) showed a
significant effect of time [F(11,154) =31.02, P<<0.0001],
treatment [F(1,154) =10.72, P<<0.001], and interaction
between factors [F(11,154) =2.43, P<<0.01]. While AUC
values calculated for each experimental group indicated a
partially restored saccharin preference behavior caused by
Ibu in AA-injected mice (Figure 5B), one-way ANOVA fol-
lowed by Bonferroni’s post hoc test of the AUC showed no
statistically significant differences.

The effects of Ibu 2 hours after AA challenge (“expres-
sion protocol”) are shown in Figure 5C. Vehicle-treated
mice after AA injection (vehicle + AA group) showed a
significant decrease in exploratory behavior as compared to

control mice (vehicle + vehicle group). Repeated measures
two-way ANOVA (time X pain) showed a significant effect
of time [F(11,198)=15.85, P<<0.001], pain [F(1,198)=33.35,
P<0.001], and interaction between these two factors
[F(11,198) =1.05, P<<0.05]. Ibu did not change the LMA
of the mice injected with AA vehicle (Ibu + vehicle group).
However, Ibu was able to fully revert LMA decrease in
the AA-injected mice (Ibu + AA group). Repeated mea-
sures ANOVA (time x treatment) showed a significant
effect of time [F(11,198) =30.98, P<<0.001] and treatment
[F(1,198) =25.14, P<<0.001], but no interaction between
these two factors [F(11,198) =0.27, P>0.05]. One-way
ANOVA followed by Bonferroni’s post hoc test of the AUC
was also suggestive of fully restored LMA behavior in AA-
treated mice (Figure 5D, P<<0.01).

Effects of caffeine on the AA-induced
depression in saccharin preference

and LMA behavior

In order to study the specificity of the endpoints, we tested
the effects of caffeine, a nonanalgesic stimulant produc-
ing behavioral increases, on AA-induced depression in
both LMA and saccharin preference behaviors using the
development protocol. The effects on LMA are shown
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Figure 5 Effect of Ibu on AA-decreased exploratory behavior.

Notes: Administration of 40 mg/kg 30 minutes before AA (development protocol) partially prevented, but not significantly reverted (Ibu + AA group; gray circle in A,
and gray solid bar in B), locomotor activity deficit in AA-treated mice (vehicle + AA group; black square in A, and black bar in B). Ibu administered 150 minutes after AA
(expression protocol) completely restored (Ibu + AA group; gray circle in C, and gray solid bar in D) locomotor activity in AA-treated mice (vehicle + AA group; black
square in C, and black bar in D). The vehicle + vehicle group (white square in A and C, or white bar in B and D) includes control mice injected with vehicle instead of AA
and treated with the vehicle of Ibu. The Ibu + vehicle group (white circle in A and C, or lined bar in B and D) includes control mice injected with vehicle instead of AA and
treated with Ibu. Bar graphs (B and D) show the AUC values calculated for each experimental group in both protocols. Data are mean + SEM. *P<<0.001 compared to the

vehicle-treated group; **P<<0.001 vs AA-induced pain group.

Abbreviations: AA, acetic acid; AUC, area under the curve; Ibu, ibuprofen; SEM, standard error of mean; min, minutes; s, seconds.

in Figure 6A. Caffeine was administered at 10 mg/kg (IP)
30 minutes before AA challenge. As expected, AA-injected
mice treated with vehicle (vehicle + AA group) showed
a significantly depressed LMA behavior as compared to
control mice (vehicle + vehicle group). Repeated measures
two-way ANOVA (time X pain) showed a significant effect
oftime [F(11,275)=16.59, P<<0.001], pain [F(1,275)=46.21,
P<0.001], and interaction between these two factors
[F(11,275)=1.50, P>0.05]. Caffeine administration caused
the expected increase in vehicle-injected mice (caffeine +
vehicle group), but also increased the LMA of AA-injected
mice (caffeine + AA group) as compared to control mice
(vehicle + vehicle group) (Figure 6A). Repeated measures
two-way (time X treatment) ANOVA showed a significant
effect of time [F(11,187) =59.63, P<<0.001], treatment
[F(1,187)=22.32, P<<0.001], and interaction between these
two factors [F(11,187)=10.55, P<<0.001]. One-way ANOVA
followed by Bonferroni’s post hoc test of the AUC confirmed
the caffeine-induced increase in LMA of both AA-treated
and vehicle-treated mice (Figure 6B).

The effects on saccharin preference behavior are shown
in Figure 6C. Caffeine was administered at the same dose of
10 mg/kg (IP) 30 minutes before AA challenge. AA-injected

mice treated with vehicle (AA + vehicle group) showed
a significant decrease in saccharin preference behavior as
compared to control mice (vehicle + vehicle group). Two-
way repeated measures ANOVA (time X pain) showed a
significant effect of time [F(4,64) =21.36, P<<0.001], pain
[F(1,64) =21.33, P<<0.001], and interaction between these
two factors [F(4,64) =6.18, P<<0,001]. Caffeine administra-
tion did not significantly affect the expression of the saccharin
preference behavior of the animals injected with the vehicle
of AA (caffeine + vehicle group) as compared to control mice
(vehicle + vehicle group). Interestingly, caffeine administra-
tion to AA-injected mice (caffeine + AA group) did not revert
the AA-induced decrease in saccharin preference. Two-way
repeated measures ANOVA (time X treatment) showed a sig-
nificant effect of time [F(4,68) =59.75, P<<0.001], but not treat-
ment [F(1,68) =0.12, P>0.05] or interaction between these
two factors [F(4,68) =0.72, P>0.05]. AUC calculation clearly
indicates the absence of caffeine effect on saccharin preference
behavior deficit in AA-treated mice (Figure 6D).

Discussion
Efforts have recently been made to investigate pain
and analgesia using novel paradigms that do not rely
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Figure 6 Effect of caffeine on AA-decreased sweet preference (C and D) and exploratory (A and B) behaviors.

Notes: Administration of 10 mg/kg of caffeine 30 minutes before AA (caffeine + AA group; gray circle in A and C, and gray solid bar in B and D) reverted locomotor
activity deficit, but not saccharin preference depression in AA-treated mice (vehicle + AA group; black square in A and C, and black bar in B and D). The vehicle + vehicle
group (white square in A and C, or white bar in B and D) includes control mice injected with vehicle instead of AA and treated with the vehicle of caffeine. The caffeine +
vehicle group (white circle in A and C, or lined bar in B and D) includes control mice injected with vehicle instead of AA and treated with caffeine. Note that this control
group increases the cumulative motion time as compared to the vehicle + vehicle group in the locomotor activity experiments (A and B), but not in the saccharin preference
endpoint (C and D). Bar graphs (B and D) show the AUC values calculated for each experimental group in both protocols. *P<<0.00 1 compared to the vehicle-treated group;

*#p<0.01, #**P<0.00! vs AA-induced pain group.

Abbreviations: AA, acetic acid; AUC, area under the curve; Ibu, ibuprofen; h, hours; min, minutes; s, seconds.

solely on reflex-based withdrawal responses.* Decreases

28 10

in burrowing,?® nesting,” feeding,!® intracranial self-

stimulation,

wheel running,*-*? and food-maintained
operant responding’ to evaluate the presence of pain and
analgesia have also been reported. Also, decreased LMA
as a consequence of pain has been consistently reported in
both humans and rodents.®'?'-2* The present study provides
evidence that the hedonic behavior of sweet taste preference
using saccharin in mice was strongly depressed by AA and
that it can be used to detect the analgesic effects of drugs.
The characteristic pain writhing behavior induced by AA,
which lasted less than 1 hour, was followed by a substantially
longer “behavioral depression” manifested by a strongly
decreased expression of both saccharin preference and
LMA for at least 4 hours. Pain-suppressed behaviors long
after AA-induced writhing behavior is consistent with the
results of a previous study showing a similarly decreased
LMA for 5 hours after treatment with 0.56% AA in male
ICR mice.!! However, to our knowledge, this is the first
time that such a sustained depression (for at least 6 hours) of
sweet taste preference after AA administration is described.
Previously, the time of feeding suppression using a Liquid
Ensure™ protein drink was determined 1 hour after 0.56%

AA administration.'?

In the present study, a visceral noxious stimulus was
selected to induce pain. Visceral pain presents with important
differences as compared to cutaneous somatic pain. Somatic
and visceral pain are mediated, at least in part, through dif-
ferent neural pathways at spinal and supraspinal sites, and
evoke different emotional responses.*** Cutaneous somatic
pain is escapable, can be controlled, and characteristically
evokes active emotional coping responses such as agitation,
hyperactivity, fight—flight, and hypertension. In contrast,
visceral pain is inescapable, cannot be controlled by the
subjects themselves, and usually evokes passive coping
or “conservation-withdrawal” strategies, characterized by
“disengagement from” the environment, ie, behavioral
quiescence and immobility, decreased reactivity to the envi-
ronment, hypotension, and bradycardia.**** The behavioral
inhibition observed after the visceral noxious stimulation
in our study is consistent with this view. Recent data from
our laboratory — where formalin administration to the paw,
a somatic pain model, was unable to alter saccharin prefer-
ence behavior in mice — further support this view (unpub-
lished data).

Ibu started to produce significant effect in the attenu-
ation of the number of writhes at the dose of 160 mg/kg,
but the pharmacological effect of 40 mg/kg of Ibu in the
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saccharin preference paradigm was already consistent with
analgesia, considering the whole 0-24 hours measurement
period. This dose, however, was ineffective to prevent AA-
depressed saccharin preference in the first 2 hours of the
saccharin preference test (development protocol). A logical
explanation for this is that the saccharin preference behavior
reductions observed during the first 2 hours may be caused
by AA-induced writhing behavior, and are not inhibited by
Ibu at 40 mg/kg. These two behaviors (writhing and sac-
charin preference) seem incompatible because mice cannot
drink and writhe at the same time. Interestingly, Ibu clearly
prevented sweet preference behavior deficit after 2 hours.

The fact that 40 mg/kg of Ibu — ineffective to block
pain-induced writhing — was actually effective on the pain-
depressed behaviors of saccharin preference raises the
possibility that the analgesic effects of drugs can be better
observed with a pain-depressed endpoint than with a pain-
stimulated endpoint. This conclusion agrees with those of
several previous studies showing that some analgesics such
as Ibu, morphine, pregabalin, or acetaminophen attenuate the
affective component of pain more potently than its sensory
component.**#! Tn the present study, where decreased sac-
charin preference behavior reflects the affective component
and increased writhing behavior reflects the sensory compo-
nent of AA-induced pain, Ibu was better against the affective
component than against the sensory component of pain.
Furthermore, this could be indicating that a drug can have
analgesic properties without inhibiting the writhing behavior.
This may be of particular importance in a drug discovery
context because possible analgesics may be currently being
discarded based on a lack of efficacy on sensory-based pain
screening experimental models.

The “expression protocol” allowed us to test the effect of
the drug using a within-subject design in animals where the
AA-induced deficit had already been established and once
the AA-induced writhing behavior had disappeared. Before
Ibu administration, AA-treated mice showed the expected
depression in saccharin preference shown by the decrease
observed during the first 2 hours as compared to control
animals. When these animals were treated with Ibu, the
preference for saccharin returned to that of vehicle-treated
animals. This approach allowed avoiding the potential effect
of AA-stimulated behaviors likely to compete with the target
depressed behavior, as we have previously hypothesized to
explain the lack of effect in the development protocol of
the saccharin intake in the first 2 hours, ie, when writhing is
occurring at a relatively high rate, mice cannot perform the
intake of liquid.

In the present study, Ibu administration 30 minutes before
AA (development protocol) was able to only partially prevent
AA-induced decrease in LMA. The results obtained during
the entire hour period suggest that the dose of 40 mg/kg was
not sufficient to completely restore pain-depressed LMA
behavior. The partial efficacy of Ibu on AA-induced deficit
in LMA is consistent with the lack of efficacy observed in
the AA-induced writhing test and during the first 2 hours of
the saccharin preference test.

The administration of Ibu after AA (expression protocol)
restored LMA, with the activity of AA-injected animals
returning to that of vehicle-injected animals. In this proto-
col, mice received Ibu or its vehicle 150 minutes after AA
injection (30 minutes before the behavioral test). Animals
pretreated with Ibu —but not animals treated with the vehicle —
showed LMA restoration, which is consistent with the results
observed in the expression protocol of the saccharin test.

Finally, caffeine was used as a nonanalgesic stimulant
to evaluate the specificity in relation with pain of the two
target behaviors. Caffeine prevented LMA decrease in AA-
injected mice, but also induced a strong LMA increase in
vehicle-injected animals. In contrast, caffeine was unable
to change the depressed saccharin preference behavior in
AA-treated mice. Therefore, despite the fact that caffeine
induced LMA normalization in AA-injected mice to the
level of control animals, the deficit in saccharin prefer-
ence behavior was not sensitive to this behavioral arousal
induced by caffeine. In a previous study, Stevenson et al''
did not find such effect of caffeine on AA-depressed LMA.
The reasons for this discrepancy are not clear. Similar to
this study, Stevenson et al'' found that caffeine significantly
increased LMA in nondepressed mice. However, they only
found a nonsignificant tendency of caffeine to revert acid-
depressed LMA. Discrepancy may be sex related because we
used female mice and the Stevenson et al'! study used male
mice. However, no sex-related differences in caffeine-induced
LMA increase have been found.*> Discrepancy might also
arise from the different light/dark cycles in which the two
behavioral experiments were performed. In order to favor
the higher levels of LMA associated with the dark (active)
phase of the animal’s activity cycle, our experiments were
conducted under dark conditions, while the Stevenson etal’s'!
study was conducted under light conditions. While the effects
of caffeine on LMA did not seem to be altered by ambient
lighting,**#* circadian fluctuations in visceral sensory func-
tions have been reported.* Finally, despite standardization,
systematic differences in behavior across laboratories have
been well documented.*¢
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In summary, saccharin preference and LMA behaviors
were altered by a visceral noxious stimulus. AA-treated mice
showed signs of depression-like behaviors after writhing
resolution, as evidenced by reduced saccharin preference
and locomotion for at least 6 and 4 hours, respectively. The
decrease observed after AA administration in sweet taste
preference was probably due to ongoing pain because it was
specifically reverted by an analgesic drug such as Ibu but
not by the stimulant drug caffeine. The decrease observed
in novelty induced locomotion after AA injection was prob-
ably also due to ongoing pain because it was reverted by
Ibu. However, the AA-depressed LMA was also reverted by
the stimulant caffeine, thus suggesting that this behavioral
endpoint is not robust enough to evaluate analgesic drugs
and should be complemented with another pain-depressed
behavior endpoint. The affective and sensory components
of pain were selectively affected by Ibu because the same
dose of Ibu was ineffective to block writhing behavior but
effective to improve pain-depressed behaviors (saccharin
preference).

Consequently, hedonic behaviors are more sensitive, and
translational readouts to evaluate analgesics and changes
in the expression of hedonic behavior — such as sweet taste
preference described in this study — can be used as a pri-
mary outcome measure to evaluate pain in mice and may
complement the more traditional procedures used to assess
candidate analgesics.
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2.1.1. Annex III

Peripheral nerve injury failed to significantly alter the saccharine preference

behaviour in mice

Our previous studies using the AA model in mice have shown that the behavioural
manifestations of the sensory-discriminative aspect of acute pain were of short duration
(less than 1 hour). However, the affective consequences were substantially longer as
evidenced by a general “behavioural depression” (a strongly decreased expression of
both saccharine preference and LMA for at least 6 hours) (see Article 2). We have now
used the same saccharine preference test as a readout to unmask the possible affective

consequences of chronic neuropathic pain in mice.

To this end, the effect of 11-week exposure to sciatic nerve injury on the preference for
the 0.1% saccharin solution presented over 6-h periods of exposure were analysed.
Female wild-type CD-1 mice (Charles River, Barcelona, Spain) weighing 25-30 g
underwent partial sciatic nerve ligation to induce neuropathic pain, and sham-operated
mice were used as controls as previously described in Article 1. The assessment of the
anhedonic-like behaviour using the saccharin preference test was performed weekly
before and after injury and for up to 11 weeks thereafter, according to the methodology
explained in Article 2. Data were analysed with two-way repeated measures ANOVA
with genotype and time (weeks) as main factors. A value of P < 0.05 was considered to
be statistically significant. Statistical analyses were carried out with the GraphPad Prism

5.00 program (GraphPad Software, San Diego, CA, USA).
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The results showed that sciatic nerve injury failed to significantly alter the saccharine
preference behaviour (Fig. 1). Statistical analyses showed no significant differences
between both experimental groups at any time point. This result suggests that this
behavioural endpoint/design was not adequate to detect the affective consequences of

neuropathic pain in PSNL mice.
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Fig. 1. Effect of 11-week exposure to PSNL on the preference for the 0.1% saccharin solution
presented over 6-h periods of exposure. The affective-motivational component of chronic neuropathic
pain was not evidenced by this sweet preference test. Preference for saccharin solutions was similar in

PSNL and sham-operated mice. Values are mean = SEM. (P > 0.05, two-way RM ANOVA).

A previous report found that PSNL reduced sucrose preference compared to
sham-operated mice from 99% to 96% (Bura et al., 2013). In our study we found a
similar reduction in saccharin preference two weeks after the nerve injury (from 87% to
81%) but this decrease was not maintained in subsequent weeks. Animal studies

investigating the relationships between neuropathic pain and mood disorders are limited
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and contradictory (Cobos and Portillo-Salido, 2013). Some research groups have
observed depression-related phenotypes in rodents with chronic pain using the sucrose
preference test, (Wang et al., 2011; Kim et al., 2012; Goffer et al., 2013) or the
exploratory activity test (Gongalves et al., 2008; Hu et al., 2009). Other studies,
however, have failed to show any association between neuropathic pain and depression-
related behaviours using the sweet preference test (Kontinen et al., 1999; Urban et al.,

2011; Schwartz et al., 2014).

The sweet preference test is normally used to evaluate anhedonia, which has
traditionally been viewed as a deficit in the experience of pleasure. A reduction in
sucrose and saccharine consumption following experimental manipulations are
considered to be related to consummatory deficits. However, recent evidence suggests
that anhedonia should be refined attending to the distinction between deficits in the
hedonic response to rewards (“consummatory anhedonia”) and a diminished motivation
to pursue them (“motivational anhedonia”) (Treadway and Zald, 2011). Therefore, the
negative results found in our study could be due to the lack of analysis of “motivational
anhedonia”, which cannot be obtained from the saccharine preference test used in the

present study.
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Pharmacological characterization of pain-related depression of the

reward seeking behaviour in mice

Abstract

Disruption and restoration of reward seeking behaviour (RSB) by pain and analgesics
respectively can help to model the affective dimension of pain. The expression of RSB
comprises two main phases triggered by an incentive: the appetitive phase and the
consummatory phase. In the present study we evaluated the effects of intraperitoneal
acetic acid (AA) administration and its pharmacological modulation on a RSB task
where both the appetitive and consummatory components of motivated behaviours were
assessed. Female CD-1 mice were offered a highly palatable food (white chocolate).
Pain was induced by i.p. administration of AA (0.6-1.2%, 10 mL/kg). The latency and
the number of approaches to eat were evaluated as appetitive behaviours on the RSB.
The duration of eating and the amount consumed were assessed as consummatory
behaviours. The effects of i.p. administration of ibuprofen, diclofenac, morphine,
duloxetine and caffeine on AA-induced writhing and the changes in the four parameters
of RSB were compared. AA produced a concentration- and time-dependent increase in
the latency to eat and a decrease in the other three parameters. Ibuprofen and diclofenac
inhibited AA-induced writhing (EDsy=123 and 60 mg/kg, respectively). These,
however, were much more potent in reversing AA-induced changes in RSB: latency to
eat (EDsp=1 and 0.004 mg/kg) and amount consumed (EDsy=7 and 0.06 mg/kg).
Morphine and duloxetine inhibited the writhing response (EDsy=0.7 and 6 mg/kg,
respectively) but failed to modify AA-induced changes in RSB. Caffeine was
ineffective in both AA-induced writhing and RSB changes. Changes in the expression
of RSB and can be used as a primary outcome measure to evaluate pain in mice and

may complement the more traditional procedures used to assess candidate analgesics..
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Introduction

The presence of pain has many negative consequences, including changes in the
affective state and the activities of daily living (Gatchel ef al., 2007). Current analgesics
are not fully effective and the development of new ones is probably impeded by the
possible lack of translation from the preclinical to the clinical setting (Cobos and
Portillo-Salido, 2013). The majority of preclinical pain research uses reflex-based
procedures (e.g., tail flick, licking, and guarding) induced by aversive stimulation
(through the application of particular mechanical, thermal, electrical, and chemical
stimuli) to identify analgesics. Clinical pain research, however, uses scales and verbal
reports where not only pain but also physical and emotional functioning are evaluated
(Turk et al., 2003). The analgesic-induced recovery of normal physical and emotional
functioning seems to be more important than the analgesic-induced interruption of the
reflex behaviour induced by injuries. The reflex response observed usually involves
tissue injury and sometimes plays a protective role (withdrawal reflex to protect the
injured area). Hypersensitivity is also expressed after a short physical stimulation and is
easily avoided by the body, at least in the experimental setting. Furthermore,
hypersensitivity does not seem to be the most significant clinical problem in humans
with chronic pain (Backonja and Stacey, 2004; Maier et al., 2010, Bennett, 2012;
Mogil, 2012). Instead, ongoing pain —i.e. sensing pain in the absence of external
stimuli and likely caused by ectopic impulse generation within the nociceptive
pathways— seems to be present at a much higher frequency and intensity than the
hypersensitivity-related symptoms commonly studied in the laboratory, such as

increased pain caused by touch or heat (Backonja and Stacey, 2004).
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While the study of ongoing pain in preclinical models is complex, some innovative
approaches different from those based on behavioural hypersensitivity measures have
been tested (Cobos and Portillo-Salido, 2013). One approach is to investigate positively
motivated behaviours in animals with experimental pain (Low and Fitzgerald, 2012;
Farmer et al., 2014; Schwartz et al., 2014). These motivation-related approaches make
sense in view of the interruptive consequences of both acute and chronic pain on
ongoing behaviour (Eccleston and Crombez, 1999; Van Damme et al., 2010). From this
perspective, while pain is fundamentally threatening, interruptive and aversive, it also
interferes in the activities of daily living and its persistence could cause the associated
stresses of depression (Van Damme et al., 2008). The study of motivational deficits is
interesting because these underline hopelessness and depression, where a retarded
initiation of voluntary responses (motivational symptom) has been delimited (Abramson
et al., 1989). Consequently, changes in motivated behaviours can help model depressive
symptoms commonly associated with pain in both human and non-human subjects (Li,
2015; Chopra and Arora, 2014). In general, motivated behaviour is thought to comprise
two main phases triggered by an incentive (any stimulus that activates an approach
behaviour): the appetitive phase and the consummatory phase. Appetitive behaviours
(also known as anticipatory, appetitive, preparatory, approach, or seeking behaviour) are
flexible, non-stereotyped responses that bring the experimental animal subject in
physical proximity with the goal object (e.g. the reward or reinforcer), whereas
consummatory behaviours are the final reflexive, stereotyped responses after decisions
and efforts have been made to reach the motivational stimulus or goal object (Keen-
Rhinehart et al., 2013). These different aspects of motivated behaviours are

experimentally dissociable (Barbano and Cador, 2006; Huang et al., 2010).
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The purpose of this study was to evaluate the effects of an experimental prototype
noxious stimulus (intraperitoneal acetic acid, AA), several analgesics (morphine,
duloxetine, ibuprofen and diclofenac) and a non analgesic (caffeine) on a reward
seeking behaviour (RSB) task where both appetitive and consummatory behaviours to a
strongly rewarding stimulus such as white chocolate were assessed. The AA-induced
visceral pain model has been previously used to depress innate behaviour (i.e. feeding,
locomotion, wheel running, nesting, saccharine preference) (Stevenson et al., 2006;
Stevenson et al., 2009; Miller et al., 2011; Negus et al., 2015; de la Puente et al., 2015)
and also to refine preclinical animal pain methodologies in the laboratory mouse by
evaluating its effects on complex behaviours such as empathy, social behaviour, and
pain facial expressions (Langford et al., 2006; Langford et al., 2010). In order to obtain
a more detailed profile of AA-induced alterations on RSB, a total of four dependent
measures were evaluated: latency to eat and number of approaches to eat as appetitive
motivation, and duration of eating and amount of chocolate consumed as consummatory
dimension. The influence of neophobia, pretreatment time and dose of AA on RSB were
analysed. Furthermore, in order to compare drug sensitivity between nonreflexive and
reflexive outcomes, dose-response curves for known analgesics with different
mechanisms of action were compared for both abdominal contractions (writhing,
reflexive-like behaviour) and RSB (nonreflexive-like behaviour). We hypothesized that
AA would change the appetitive and consummatory responses, and that analgesics

would prevent AA-induced changes in RSB.
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Material and methods

Animals

Females CD1 mice aged 4-5 weeks were purchased from Charles River (France) and
housed in groups of five in transparent polypropylene cages with suitable beddings
(wood shavings) and food and water ad libitum. Animals were left undisturbed for two
weeks to acclimatize to laboratory conditions in a testing room with light and
temperature maintained at 20-22 °C with a 12 h light/12 h dark cycle (lights on at 06:00
and off at 18:00). All trials were performed between 8.00 am and 13.00 pm. All animal
research was conducted in accordance with protocols approved by the local Committee
of Animal Use and Care of our Institution, with the Care and Use of Laboratory
Animals Guidelines of the European Community (European Directive 2010/63/EU), and
with the International Association for the Study of Pain Guidelines on ethical standards

for investigation in animals (Zimmermann, 1983).

Drugs and compounds

Ibuprofen and duloxetine were supplied by Laboratorios Esteve. Caffeine and
diclofenac were purchased from Sigma Chemical Co. (Barcelona, Spain). Morphine
hydrochloride was obtained from the Spanish Drug Agency (Agencia Espafiola de
Medicamentos y Productos Sanitarios, Area Estupefacientes, Madrid, Spain). All
compounds were dissolved in 0.5% HPMC and administered intraperitoneally at a
volume of 10 mL/kg. Drugs were administered 30 min before the test. AA solutions
were prepared by adding 0.06, 0.09 or 0.12 mL of glacial acetic acid to double
deionized water at a final volume of 10 mL. The injection volume of AA was 10 mL/kg,
L.p.
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Assay of reward seeking behaviour (RSB) based on the approach and consumption

of white chocolate.

The basic test procedure was adapted from Merali et al. (2003), who showed that
offering highly palatable, familiar snacks in the home cage resulted in a rapid approach
and consumption of food. In this study, among the different food sources offered to
nondeprived mice, white chocolate (Milkybar®, Nestlé, S.A.) was chosen based on
preliminary experiments indicating a stronger consumption as compared to other
rewarding stimuli, such as dark chocolate (Supreme Mini-Treats™, Bio-Serv Inc). Each
mouse was placed in one corner of the home cage (floor size 25 x 50 cm) on the
opposite side from a Petri dish (4-cm-diameter, 1-cm-deep) containing a piece of white
chocolate (~2g). The animal was tested for 10 min and, in order to obtain a more
detailed profile of pain-induced alterations of the feeding behaviour, a total of four
dependent measures were used: latency to eat, duration of eating behaviour, number of
approaches to eat, and amount of chocolate consumed. Latency to eat was defined as the
time between the placement of the animal in the home cage containing the chocolate
and the beginning of eating. The number of times and the time taken to eat chocolate
were chosen because they have been shown to be affected by several experimental
manipulations (Whishaw et al., 1992; Krebs et al., 1997). The amount consumed was

assessed by weighing the piece of chocolate before and after testing.

We first studied the stability of RSB and the influence of neophobia (a reduction in
consumption of a novel tastant because of fear to the unknown post-ingestive
consequences; Barnett, 1958). After the acclimatization period to the experimental
room, mice were divided into two groups: Group 1, mice habituated to white chocolate

for three consecutive days (non-neophobic), and Group 2, mice not habituated
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(neophobic). Then, the RSB of mice habituated or not habituated to white chocolate was
tested, as described above, for three consecutive days. From these initial experiments
we observed that, under non-neophobic conditions, the feeding behaviour was
maintained high and stable in all parameters as of day two. Based on this, a protocol

was selected where, testing was initiated at day 2 after the baseline determination

(day 1).

Second, the concentration (0-1.2 %) and the pretreatment time (0-24h) of AA were
systematically manipulated in order to identify conditions under which AA reliably
depressed the reward-seeking behaviour (RSB). RSB was evaluated in different groups
of mice at 15, 60, 120 and 180 min. A group of mice tested at 120 min was again tested
at 24h. On the basis of these studies, an AA concentration of 0.9% and 120 min (tonic
“affective-related phase” where the writhing behaviour was no longer apparent) were

used for the remainder of the study.

Third, the effects of a range of doses of intraperitoneal (i.p.) morphine (0.03-5 mg/kg),
ibuprofen (0.3-320 mg/kg), diclofenac (0.001-160 mg/kg), duloxetine (1.25-40 mg/kg)
and caffeine (5-40 mg/kg) were examined on AA-depressed and non-depressed RSB

(vehicle treated condition) in the “affective-related phase”.

Assay of AA-Induced Writhing

In the time course study, mice were injected i.p. with 10 mL/kg of AA (0.9 %). Each
mouse was then placed in an individual clear plastic observation chamber and the total
number of writhes was counted for 1 h after administration. Based on the results
obtained, a 5-min pretreatment time was used for the remainder of the writhing

experiment. To evaluate the effects of drugs, separate groups of mice were administered
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vehicle or a dose of the corresponding drug by i.p. route followed by an intraperitoneal
injection of 0.9% AA 30 min later. The number of writhes was counted from 5 to 15
min after AA administration (35-45 min after vehicle or drug). For scoring purposes, a
“writhe” was defined as a contraction of the abdominal muscles accompanied by
elongation of the body and extension of the hindlimbs. Data are expressed as the mean

number of writhes during the 10-min observation period.

Statistical analysis

Data are expressed as mean = SEM. For the purpose of pretreatment time of AA, data
were analysed with a two-way ANOVA; white chocolate habituation studies were
analysed with a two-way repeated measures ANOVA. Writhing data were analysed
using a one-way repeated measures ANOVA. AA concentration data and the drug
treatment study were analysed with one-way ANOVA. Bonferroni’s post hoc analyses
were performed in all cases to assess specific group comparisons. P < 0.05 was

considered to be statistically significant.

A dose-response curve was plotted using nonlinear regression analysis, and EDs (dose
of drug producing half of its maximal response) and E,x (maximum effect) values were
obtained. SEs were calculated on the basis of the best-fit values + SEs of regression
with GraphPad Prism software (version 5.0; GraphPad Software Inc., La Jolla,

California, USA)

To calculate the EDs, data were converted to the percentage of analgesia based on the
following formula for the writhing test: [mean no. of writhes (control group) — (mean

no. of writhes (test group)] / [mean no. of writhes (control group)] x 100 and the
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following calculation for behavioural parameters: ([mean value test group — mean value

pain-AA group] / [ mean value control group — mean value pain-AA group]) x 100%.

Results

Influence of neophobia on RSB.

In trial 1 the latency to eat of mice exposed to chocolate for the first time
(non-habituated) was much higher that the latency to eat of mice previously habituated
to chocolate (Fig. 1A). In trials 2 and 3 a progressive decrease in the latency to eat was
observed in non-habituated mice, without reaching the latency of habituated mice. A
two-way RM ANOVA test showed a significant effect of habituation condition
[F(1,51) =202.6; P <0.001], trial number [F(2,51) = 31.0; P < 0.001] and a significant
effect between factors [F(2,51) = 17.1; P < 0.001]. Interestingly, no differences in the
number of approaches to consume were observed between habituated and
non-habituated mice [F(1,51) = 3.1; P > 0.05] but there was a significant effect in the
number of trials [F(2,51) = 4.4, P < 0.05] or interaction between approaches to consume
and the number of trials [F(2,51) = 11.0, P < 0.001] (Fig. 1B). The amount consumed
was significantly higher in mice previously exposed to white chocolate as compared to
the non-habituated group (Fig. 1C). In trial 1 the amount consumed by non-habituated
mice was almost inexistent. In trials 2 and 3 an increased consumption was observed in
these mice, without reaching the consumption of habituated mice. There was a
significant effect of habituation [F(1,51) = 362.6; P < 0.001] and number of trials
[F(2,51) = 12.3; P<0.001], and the interaction between factors was also significant

[F(2,51)=6.3; P <0.01].
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Fig. 1. Influence of neophobia on RSB. A neophobic response to white chocolate was detected by three
of the four dependent measures. Habituated female mice showed a much higher latency to eat (A) as
compared to non-habituated mice. Amount consumed (C) and eating duration (D) were higher in
habituated than in non-habituated mice. Approaches to consume were unaffected by habituation although
statistical post hoc analysis displayed significant differences in the first trial between non-habituated and

habituated mice. **P < 0.01, ***P <0.001, two-way RM ANOV A, Bonferroni’s post hoc test.

Finally, both groups (habituated and non-habituated to white chocolate) showed a
significant effect of habituation on the eating duration [F(1,51) = 108.9; P <0.001], trial
number [F(2,51) = 11.1; P < 0.001] , or interaction between factors [F(2,51) = 15.1;
P <0.001] (Fig. 1 D). A neophobic response to white chocolate was detected by three of
the four dependent measures. Therefore, further studies were conducted using mice

habituated to chocolate.
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Effects of concentration on AA-depressed RSB.

The RSB after i.p. injection of a range of AA concentrations in mice is shown in Fig. 2.
AA administration produced changes in a concentration-dependent manner in the four
endpoints analysed. Under control conditions (mice injected with HPMC and saline; the
solvents of drugs and AA, respectively), the latency to eat the piece of white chocolate
was 48.9 = 9.1 seconds. 0.6% AA failed to produce significant changes (79 + 13.8;
P <0.05 ) on the latency to eat the palatable food, but 0.9% and 1.2% AA induced a
strong increase (346.9 + 39.6; P <0.001; 465.3 + 75.1 seconds; P < 0.001, respectively,
Fig. 2A). Similarly, the number of approaches to consume was not affected by 0.6% AA
(from 4.9 = 0.4 to 4.6 = 1.1; P > 0.05) but was strongly decreased by both 0.9%
(1.7£0.4; P <0.001) and 1.2% (1.6 = 1.1; P < 0.05, Fig. 2B) doses of AA. However,
the amount of white chocolate consumed following 0.6% AA was significantly
decreased (from 0.19 £+ 0.03 to 0.10 £ 0.02 g; P < 0.05) and almost suppressed by 0.9%
and 1.2% AA as compared to the control values of consumption (0.03 = 0.009 g and
0.02 £+ 0.02 g consumed, respectively; P < 0.001, Fig. 1C). Finally, doses of 0.9% and
1.2% AA, but not 0.6% AA, robustly decreased eating duration (from 54.1 £ 9.3 to
9.1+ 2.5 and 4.7 £ 3.6 seconds, respectively; P < 0.001 and P < 0.01 respectly,
Fig. 2D). On account of these results, further experiments were conducted using

0.9% AA.
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Fig. 2. Effects of concentration on AA-depressed RSB. The administration of AA produced changes in
a concentration-dependent manner in the four endpoints analysed. Doses of 0.9% and 1.2% AA produced
significant changes in latency to eat (A), approaches to consume (B), amount consumed (C), and eating
duration (D). (E) Values of EDs, for the behavioural parameters evaluated. Appetitive behaviours (latency
to eat and approaches to consume) showed similar EDs, values (EDsy= 0.9%) and were higher than those
obtained in consummatory behaviours (EDs, = 0.7%), thus suggesting that consummatory behaviours are
more sensitive to changes in AA-induced pain than appetitive behaviours. *P < 0.05, **P < 0.01,

*#*xP < 0.001, one-way ANOVA, Bonferroni’s post hoc test.

Time-course of AA-induced writhing behaviour and AA-depressed RSB.

The time course of writhing behaviour and RSB following the injection of AA is shown
in Fig. 3. As expected, intraperitoneal administration of 0.9% AA robustly induced the
appearance of abdominal constrictions (writhing) in mice (Fig. 3A, right axis). The
number of writhes was maximal 5 to 15 minutes after AA (P < 0.001). Then, a
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progressive decrease in this behaviour was observed, and the effects of AA were not

significant after 25 min (P > 0.05) and no longer apparent after 60 min.
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Fig. 3. Time course of AA-induced writhing behaviour and AA-depressed RSB. AA-treated mice

showed RSB depression for at least 3 h. (A) Latency to eat, (B) approaches to consume, (C) amount

consumed, (D) eating duration. *P < 0.05, **P < 0.01, ***P <0.001, two-way ANOVA, Bonferroni’s

post hoc test.

AA administration produced profound changes for at least 180 min in the four

RSB-related endpoints analysed. The left axis in Fig. 3A shows the influence of the

pretreatment time of AA or its vehicle on the latency to eat white chocolate. A two-way

ANOVA revealed significant effects of AA [F(1,165) = 1387.2; P < 0.001] over time
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after AA injection [F(4,165) = 122.3; P < 0.001] and interaction between factors
[F(4,165)=178.0; P <0.001] as compared to control mice treated with the AA vehicle .
15 min after AA administration, the latency to eat was near the cut-off point
(575.4 £ 17 seconds) and the latency-to-eat values in the AA-treated mice were
decreased progressively as of the first hour (427.8 = 94.7 seconds; P < 0.001) and

restored to control values 24 h later (P > 0.05).

The number of approaches to consume of AA-treated mice is shown in Fig. 3B. There
were virtually no approaches 15 min after AA-induced pain (0.3 = 0.2 times). As of the
first hour a slight increase in the number of approaches (1.2 £ 0.5 times; P < 0.01) was
observed, and the number of approaches was similar in both AA-treated and control
mice after 24 h (P > 0.05). While two-way ANOVA failed to indicate significant effects
over time [F(4,169) = 0.6; P > 0,05], there were significant effects of AA
[F(1,139)=46.4; P < 0.001] and interaction between factors [F(4,139) = 6.2,

P <0.001].

As shown in Fig. 3C, the amount consumed was highly depressed by AA
administration. Two-way ANOVA indicated significant effects of AA [F(1,139) =37.5;
P <0.001]. However, no differences in the amount consumed over time [F(4,139) = 1.3;
P > 0.05] and no interaction between the amount consumed and the time after AA
injection [F(4,139) = 2.4; P > 0.05] were found. Virtually there was no palatable food
intake between 15 (0.004 £ 0.003 g) and 180 (0.016 £ 0.005 g) min. The amount
consumed was restored to control values by 24 hours after AA-induced pain (P > 0.05).
Similarly, there were significant effects of AA on eating duration [F(1,139) = 62.7;
P <0.001] (Fig. 3D), but not over time [F(4,139) = 0.9; P > 0.05]. Control mice treated
with the AA vehicle showed a similar eating duration at all time points analysed
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(P> 0.05 compared with 15 min). The eating duration was strongly reduced by AA at
15, 60, 120 and 180 min as compared to control values. The analysis of variance
indicated that duration varied significantly between both groups [F(1,139) = 62.7;
P <0.001]. The eating duration was restored to control values by 24 hours after
AA-induced pain AA (P> 0.05). On account of these results, subsequent RSB

experiments were conducted using a 120-min pretreatment with 0.9% AA.

Effects of morphine, ibuprofen, diclofenac, duloxetine and caffeine on AA-induced

changes in the reward seeking behaviour.

The effects of morphine (0.08-5 mg/kg), ibuprofen (0.3-40 mg/kg), diclofenac
(0.001 - 5 mg/kg), duloxetine (1.25-5 mg/kg) and caffeine (5-40 mg/kg) on the changes
in RSB observed in mice with visceral pain induced by AA are compared in Fig. 4.
Treatment with the nonsteroidal anti-inflammatory drugs (NSAIDs) diclofenac and
ibuprofen fully restored to control values, in a dose-dependent manner, the latency to
eat (Fig. 4A), the number of approaches to consume (Fig. 4B), the amount consumed
(Fig. 4C), and the eating duration (Fig. 4D) of AA-treated mice. The statistical analysis
showed significant effects at the doses of 2.5-40 mg/kg and 0.08-5 mg/kg for ibuprofen
and diclofenac, respectively. However, morphine, duloxetine and caffeine were
ineffective at any dose tested in mice pretreated with AA in any parameter assessed in

RSB.
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Fig. 4. Dose response effects of diclofenac, ibuprofen, morphine, duloxetine and caffeine on the changes
in RSB observed in mice with AA-induced visceral pain. NSAIDs drugs ibuprofen and diclofenac showed
significant effects to reverse depressive-like behaviours. (A) Latency to eat, (B) approaches to consume,
(C) amount consumed and (D) eating duration. *P < 0.05, **P < 0.01, ***P < 0.001, one way-ANOVA,

Bonferroni’s post hoc test.

To explore whether any of the drugs tested had effects on RSB likely to interfere in the
interpretation of results, the doses of each drug tested in AA-treated mice were
administered to non AA-treated mice. Table 1 shows latency to eat, duration of eating
behaviour, number of approaches to eat and amount of chocolate consumed, expressed

as means = SEM for each drug and tested dose.
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Dose Latency to Approaches to Amount Eating
(mg/kg) eat (s) consume consumed (g) duration (s)
Diclofenac 0 75.9 = 28.1 4.8+ 0.9 0.1965 * 0.04 49.4 £8.2
2.5 84.3 + 27.7 2.6 + 0.7 0.1950 + 0.04 33.1 £6.7
5 73.4 + 22.3 3.8+ 0.7 0.1716 + 0.03 37.0 83
Ibuprofen 0 70.3 £ 13.7 4303 0.1833 £ 0.02 482 £52
25 66.9 * 20.1 46 0.6 0.2043 £ 0.05 472 114
5 75.0 £ 19.4 4106 0.1690 £ 0.04 42.6 £8.0
10 65.5 + 141 46 + 0.7 0.2010 + 0.03 458 +5.7
20 76.0 £ 175 4305 0.1906 £ 0.05 47379
40 25.8 £ 3.2 41 % 0.8 0.3387 £ 0.06 75.9 £13.8
Morphine 0 65.6 + 18.5 4505 0.1688 * 0.02 57.2 £10.1
0.3 91.9 + 33.3 3705 0.2651 * 0.07 72.7 £22.3
0.6 159.0 + 59.0 2.8+ 05 0.1226 + 0.04 37.2 114
1.25 105.6 * 51.3 3.7%07 0.1449 £ 0.02 42574
2.5 145.1 + 58.8 46 £1.0 0.1667 £ 0.04 40.1 £11.3
5 278.4 * 85.2 26 £ 0.7 0.0942 £ 0.05 21.6 £10.0
Duloxetine 0 545 * 435 25* 05 0.1680 * 0.03 30.0 £1.0
1.25 209.4 + 88.0 3.1 %07 0.0814 £ 0.04 30.8 +11.1
2.5 293.4 + 84.8 1.8 05 0.0973 £ 0.06 29.6 £ 16.0
5 479.0 * 69.6 0.6 £ 0.3 0.0135 £ 0.01 6.3 +3.8
Caffeine 0 77.8 * 29.7 28 * 03 0.1386 * 0.04 30.5+8.2
10 103.5 £ 21.0 2504 0.1600 £ 0.03 32.1 £438
20 42.0 £ 215 5711 0.2532 £ 0.06 62.7 £12.8
40 104.0 + 44.2 53+ 0.9 0.2068 * 0.06 82.3 £18.1

Table 1. Effects of morphine, ibuprofen, diclofenac, duloxetine and caffeine on RSB in non AA-treated
mice. Latency to eat (s), approaches to consume (number), amount of chocolate consumed (g) and

duration of eating behaviour (s). Data are expressed as means = SEM for each drug and tested dose.
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Effects of morphine, ibuprofen, diclofenac, duloxetine and caffeine on AA-induced

changes in the reward seeking behaviour expressed as percent control.
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Ibuprofen 122,6 £ 80,3 6.8+1.3 123,1 0.9+0.5 102,8
Morphine 0,7 £ 0,3 N.D. N.D. N.D. N.D.
Duloxetine 59 +1,9 N.D. N.D. N.D. N.D.
Caffeine N.D. N.D. N.D. N.D. N.D.

Fig. 5. (A) Dose response curves expressed as % of effect of diclofenac, ibuprofen, morphine, duloxetine

and caffeine on two parameters of RSB (latency to eat and amount consumed) and on AA-induced

writhing in mice. Ibuprofen and diclofenac displayed more analgesic efficacy in depressive-like responses

than in stimulation-like responses to AA-induced pain, showing in turn that they were more potent in

restoring hedonic behaviour in latency to eat as compared to amount consumed. Morphine and duloxetine

totally eliminated writhing but failed to show any effect on restored depressive-like behaviours. Caffeine,

a stimulant non-analgesic drug, lacked activity in any of the behavioural responses evaluated. (B) EDs,

values obtained in the pain-depressed responses (consumatory and appetitive components of hedonic

response) and pain-induced responses (writhing) for all drugs evaluated. N.D.: not determined.

Here, only the latency to eat and the amount consumed are shown as measures of the

appetitive-approach and

consummatory dimensions
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respectively. The dose response effects of morphine, ibuprofen, diclofenac, duloxetine
and caffeine on these two parameters of RSB and on AA-induced writhing are shown in
Fig. SA. EDsg and Ex are shown in Fig. 5B. Both diclofenac and ibuprofen were much
more potent in inhibiting AA-induced changes in latency to eat (EDso = 0.004 = 0.003
for diclofenac and EDsy = 09 = 0.5 for ibuprofen) and amount consumed
(EDsp=0.06 = 0.03 for diclofenac and EDsy= 6.8 & 1.3 for ibuprofen) than in inhibiting
AA-induced writhing (EDsy = 59.6 + 24.8 for diclofenac and EDsy = 122.6 + 80.3 for
ibuprofen). Diclofenac and ibuprofen were more potent in restoring the latency to eat
(EDsp = 0.004 £ 0.003 for diclofenac and EDsy = 0.9 = 0.5 for ibuprofen) than in
restoring the amount consumed (EDsy = 0.06 + 0.03 for diclofenac and
EDso= 6.8 £ 1.3 for ibuprofen). Finally, morphine and duloxetine inhibited AA-induced
writhing in a dose-dependent manner without affecting AA-induced changes in latency
to eat or amount consumed, whereas caffeine failed to shown effects on any

AA-induced change.

Discussion

Recent research has demonstrated the utility of preclinical pain assays that measure
pain-suppressed behaviour in addition to traditional assays that measure pain-elicited
behaviour (Martin et al., 2004; Stevenson et al., 2006, 2009; Matson et al., 2007;
Pereira Do Carmo et al., 2009; Negus et al., 2010; Miller, 2011; de la Puente et al.,
2015). In line with these, the purpose of the present research was to devise a
reproducible reward seeking behaviour (RSB) paradigm where not only consumption
but also appetitive, goal-directed behaviours would be reliably disrupted by pain and

sensitive to known analgesics. To this end, the approach (appetitive) and consummatory
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behaviours triggered by a highly rewarding food such as white chocolate were
characterized to analyse the effects of acute visceral pain induced by AA and the effects
of morphine, ibuprofen, diclofenac, duloxetine and caffeine on AA-treated mice. The
main findings of this study were: (i) a commonly used noxious stimulus (intraperitoneal
AA injection) produced a long-lasting (beyond the resolution of writhing behaviour)
and concentration-dependent suppression of both the appetitive and consummatory
components of motivated behaviour in mice; (i1) this pain-related suppression of
behaviour was dose-dependently prevented by treatment with ibuprofen and diclofenac
but not by morphine, duloxetine or caffeine; and (iii) ibuprofen and diclofenac were
much more potent in reversing AA-induced changes in appetitive and consummatory

components than AA-induced writhing.

Methodological issues of sex, type of palatable food and neophobia were addressed in
the study design. We found that male mice preferred white chocolate over dark
chocolate. We also found that male mice ate less white chocolate than female mice (data
not shown). This sexually dimorphic behaviour is a well known phenomenon in rodents
(Valenstein et al., 1967; Barron et al., 1995). A similar result where white chocolate
was preferred over milk chocolate in a conditioned place preference test has been
previously reported (Ventura et al., 2008). Although neophobia to new taste is a well
described phenomenon in rodents (Kronenberger and Médioni, 1985), we performed
experiments where one group of female mice was given an opportunity to eat white
chocolate together with the standard food, while only standard laboratory food was
made available to a second group. As expected, we found that those receiving chocolate
ate much more than those receiving standard laboratory food only. All these data

indicated that the expression of sweet feeding behaviour critically depends on factors
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such as sex, type and previous knowledge of the food stimulus. From these experiments
we adopted a strategy to optimize the expression of feeding behaviour by using non-

neophobic female mice and white chocolate.

Our behavioural analysis included the recording of four related outcomes which intend
to study the distinct components of motivational behaviour. Appetitive motivation for
the rewarding stimulus was inferred from changes in the latency to start the ingestion of
the palatable food (free approach) and the number of approaches to eat, whereas the
consumption behaviours were evaluated by amount consumed and time of consumption.
Similar approaches to appetitive motivation have been used by other investigators to
study motivated behaviours for natural rewards (Ghiglieri et al., 1997; Barbano and
Cador, 2006; Bai et al., 2014). For instance, the time required for the mouse to traverse
the alley in the “runaway” model has proven to be a reliable index of the animal's
motivation to seek the incentive that is made available to it upon goal box entry. In this
paradigm, the changes in the subject's motivation to seek an incentive are considered to
produce predictable and reliable shifts in the run times required to get the incentive
(Ettenberg, 2009). Increased run time indicates a decreased motivation to reach the food
reward and the degree of wanting is determined by analysing the latency to begin to
consume reward during the behavioural task. In our study, the latency to eat was short
and stable, thus suggesting that mice were highly motivated for the incentive. AA
administration caused a dose-dependent increase in this parameter, thus suggesting that
mice appetitive motivation was affected by pain. Interestingly, our AA dose response
study found that while the latency to eat the reward was not significantly affected by the
dose of 0.6% AA, the amount of reward consumed was reduced by approximately 50%.

This result suggests that the approach-related parameters of motivational behaviour
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were more resistant to acute visceral pain. This could make sense from an evolutionary
perspective since strong impediments in approach motivation — which occur before the

consummatory-related behaviours— could seriously affect body survival.

Our results showed that 0.9% AA induced a transient behavioural depression
characterized by a strong reduction in the reward-seeking behaviour which lasted at
least 3 hours and reverted to baseline levels 24 hours after injection. This offset in the
recovery time was similar to a previous result obtained in the saccharine preference test,
where the preference for this sweet solution was depressed for 6 hours (de la Puente et

al., 2015).

Another study found that the consumption of palatable food was decreased upon
exposure to the same noxious stimuli (Stevenson et al., 2006). However, the present
study incorporated measures of the motivational dimension of behaviour by recording
the latency to eat and the number of approaches to consume. Furthermore, our study
took advantage of the long term behavioural depression observed to evaluate the

pharmacological modulation two hours later, when the writhing behaviour was absent.

We found that NSAIDs, ibuprofen and diclofenac dose-dependently restored the RSB
deficit induced by AA to control values. Ibuprofen fully restored both appetitive and
consummatory aspects of RSB. Interestingly, the maximum effect of ibuprofen on the
latency to eat was observed at the dose of 10 mg/kg (with an EDso = 1 mg/kg), while in
the amount parameter it was observed at 40 mg/kg (EDsy = 7 mg/kg)—the dose failing
to show significant effects on writhing. In fact, the EDsy for the ibuprofen-induced
decrease in writhing behaviour was 123 mg/kg. Therefore, as far as the decrease in RSB

reflects the affective component and the increase in writhing behaviour reflects the
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sensory component of AA-induced pain, ibuprofen was able to reduce the affective
component of pain at doses that did not affect the sensory component of pain. This
conclusion agrees with those of several previous clinical and preclinical studies showing
that some analgesics such as ibuprofen, morphine, pregabalin or paracetamol attenuate
the affective component of pain more potently than its sensory component (Jensen,
1997; Roberts et al., 2006; Hummel et al., 2008; Langford et al., 2010; Rutten et al.,
2011; Gilron et al., 2013; de la Puente ef al., 2015). Similarly, diclofenac, another
NSAID, dose-dependently restored all parameters evaluated over the dose range of
0.001-0.6 mg/kg, and was at least 2.3-fold more potent than ibuprofen. The maximum
effect on the latency to eat was obtained at the dose of 0.16 mg/kg (EDs,=0.004 mg/kg),
while the dose of 0.6 mg/kg showed the maximum effect in the amount consumed
(EDs¢=0.06 mg/kg). Surprisingly, the dose of 20 mg/kg failed to show any effect on the
writhing behaviour (EDsy observed to inhibit writhing behaviour was 60 mg/kg).
Clearly, diclofenac was effective to restore the affective component of pain at much
lower doses than those required to restore the sensory component of pain. In addition,
both drugs were more potent in restoring the motivational aspect of the hedonic
response than in restoring the consummatory aspect of it, thus suggesting that approach
motivation was more sensitive to analgesic drugs than consummatory pleasure.
Moreover, ibuprofen and diclofenac at doses producing antianhedonic responses in mice
with AA-induced pain had no effect on control mice administered with AA vehicle.
This suggests that the present results are not due to non-specific increases in the hedonic

response as a result of NSAIDs administration.

Morphine dose-dependently decreased the number of writhes resulting from

intraperitoneal injection of AA at a dose range of 0.3-5 mg/kg i.p. The observation that
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morphine reversed AA-induced writhing in the present study is consistent with previous
studies that have shown similar results with morphine and other opioids in assays of
acid-stimulated writhing in rats and mice (Cowan et al., 1977, Fiirst, 1991; Stevenson et
al., 2006; Meymandi and Sepehri, 2008; Pereira Do Carmo et al., 2009; Miranda et al.,
2008, 2013). Morphine, however, failed to restore any parameter evaluated in the RSB
task at any dose tested, including those that produced a restored effect in the assay of
pain-elicited behaviour. The well-known central rewarding properties of morphine may
interfere, making the natural reward in our experimental conditions less attractive. Our
findings are consistent with the previous results obtained in mice (Miller ef al., 2011),
where morphine was ineffective in attenuating the suppression of feeding caused by i.p.
injections of AA, but not with other studies performed in mice (Stevenson et al., 2006),
where morphine was effective in restoring it. The reasons for this discrepancy are still
unclear. There are many differences in the experimental parameters of the two studies
(e.g. solution or solid food, time and amount of exposure to noxius stimuli, hedonic test

duration) that might contribute to different findings.

Duloxetine showed significant analgesic effects in the writhing assay (5-40 mg/kg). The
effects of duloxetine in this assay have been previously reported by others (Jones et al.,
2005). The administration of duloxetine (1.25-5 mg/kg, i.p.) in the RSB task failed to
show any effect to restore hedonic-like behaviours in AA-treated mice. Moreover,
duloxetine administration to control mice (mice administered with AA vehicle)
decreased the hedonic responses in the RSB task in a dose-dependent manner (Table 1).
The latency to eat evaluated in normal animals (animals administered with the AA
vehicle) was increased in a dose-dependent manner after duloxetine administration, in a

way similar to the decrease of the amount consumed, which was also significantly
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different as compared to vehicle administration at this dose. Previous studies have
shown that 5-HT and noradrenaline reuptake inhibition by duloxetine markedly reduces
food intake in rats (Jackson et al., 1997) and humans (Bernardi and Pallanti, 2010).
Therefore, the effects of duloxetine on the RSB task in control mice can be explained by

its inhibition of food intake.

Finally, as expected, the non-analgesic stimulant caffeine had no significant effects on
any pain-elicited and pain-depressed behavioural responses measured, at any dose
tested, thus suggesting that despite the fact that caffeine normalized LMA of AA-treated
mice to the level of non-caffeine-treated control animals (de la Puente ef al., 2015), the
pain-induced deficit in RSB was insensitive to the behavioural arousal induced by

caffeine.

In summary, a reward seeking behaviour (RSB) paradigm was used where not only
consumption but also appetitive, goal directed behaviour have been reliably disrupted
by pain and sensitive to analgesics but not to stimulant drugs. However, analgesic side
effects such as rewarding properties or food intake impairment would interfere to show
positive results in this paradigm. We found that NSAIDs were much more potent to
restore AA-related depression of RSB than AA-related increase in writhing, thus
suggesting that the affective-motivational dimension was more sensitive than the
sensory-discriminative dimension of pain in this visceral pain model. The RSB task can
be used as a primary outcome measure to evaluate pain in mice and may complement

the more traditional procedures used to assess candidate analgesics.
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2.2.1. Annex IV

Effect of genetic and pharmacological blockade of the sigma-1 receptor on pain-
related depression of reward seeking behaviour after acetic acid-induced visceral pain

in mice.

The present Annex explored the role of o;R on the affective-motivational component of
acute pain using the previously reported model of reward seeking behaviour (RSB) in
mice (Article 3). For this purpose, we analysed whether the loss of o;R function
(through either gene deletion or pharmacological antagonism by BD-1063 and E-52862)
could attenuate acetic acid (AA)-induced RSB deficits. We also included a comparison
between the effects of these ;R antagonists on AA-induced depression of RSB in what
we have denominated the “affective-related phase”, where mice did not show any
writhing reflex (from 120 to 130 minutes after AA, same protocol as in Article 3) and
the “sensory-related phase”, where mice were actively writhing (from 5 to 15 minutes
after AA). In addition, we included the dose response effects of diclofenac and
ibuprofen in the “sensory-related phase” in order to compare with the dose response

effects in the “affective-related phase” (reported in Article 3).

After a baseline evaluation of the RSB (day 1) according to the method previously
reported in Article 3, an AA concentration of 0.9% was intraperitoneally injected to
induce RSB deficits in female CD-1 wild-type and 61:R”" mice at 2 hours (day 2) and

24 hours (day 3) after its administration (Fig. 1A).
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A) AA 0.9%, ip
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Fig. 1. Schematic representation of the study protocol. (A) Experimental protocol to study AA-
induced RSB deficits in wild-type and 6,R”" mice. After a baseline evaluation of RSB (day 1), 0.9% AA
was intraperitoneally injected to each experimental group to induce RSB deficits. The effects of AA on
RSB were evaluated at 2 h (day 2) and 24 h (day 3) after its administration. (B) Experimental protocol to
evaluate, in two separate studies, the pharmacological effect on the “sensory-related phase”, where mice
were actively writhing (5 min after AA), and the “affective-related phase” where mice did not show
writhing reflex but a RSB deficit was evident (120 min after AA). In the “sensory-related phase”, drug
administration was performed 30 min before AA; in the “affective-related phase”, drug administration

was performed 30 min before RSB test.

After the baseline evaluation of RSB (day 1), the pharmacological effects on AA-related
depression of RSB were evaluated (day 2) in different groups of mice at two
AA-pretreatment times: 5 min (“sensory-related phase” where mice showed writhing
behaviour) and 120 min (“affective-related phase” where the writhing behaviour was no

longer apparent) (Fig. 1B).
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Different doses of E-52862 (10-80 mg/kg), BD-1063 (20-80 mg/kg), ibuprofen
(5-320 mg/kg) and diclofenac (2.5-160 mg/kg) were administered. Mice received the
drug or its vehicle 30 min before AA injection in the “sensory-related phase”, or 30 min

before testing RSB in the “affective-related phase” (Fig. 1B).

Data are expressed as means = SEM. Two-way repeated measures ANOVA was used to
analyse behavioural data obtained in the comparative studies of wild-type and
61R”" mice (pain and time as main factors), followed by Bonferroni’s post hoc test. A
value of P < 0.05 was considered to be statistically significant. Statistical analyses were
carried out with the GraphPad Prism 5.00 program (GraphPad Software, San Diego,
CA, USA). EDsy, was calculated according to the statistical methods detailed in

Article 3.

RSB measured at baseline, 2 h and 24 h after AA administration or its vehicle on the
latency to eat white chocolate in wild-type and 61R”" mice is shown in Fig. 2A. Control
wild-type and 6,R”" mice treated with the AA vehicle showed a similar latency to eat at
all time points analysed. The statistical analysis in this parameter indicated a significant
effect of AA after 2 h of its administration in wild-type (P < 0.001) and o;R”" mice
(P <0.01). The latency to eat observed 24 h after AA administration was similar to that

of their respective baseline values for both genotypes (P > 0.05).

Similarly, the statistical analysis of the number of approaches indicated a significant
effect of AA 2 h after its administration (Fig. 2B) in wild-type (P < 0.001) and oR”

(P <0.01) mice.
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Fig. 2. Comparative effect of AA-induced pain on RSB in wild-type (WT) and o;R” mice. The
baseline behaviour was measured the day before AA administration. Two-way RM ANOVA showed a
significant effect of pain 2 h after AA administration in both genotypes (**P < 0.01; ***P < 0.001). The
hedonic response was fully recovered 24 h after AA administration. (A) Latency to eat, (B) number of

approaches, (C) amount consumed and (D) eating duration.

Fig 2C shows that the amount consumed was highly depressed after the administration
of AA in both wild-type and 6;R”" mice. Two way ANOVA indicated significant effects
of AA 2 h after administration in wild-type (P < 0.01) and 61R”" (P <0.001) mice. Both
wild-type and o;R” mice restored the amount consumed to their respective control

levels by 24 h after pain induced by AA.

Control mice treated with the AA vehicle showed similar eating duration at all time

points analysed in both genotypes (Fig. 2D). The eating duration was strongly reduced
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2h after AA administration as compared to control levels (from 27.3 + 5.3 to
13.3 £+ 5.5 seconds and from 96.4 + 15.5 to 25.9 + 11.7 seconds for wild-type and
6R” mice, respectively), thus showing a significant effect of AA in both genotypes
(P <0.001) at this time. The eating duration was restored to control levels 24 h after AA

administration in both genotypes.

Finally, significant differences were also found between wild-type and o:R”" mice
during the baseline RSB test and 24 h after AA for eating duration and amount
consumed. Because previous studies suggest several potential mechanisms through
which 6;R may modulate dopamine and opioid systems (Fu et al., 2010; Navarro et al.,
2010), o;R could be involved in the processing of natural rewards (Le Merrer et al.,
2009; Baik, 2013). 61R” mice could develop compensatory changes which could
explain these significant differences in the consummatory response between both
genotypes. However, the objective of this study was to evaluate whether AA
administration could also induce the RSB deficits in clR'/' mice. Therefore, these

findings do not affect the main conclusion of this study.

The effects of the pharmacological blockade of ;R on AA-depression in reward
seeking behaviour were evaluated and the pharmacological sensitivity between
“sensory-related” and “affective-related phase” for each drug was compared. Only the
latency to eat and the amount consumed as measures of the appetitive-approach and
consummatory dimensions of motivated behaviour, respectively, are shown. The

maximum effect (Enax) and the EDs for each drug evaluated are shown in Table 2.

The NSAID diclofenac showed a clear dose-response effect to attenuate the

AA-induced increase in the latency to eat and the AA-induced decrease in the amount

147



Results Affective-motivational component of pain

consumed in both “sensory” and “‘affective-related” phases. However, the dosage range
used to restore RSB in the “affective-related phase” of AA-treated mice was much

lower (0.001-0.6 mg/kg) than that used in the “sensory-related phase” (20-160 mg/kg)

(Fig. 3).
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Fig. 3. Effect of drugs on AA-related depression of RSB in the “sensory-related phase” and
“affective-related phase”. In order to compare the pharmacological sensitivity of both phases, the RSB
test was performed 5 min after AA administration, where drugs should block writhing and restore RSB
(“sensory-related phase”), and 120 min after AA administration, where drugs should only restore RSB
(“affective-related phase™). Pharmacological studies were performed with the NSAIDs diclofenac and
ibuprofen and the o;R antagonists E-52862 and BD-1063 on latency to consume (A) and amount
consumed (B) as quantifiable measures of the motivational and consummatory aspects of hedonic

response to palatable food, respectively. *P < 0.05; **P < 0.01; ***P < 0.001, one way-ANOVA,

Bonferroni’s post hoc test.
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In the “affective-related phase”, a significant effect as compared to the vehicle control
group at the doses of 0.08 and 0.3 (P < 0.05) and 0.16 mg/kg (P < 0.01) in the latency to
eat and at the doses of 0.08 (P < 0.05), 0.16, 0.3 and 0.6 mg/kg (P < 0.001) in the
amount consumed parameters was found. In the “sensory-related phase”, however, the
doses of 80 and 160 mg/kg showed a significant effect as compared to the vehicle
control group in the latency to eat parameter (P <0.001), but failed to show any
significant effect on the amount consumed parameter. In the latency to eat parameter,
the maximum effect of diclofenac was seen at a doseof 0.16 mg/kg in the
“affective-related phase” while a dose of 80 mg/kg was necessary to completely
abolished pain-depressed RSB in the “sensory-related phase”. Similarly, in the amount
consumed parameter, diclofenac obtained the maximum effect at 0.6 mg/kg in the
“affective-related phase”; however, no significant effect was observed in the “sensory-

related phase” at this dose.

Similarly, ibuprofen also showed a clear dose-response effect to attenuate the
AA-induced increase in the latency to eat and the AA-induced decrease in the amount
consumed in both the “sensory” and “affective-related” phases. The dosage range used
to restore RSB in the “affective-related phase” of AA-treated mice was also lower
(0.3-40 mg/kg) than that used in the “sensory-related phase” (10-320 mg/kg) (Fig. 3). In
the “affective-related phase”, a significant effect as compared to the vehicle control
group at the doses of 5 (P <0.01), 2.5, 10, 20 and 40 mg/kg (P < 0.001) in latency to eat
and at the doses of 2.5 (P < 0.05), 10, 20 and 40 mg/kg (P < 0.001) in the amount
consumed parameters was found, while a dose of 320 mg/kg was necessary to observe a
significant effect versus the vehicle control group in the “sensory-related phase” (P <

0.05 and P <0.001 for latency to eat and amount consumed, respectively). Ibuprofen
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induced the maximum effect at 20 mg/kg in the “affective-related phase” while a dose

of 160 mg/kg was needed to obtain the same effect in the “sensory-related phase”.

Table 1. Maximum effect (E,,,,) and EDs, of drugs on AA-related depression of RSB in the

“sensory- and affective-related phase”.

Latency to eat (s)

Sensory-related phase Affective-related phase

ED 5 E rnax ED 5 E pmax

Diclofenac 43.6 +14.92 139 0.004 + 0.003 107.3

Ibuprofen 87.2+24.0 100 09+05 102.8
E-52862 N.D. N.D. 17.7+11.5 741
BD-1063 N.D. N.D. N.D. N.D.

Amount consumed (g)

Sensory-related phase Affective-related phase

ED 50 Emax ED50 Emax

Diclofenac 545+£17.8 47.9 0.06 £ 0.03 114.9
Ibuprofen 69.9 £ 16.8 100 6.8+1.3 123.1
E-52862 N.D. N.D. N.D. 26.9

BD-1063 N.D. N.D. N.D. N.D.

N.D.: not determined

The o;R antagonist E-52862 exhibited a partial effect to restore latency to eat in the
“affective-related phase” of AA-induced pain. The dose of 40 mg/kg produced a
significant effect on the latency to eat parameter as compared to the vehicle (P < 0.05).
The Enax for E-52862 was 74.1% and 26.9% for latency to eat and amount consumed,
respectively. However, E-52862 was ineffective to restore hedonic behaviour in the
“sensory-related phase”. The selective o;R antagonist BD-1063 did not show any effect

in any “sensory-" and “affective-related” phase of AA-induced pain (Fig. 3).
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In summary, the results obtained when the effect of o;R deletion on the visceral
pain-related depression of RSB was studied showed that, similarly to wild-type mice,
AA administration to 6;R”" mice produced profound behavioural changes in the four
RSB-related endpoints analysed. Therefore, the absence of o;R failed to modify the
changes in RSB as a consequence of AA-induced visceral pain, thus suggesting that o;R
deletion had no impact on the behavioural manifestations of the affective-motivational

component of acute pain.

The results of these pharmacological experiments also showed that the range of doses
was different for each phase, with the “affective-related phase” being more sensitive to

the analgesic-like effect than the “sensory-related phase”.

The pharmacological blockade of o;R with the o;R antagonist E-52862 partially
restored the latency to eat, but not the amount consumed, in wild-type mice. However,
the pharmacological blockade of o;R with the ;R antagonist BD-1063 was ineffective
to alter the AA-induced deficits in both parameters. These results suggested that acute
modulation of o;R by drugs did not significantly alter the affective-motivational

component of acute visceral pain.
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Effect of genetic and pharmacological blockade of the sigma-1
receptor on pain-related depression of the reward seeking

behaviour after peripheral nerve injury in mice

Abstract

Pharmacological blockade or genetic ablation of o;R improved behavioural
hypersensitivity in several preclinical models of chronic/neuropathic pain. Since chronic
pain is often accompanied by mood complications we explored whether neuropathic
mice lacking o;R (cis'/ " mice) developed depressive-like behaviours and whether the
blockade of 6;R by the selective antagonist E-52862, could reverse them in neuropathic
wild-type (WT) mice. Neuropathic pain was evoked by partial sciatic nerve ligation
(PSNL) in female CD-1 mice. Mechanical hypersensitivity, evaluated using von Frey
filaments, and depressive-like behaviour were measured for 10 weeks in nerve-injured,
sham-operated, and naive mice. Depressive-like behaviour was evaluated through a
reward seeking behaviour (RSB) task in which both appetitive (latency to eat and
number of approaches to eat) and consummatory (amount consumed and eating
duration) behaviours to a strongly rewarding stimulus (chocolate) were assessed. WT
mice exposed to PSNL developed maximum mechanical hypersensitivty 3 weeks after
nerve injury and recovered thereafter (full recovery at week 10). Deficits on both
appetitive and consummatory behaviours of RSB were not present 3 weeks after nerve
injury but reached the maximum effect at week 6, being still present at week 10. No
deficits in RSB and no development of mechanical hypersensitivity were found in
nerve-injured o;R”" mice. The acute administration of E-52862 (20 and 40 mg/kg ip,
week 6) to nerve-injured WT mice reversed the RSB deficits. In summary,
depressive-like symptoms were evidenced even after mechanical hypersensitivity
recovery in the PSNL model. Moreover, ;R blockade could have beneficial effect not
only in the sensory component of pain (mechanical hypersensitivity) but also on the

mood complications associated to neuropathic pain.
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Introduction

Neuropathic pain is a clinical manifestation characterized by spontaneous ongoing or
shooting pain and evoked amplified pain responses after noxious or non-noxious stimuli
(Baron et al., 2010). Neuropathic pain is often accompanied by mood, sleep and
cognitive complications that affect the patient's quality of life (Yalcin and Barrot, 2014).
The current therapy for neuropathic pain is not satisfactory and new drugs and targets to
design optimal pharmacological treatments are being pursued (Kinloch and Cox, 2005;

Burgess and Williams, 2010; McDougall, 2011).

o1R is an intracellular chaperone protein that interacts with other proteins, including
plasma membrane and endoplasmic reticulum receptors and ion channels. In the context
of pain, 6;R modulates central sensitization phenomena (Drews and Zimmer, 2009; de
la Puente et al., 2009; Romero et al., 2012) that are responsible for many of the
temporal, spatial and threshold changes in pain sensitivity in acute and chronic pain
(Latremoliere and Woolf, 2009). Multiple genetic and pharmacological preclinical
studies have given abundant information on the role of the sigma-1 receptor in reflex
measures of stimulus-evoked pain. Pain behaviours elicited by intraplantar
administration of formalin and capsaicin are attenuated in 61R”" mice (Cendan et al.,
2005; Entrena et al., 2009). In neuropathic pain conditions, either induced by partial
sciatic nerve ligation (PSNL) or after treatment with the antineoplastic agent paclitaxel,
cold and mechanical allodynia were strongly attenuated or even not developed in o1R™"
mice (de la Puente ef al, 2009; Nieto et al., 2012). In contrast, thermal (heat)
hyperalgesia developed to the same extent as in WT mice following nerve injury.
Unlike neuropathic pain models, the genetic inactivation of 6;R failed to prevent the

development of carrageenan-induced and CFA-induced mechanical allodynia when von
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Frey filaments were applied (Gris et al., 2014). The selective pharmacological blockade
of o1R has been effective in a broad range of acute and chronic pain models using
different reflexive related readouts (Nieto et al., 2012; Romero et al., 2012; Gonzalez-

Cano et al., 2013; Gris et al., 2015).

However, preclinical studies focusing on the role of ;R in neuropathic pain-evoked
comorbidities are lacking. In this study, the effects of the pharmacological and genetic
blockade of o;R on both nociceptive reflex behaviours and depression-related

behaviours were investigated in a neuropathic pain model in mice.

Material and methods

Animals

Female wild-type (WT) and homozygous knock-out (clR'/') mice backcrossed (N10
generation) to a CD1 albino genetic background (Harlan Ibérica, Barcelona, Spain) and
aged 6 to 8 weeks at the beginning of the experiments, were used. Null mutant mice
were generated on a CDI1 background as described previously (de la Puente et al.,

2009).

Mice were housed in groups of five in 25 x 50 x 15 cm transparent polypropylene cages
with suitable beddings (wood shavings) and food and water ad libitum. Animals were
left undisturbed for two weeks to acclimatize to laboratory conditions in a testing room
with light and temperature controlled at 20-22 °C with a 12 h light/12 h dark cycle
(lights on at 06:00 and off at 18:00). All trials were performed between 8.00 am and
13:00 pm. All animal research was conducted in accordance with protocols approved by

the local Committee of Animal Use and Care of our Institution and in accordance with
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the Care and Use of Laboratory Animals Guidelines of the European Community
(Council Directive of 22 September 2010, 2010/63/EU) and with the International
Association for the Study of Pain guidelines on ethical standards for investigation in

animals (Zimmermann, 1983).

Neuropathic pain model: partial sciatic nerve ligation.

The partial sciatic nerve ligation model was used to induce neuropathic pain according
to the protocol previously described (Malmberg and Basbaum, 1998; de la Puente ef al.,
2009). Briefly, mice were anesthetized with isoflurane (Abbott—Esteve, Spain)
(induction: 5%; surgery: 2.5%) and the common sciatic nerve was exposed at the level
of the mid-thigh of the right hind paw according to our previous experimental procedure
(de la Puente et al., 2009). Control sham-operated mice underwent the same surgical
procedure and the sciatic nerve was exposed, but not ligated. Control naive mice were

not operated or anesthetized.

Evaluation of neuropathic pain-induced mechanical hypersensitivity.

Hypersensitivity to mechanical stimuli was used as a sensory outcome measure of
neuropathic pain in sham and nerve-injured mice. The time-course of the neuropathy
development was assessed by testing animals 1 day before and every week after
surgery, for 9 weeks. Mechanical hypersensitivity was quantified by measuring the
hindpaw withdrawal response to von Frey filament stimulation according to the same
previous experimental procedure (de la Puente et al, 2009) and the threshold of

response was calculated by using the up—down method (Chaplan, 1994).
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Evaluation of depressive-like behaviour after nerve injury in mice.

The changes in the reward seeking behaviour (RSB) when mice were offered palatable
food, thoroughly described in Article 3, were used to evaluate the affective
consequences of neuropathic pain. The RSB task is based on the approach and
consumption of white chocolate, which allowed analysing the appetitive and
consummatory aspects of motivational behaviour. Individual groups of PSNL, sham or
naive WT mice were evaluated at week 1, 3, 6 or 10 post-injury for five consecutive
days, as previously described in Article 3. Mice were weighed before each RSB test.
Briefly, the mouse was placed in one corner of its home cage for 10 min providing
white chocolate (~2 g) in a glass dish. A total of four dependent measures were used:
latency to eat, duration of eating behaviour, number of approach to eat, and amount of
chocolate consumed. The latency to eat was defined as the time between the placement
of animal and the beginning of eating. The number of times and the time taken to eat
chocolate were chosen because they had been shown to be affected by a number of
experimental manipulations (Whishaw et al., 1992; Krebs et al., 1997). The amount
consumed was assessed by weighing the piece of chocolate before and after testing. The
consumption rate was determined by dividing grams of chocolate per second, and
palatable food intake was expressed as gram of chocolate consumed per gram of body
weight. To study the differences between genotypes, a parallel study with WT and o;R™"
mice was performed to maintain the same experimental conditions in both genotypes

and to avoid the interference of factors such as time of animal manipulations and others.
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Pharmacological treatment with E-52862.

E-52862, purchased by Laboratories Esteve (Barcelona, Spain), was dissolved in 0.5%
HPMC (Sigma-Aldrich, Co.) and administered intraperitoneally 30 min before the RSB
test at a volume of 10 mL/kg. Mice received 3 doses of E-52862 (10, 20 and 40 mg/kg)
or its vehicle, administered in a 4x4 Latin-square design for four consecutive days and
followed by a 24-h washout period. The responses were considered as internal controls

to confirm that baseline thresholds were not influenced by previous treatments.

In mechanical hypersensitivity, E-52862 evaluation was conducted starting at 2 weeks
after injury in WT PSNL and sham-operated mice. The effects of single doses of
E-52862 on the mechanical threshold were evaluated on days 15-17 post-surgery,
according to a 3x3 Latin square design. All animals received the 3 doses of E-52862
(20, 40 and 80 mg/kg at a dose volume of 10 mL/kg) by intraperitoneal route. E-52862
was given intraperitoneally and the hindpaw withdrawal threshold was evoked 30 min
after drug administration. Finally, on day 18 post-surgery, the mechanical nociceptive
threshold was evaluated after a 24-h drug washout period, and the responses were
considered as an internal control to confirm that baseline thresholds were not influenced

by previous treatments. In all cases both ipsilateral and contralateral paws were tested.

Statistical analysis

Data obtained from mechanical hypersensitivity test were compared by two-way
repeated measures ANOVA with surgical condition and time as main factors of
variation. For drug treatment study, the data obtained as baseline mechanical thresholds
were analysed with the Student's two-independent-sample ¢ test. The data obtained from

the Latin square design were analysed with two-way repeated measures ANOVA
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(surgery and paw as main factors). To calculate the EDsy, data were converted to
percentage of antihypersensitivity effect based on the following formula:
% antihypersensitivity effect = [(PW— PW1i)/(PWc-PWi)] x 100, where PW is the paw
withdrawal threshold (g) of the ipsilateral paw in drug treatment, PWi is the paw
withdrawal threshold (g) of the ipsilateral paw at pre-treatment day, and PWc is the paw
withdrawal threshold (g) of the contralateral paw at pre-treatment day. One way

analysis of variance determined the differences between doses.

RSB responses were compared on each experimental week by using a two-way repeated
measures ANOVA where the between-group statistical factors were the surgical
condition (PSNL-operated, sham-operated and un-manipulated/naive mice) and
repeated measure (one test a day for five consecutive days). For drug treatment study, a

one-way ANOVA with repeated measures was used.

Data are expressed as mean + SEM. Bonferroni’s post hoc analyses were performed in
all cases for assessing specific group comparison. A P value of P < 0.05 was considered
to be statistically significant. Statistical analyses were carried out with the GraphPad

Prism 5.00 program (GraphPad Software, San Diego, CA, USA).

Results

Development of mechanical hypersensitivity following partial sciatic nerve ligation

injury was observed in female WT mice but not in female o:R”" mice.

RSB studies were performed using female mice, thus it makes sense to evaluate

mechanical hypersensitivity also in female mice. Consistent with our previous studies
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performed in male mice (de la Puente et al., 2009) mechanical hypersensitivity was

clearly observed in female WT mice but not in female o1R” mice (Fig. 1).
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Fig. 1. Development of mechanical hypersensitivity following nerve injury in WT and
6,R” deficient female mice. Mechanical hypersensitivity defined as decreased threshold to von
Frey filament stimulation was the nociceptive response evaluated in WT and o;R” mice with
PSNL and sham-operated mice. Partial sciatic nerve ligation induced long-lasting mechanical
hypersensitivity in WT mice but not in 6;R”" mice. WT PSNL mice developed ipsilateral
mechanical hypersensitivity lasting over 8 weeks. The right hind-paw surgical procedure did not
affect the left hind-paw withdrawal thresholds. The data presented are mechanical thresholds in
gram force and are expressed as means = SEM. The responses of ipsilateral paws of the PSNL
group were compared to sham-operated mice for each genotype and time point. *P < 0.05, **P

<0.01, ***P <0.001, two-way RM ANOVA, Bonferroni’s post hoc test.

The statistical analysis revealed significant effects of surgical condition in WT mice
(F2,17 = 85.15, P < 0.001) but not in GlR'/' mice (Fy47 = 0.41, P > 0.05). Post hoc tests
revealed that WT PSNL mice significantly increased responses to von Frey hair
stimulation at weeks 2 - 6 (P < 0.001), week 7 (P < 0.05) and week 8 (P < 0.01) as

compared to sham-operated mice, with normal sensitivity being completely restored
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within 9 weeks. Mice lacking ;R did not exhibit mechanical hypersensitivity following
partial sciatic nerve ligation at any time point evaluated. A significant effect of time was
observed in WT (Fg 136 = 8.55, P < 0.001) and interaction between surgery and time
factors (Fi6,136 = 8.36, P < 0.001), thus suggesting that PSNL mice showed significant
changes over time —unlike sham-operated mice, whose behavioural responses last for

weeks.

Effect of pharmacological blockade of sigma-1 receptors on mechanical

hypersensitivity after peripheral nerve injury.

Mechanical hypersensitivity, defined as a significant reduction in the pressure evoking
withdrawal of the nerve-injured hindpaw, was clearly evidenced in PSNL mice
(P <0.001). The withdrawal threshold value for the right (ipsilateral) paw in PSNL and
sham-operated mice was 0.18 = 0.04 g and 1.43 £ 0.05 g, respectively (Fig. 2).
However, the responses to mechanical stimuli in sham-operated mice remained
unchanged after surgery (P > 0.05). Withdrawal threshold values of 1.5 £ 0.03 g and 1.4

+ 0.04 g were obtained for the contralateral and ipsilateral paw, respectively.

Pharmacological experiments showed that E-52862 had no effect on the responses of
sham-operated mice after treatment (F464 = 2.27, P > 0.05), thus suggesting that normal
transmission and perception of sensory and nociceptive inputs remain intact following
pharmacological antagonism of o;R. However, nerve injury-induced mechanical
hypersensitivity was dose-dependently inhibited by the acute systemic administration of
E-52862, with E.x = 100 % and EDsp = 35.8 + 3.4 mg/kg. A statistically significant
dose effect was obtained in PSNL mice (F464 = 23,2; P <0.001). Bonferroni’s post hoc

test revealed that E-52862 significantly increased the paw withdrawal threshold at 40
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and 80 mg/kg (P < 0.001) as compared to the baseline nerve-injured hindpaw value,
while 20 mg/kg of E-52862 had no significant effect (P> 0.05) (Fig. 2). The
antinociceptive effect of E-52862 was consistent with the observation that clR'/ " mice

failed to develop mechanical hypersensitivity (Fig. 1).
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Fig. 2. Effects of the pharmacological blockade of 6;R on the hind paw withdrawal reflex
after mechanical stimulation in mice exposed to peripheral nerve injury. Threshold
mechanical sensitivity was assessed with Von Frey filaments in PSNL (A) and sham-operated
(B) mice in the ipsilateral and contralateral sides. PSNL surgery induced marked mechanical
hypersensitivity in the ipsilateral hind paw 14 days after injury as compared to sham surgery
(Basal in the graph). PSNL and sham-operated mice were daily administered with the o;R
antagonist E-52862 (20, 40 and 80 mg/kg) on days 15—17 post-surgery according to a Latin
Square design, and paw withdrawal threshold measurements were performed 30 min after drug
administration. After a 24-h drug washout period (WO in the graph), the hindpaw withdrawal
threshold was measured at day 18 post-injury. (C) Dose-response curve of the
antihypersensitivity effect of E-52862 (E,...=100; EDsy = 35.8 £ 3.4 mg/kg). Each point and
vertical line represent the mean = SEM. $$$p < 0.001, Student's two-sample ¢ test. ***P < (0.001,
two-way RM ANOVA, Bonferroni’s post hoc test. ###P < 0.001, one-way ANOVA,

Bonferroni’s post hoc test.
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The development of depressive-like behaviours after nerve injury was evidenced

by deficits in the reward-seeking behaviour in mice.

In order to test whether a PSNL injury evoked anhedonic-like behaviours in mice, the
RSB test was performed at different time points in both nerve injury and sham-operated
mice. Naive mice were also evaluated as controls for the normal behaviour of
non-manipulated mice. In PSNL mice, all behavioural parameters evidenced a
decreased hedonic response to palatable food, specifically at week 6 post-injury (see
Table 1 for statistical details). No significant interaction involving surgery condition and
repeated measures was found in any parameter evaluated. These results indicate that the
effect produced by repeated measures on the hedonic response was similar in all

experimental groups. Therefore, this effect is not specific to surgery condition.

Latency to eat was altered by surgical condition (Fig 3A). Statistical studies showed that
surgery condition failed to significantly modify this parameter at week 1 post-injury
(F237 = 1.87, P > 0.05). However, it was affected at week 3 (F,37 = 3.64, P < 0.05),
week 6 (F72 = 20.20, P < 0.001) and week 10 (F234 = 5.74, P < 0.01) post-injury.
PSNL mice showed statistical differences as compared to sham-operated mice
(P <0,05, trial 4; P < 0.01, trials 1 and 3; P < 0.001, trials 4 and 5) or naive mice

(P <0.01, trials 2 and 3; P <0.001, trials 1, 4 and 5) at week 6 post-injury.

Like latency to eat, the number of approaches was considered to be an indication of the
appetitive motivation to palatable food (Fig. 3B). No effect of surgery condition was
observed at weeks 1 and 3 post-injury. However, a significant effect of this factor was

observed at week 6 (F»72 =8.75, P < 0.001) and week 10 (F234 =3.39, P < 0.05) when
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PSNL mice showed statistical differences as compared to naive mice (P < 0.01, trial 2;

P <0.05, trial 4), but not when PSNL mice were compared to sham-operated mice.

The amount consumed seemed to be unaffected by the surgery condition at week 1 and
3 post-injury (F37=2.12, P> 0.05, F237 = 0.0, P > 0.05, respectively). This parameter
was affected by the surgery condition at week 6 (F7, = 12.47, P < 0.001) when PSNL
mice showed a significantly decreased consumption as compared to sham-operated mice
(P < 0.05, trials 1, 2; P <0.01, trial 5) or as compared to naive mice (P < 0.05, trial 5;
P <0.01, trial 2; P < 0.001, trial 1). These differences were also observed at week 10
(F2.136 = 6.23, P < 0.01). At this time, PSNL mice showed significant differences as
compared to naive mice (P < 0.05, trials 2 and 4) but not as compared to sham-operated
mice, which showed a decrease in the amount consumed similar to that observed in

PSNL mice.

Like the amount consumed, the eating duration was measured as an indication of the
consummatory response to palatable food. Experimental groups showed similar hedonic
responses as compared to those obtained in the amount consumed parameter. The
surgery condition was found to have a significant effect on eating duration at week 6
(F2.285=9.92, P < 0.001), when PSNL mice showed a shorter eating time as compared to
sham-operated (P < 0.01, trial 5) or naive mice P < 0.05, trial 2; P < 0.001, trial 1).

However, this factor had no effect at weeks 1, 3 and 10 post-injury (Table 1).

Body weight changes over time for the different experimental groups are shown in
Fig. 4A. No effect of surgery condition on weight was observed at any week evaluated,
except at week 10, (F;120=4.30, P < 0.05), when PSNL mice showed a body weight

decrease that was significantly different from that of sham-operated mice.
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Fig. 3. Development of depressive-like behaviours following nerve injury in mice. The RSB

of each experimental group was measured in separate groups of mice at weeks 1, 3, 6 and 10

post-surgery, once a day for five consecutive days. Values are means = SEM. A two-way RM

ANOVA was conducted to explore the effects of surgery condition (PSNL, sham-operated or

naive mice) and repeated measures at each post-injury week on the RSB. The surgery condition

factor showed a significant effect on the motivational aspect (latency to eat and Number of

approaches parameters) and also on the consummatory aspect (amount consumed and eating

duration parameters) of hedonic response to palatable food, at week 6 post-injury. (A) Latency

to eat, (B) number of approaches, (C) amount consumed and (D) eating duration.
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Fig. 4. Effect of neuropathic pain development on the body weight, intake and consumption
rate of palatable food. PSNL mice showed a significant weight loss as compared to sham-
operated at week 10. The decreased palatable food intake in the PSNL mice group at week 6 was
significantly lower as compared to sham-operated or naive mice. At week 10, intake decreased in
both PSNL mice and sham-operated mice as compared to naive mice. In consumption rate,
significant differences were observed between PSNL mice and naive mice only at week 10.
Values are means = SEM. (A) Body weight, (B) intake expressed as grams of white chocolate
consumed per animal and (C) consumption rate expressed as grams of white chocolate consumed

per second.
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Because consumption might be influenced by body size, the amount consumed
parameter was normalized per body weight of mouse (grams of chocolate consumed per
gram of body weight) in order to obtain the palatable food intake (Fig. 4B). All
experimental groups showed similar intakes at week 1 and week 3 post-injury, but the
surgery condition significantly altered the intake at week 6 (F»73 = 11.36, P <0.001).
PSNL mice showed a significantly decreased intake at week 6 as compared to sham-
operated (trial 5, P > 0.01) or naive mice (trial 1, P < 0.001; trial 2, P < 0.01; trials 4
and 5, P < 0.05) that was maintained also in week 10. Similarly, at week 10,
sham-operated mice showed a decreased intake with values similar to those of PSNL

mice (F,3, = 1.60, P> 0.05) (Fig. 4B).

Consumption rate was expressed as grams of white chocolate consumed per second
(Fig. 4C). No obvious differences were observed between groups during week 1 post-
injury, as three groups showed similar consumption rates (F,37 = 0.71, P > 0.05).
During weeks 3, 6 and 10 post-injury, however, an effect of the surgery condition was
observed at week 3 (F»,135 = 10.96, P < 0.001), week 6 (F2360 = 8.05, P < 0.001) and
week 10 (Fz,135 = 12.84, P < 0.001). PSNL mice showed a decreased consumption rate
at week 10 as compared to sham-operated or naive mice, and post hoc tests showed

significant differences in trial 4 (P < 0.05, compared to naive mice).

Sigma-1 receptor knock-out mice did not develop depressive-like behaviours

following partial sciatic nerve ligation injury.

The effect of o;R deletion on the development of depressive-like behaviours as a
consequence of neuropathic pain was studied (Fig. 5). Based on the previous results, the
week 6 after injury was selected to evaluate the depressive-like behaviours. A

significant effect of surgery condition factor was observed in the latency to eat (Fa,3 =
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14.96, P < 0.001), with significant differences between PSNL mice and sham-operated
mice or naive mice (P <0.05 in all trials, except trial 2). The surgery condition also
displayed a significant effect on the number of approaches and on the amount consumed
(Fa13 = 4.24, P<0.05; (F213 = 4.95, P < 0.05, respectively) but not on the eating
duration (F,7, =2.43, P> 0.05) in WT mice. Unlike in WT mice, this surgery condition
factor failed to show statistical significant effects on any of the RSB-related parameters

evaluated in 6;R” mice (see Table 2 for detailed statistical results).

Table 2. Statistical analysis of the effect of genetic blockade of 6;R on the development of
depressive-like behaviours following nerve injury in mice. The data from the behavioural
studies performed at week 6 post-injury were statistically tested with two-way ANOVA with
surgery condition (PSNL, sham-operated or non-manipulated/naive mice) and repeated
measures (one trial a day for five consecutive days) as independent variables. Comparisons were
made to identify the effect of injury on the lack of o;R. Data show the statistical analysis
obtained for the four parameters evaluated in RSB (latency to eat, number of approaches,

amount consumed, and eating duration).

Latency to eat Number of approaches Amount consumed Eating duration
d.f. F-value P a.f. F-value P d.f. F-value P d.f. F-value P
Wild-type mice
Surgical condition 2,72 1496 <0.001 2,72 424 <0.05 2,72 495 <0.05 2,72 243 0.1160

Repeated measure 4,72 230 0.0673 4,72 442 <0.01 4,72 022 09273 4,72 322 <0.05
Condition x measure 8,72 065 0.7323 8,72 0.61 0.7669 8,72 0.32 0.9540 8,72 143 0.1972
o;R” mice

Surgical condition 264 067 05259 2,64 088 04328 264 044 06497 264 0.13 0.8808
Repeated measure 464 542 <0.001 464 1529 <0.001 464 945 <0.001 4,64 16.40 <0.001
Condition x measure 864 134 02389 864 1.04 04151 864 080 0.6079 8,64 0.75 0.6465

Two-Way ANOVA test with Bonferroni post-test; not significant differences when P value >0.05; d.f.= degrees of
freedom.
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Fig. 5. Effect of genetic blockade of 6,R on the development of depressive-like behaviours
following nerve injury in mice. PSNL-related depression of RSB was not observed in the
o,R” genotype. WT mice showed significant differences as compared to PSNL mice and
sham-operated mice or naive mice in the four parameters evaluated. Anhedonic-like
behaviours, defined as higher latency to eat, lower number of approaches, lower amount
consumed and shorter time spent on consuming palatable food as compared to naive mice,
were not observed in 6;R” mice. Therefore, no differences between PSNL mice and sham-
operated mice or naive mice were observed in any behavioural parameter evaluated in this
genotype. (A) Latency to eat, (B) amount consumed, (C) number of approaches, and (D) eating

duration.

In summary, the absence of the gene for ;R resulted in no differences between the
experimental groups evaluated (PSNL, sham and naive mice). Unlike WT mice, PSNL,

sham and naive mice showed the same hedonic response.
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The sigma-1 antagonist reversed the anhedonic-like behaviour elicited by

neuropathic pain.

The same Latin square design used to test E-52862 in the sensory-discriminative
component of chronic neuropathic pain (mechanical hypersensitivity) was used to test
E-52862 in the affective-motivational component of chronic neuropathic pain. A group
of PSNL mice showed values similar to sham-operated mice, thus suggesting that they
did not develop this depressive-like behaviour (Fig. 6). Therefore, only PSNL mice

showing a consumption below 0.2 g were included in the analysis.

The results of the administration of E-52862 to prevent PSNL-related depression of
RSB in WT mice are shown in Fig. 7. WT PSNL mice administered with vehicle
showed a higher latency to eat as compared to sham-operated mice (P < 0.01). The
administration of E-52862 to PSNL mice dose-dependently restored the latency to eat to
sham-operated mice levels (P <0.05, 20 mg/kg vs. vehicle) (Fig. 7A). PSNL mice
administered with vehicle consumed a lower amount of white chocolate as compared to
sham-operated mice (P < 0.05). The administration of E-52862 to PSNL mice also
exerted a dose-dependent effect on this parameter and restored chocolate consumption
at the dose of 40 mg/kg (P < 0.01, vs. vehicle) (Fig. 7C). The analgesic-like effects of
E-52862 calculated with regard to sham-vehicle mice in the latency to eat were 96.9%
at the dose of 20 mg/kg, and 80.0% effect at the dose of 40 mg/kg in the amount

consumed.
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Fig. 6. Correlation data of latency to eat and amount consumed for each experimental group
tested for the first time in the RSB test at week 6. Naive mice consumed an average of 0.3 g of
white chocolate and the mean consumption for PSNL mice was 0.14 g. However, a small group
of PSNL mice showed values similar to naive mice, thus suggesting that they did not develop
this depressive-like behaviour. The figure also shows that only 2 out of 18 naive mice consumed
less than 0.2 g (11%). We therefore considered that a consumption of less than 0.2 g was an
adequate criterion to define anhedonia in each mouse. The figure also shows the percentage of
anhedonic mice (mice that ate less than 0.2 g) observed in the different experimental groups

evaluated. The red dashed vertical line marks this value.

Finally, while there is a tendency to a shorter time spent on consuming chocolate in
PSNL mice as compared to sham-operated mice, no significant differences were
observed in eating duration in PSNL mice and sham-operated mice administered with
the vehicle (P > 0.05). E-52862 also showed a tendency to restore the eating duration to
control values, but no significant differences were detected for this parameter at any
dose tested (Fig. 7D). While no statistical differences in the number of approaches were

obtained between these groups when the vehicle was administered, a statistical
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significance between PSNL and sham-operated groups was observed after the washout

period (P <0.01) (Fig. 7B).
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Fig. 7. Effect of the o;R antagonist E-52862 on neuropathic pain-induced depression in
mice. E-52862 restored RSB deficits exhibited in neuropathic mice. The latency to eat was more
sensitive to the o;R antagonist effect than the amount consumed. Deficits observed in these
parameters were restored by E-52862 to sham-operated mice values at 20 mg/kg and 40 mg/kg,
respectively. E-52862 was administered intraperitoneally 30 minutes prior to the RSB test in a
Latin-square dose design. Values are shown as means = SEM. *P < (.05, **P < 0.01 vs. vehicle,
#P < 0.05, ##P < 0.01, vs. sham-operated mice. Bonferroni’s post hoc test. (A) Latency to eat,

(B) amount consumed, (C) number of approaches, and (D) eating duration.
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Discussion

In this study we have compared the involvement of 61R on the sensory-discriminative
and the affective-motivational component of neuropathic pain evidenced by sensitivity
to a non-noxious stimulus (allodynia) and the depression of reward seeking behaviour in
mice. We have evaluated the time course of both paw hypersensitivity (sensory) and
anhedonia (affective). Anhedonia was evidenced by changes in a reward seeking
behaviour (RSB) paradigm previously used in an AA-induced visceral pain model (de la
Puente et al, 2015). The main findings of this study were: (i) peripheral nerve injury
produced a depressive-like behaviour as evidenced by the long-lasting depression of
both the appetitive and consummatory components of RSB in mice; (ii) this depressive-
like behaviour was present beyond the resolution of mechanical hypersensitivity; (ii1)
61R-/- mice did not develop depressive like behaviours; (iv) both mechanical
hypersensitivity and depressive-like behaviours were dose-dependently attenuated by
treatment with E-52862 in WT mice; and (v) E-52862 was more potent in reversing

PSNL-induced changes in RSB than in PSNL-induced mechanical hypersensitivity.

The sensory-discriminative (mechanical hypersensitivity) studies were performed in
female mice for comparison with the affective-motivational studies where females were
used on the basis of studies of reports which indicate that females are more susceptible
to psychological distress and severe pain than their male counterparts (Mogil and

Chanda, 2005; Breivik et al., 2006; Theis et al., 2007; Fillingim et al., 2009).

Mechanical hypersensitivity was clearly observed in female WT mice but not in female
61R”" mice. The absence of mechanical hypersensitivity in PSNL 61R”" mice remained

stable over time. These results are consistent with previous results where the lack of 6;R
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failed to induce mechanical hypersensitivity after partial sciatic nerve injury in male
mice (de la Puente et al., 2009). However, mechanical hypersensitivity was
progressively increased (decreased nociceptive threshold), beginning on day 4 after
injury in PSNL WT mice reaching the lowest value at 3 weeks post-injury. A gradual
reduction of injury-induced mechanical hypersensitivity over time until total recovery at
week 9 post-injury was observed. The results were also similar to data previously
obtained by Racz and co-workers (Racz et al., 2015), where PSNL-induced mechanical

allodynia was undetectable 8 weeks after nerve ligation.

The role of o;R in the sensory-discriminative component of chronic pain was also
analysed by evaluating the effect of the pharmacological antagonism of o;R on the
nociceptive reflex responses exhibited in PSNL WT mice. The efficacy and potency of
the ;R antagonist E-52862 to reduce mechanical hypersensitivity secondary to
neuropathic pain was maximum and well within the range of doses where E-52862 was
active in other pain models, including chemical sensitization with capsaicin (EDsy =
26.3 + 5.5 mg/kg), formalin (EDsy = 40.0 = 5.2 mg/kg), CFA (42.1+ 7.1 mg/kg) or
carrageenan (35.9 = 9.8 mg/kg) (Gris et al., 2014), and PSNL-induced mechanical
allodynia (EDso = 23.4 £ 0.9 mg/kg) (Romero et al., 2012). Our results showed that the
EDsy of E-52862 was higher than that obtained by Romero and co-workers in the same
model of neuropathic pain in male mice, thus suggesting the possibility of gender

influences.

Interestingly, a different time profile between paw hypersensitivity (sensory) and
anhedonia (affective) was found. Mice developed mechanical hypersensitivity from 1 to
8 weeks after neuropathy induction, and depression-related behaviours were observed

from 6 to 10 weeks after injury. Surprisingly, 10 weeks post-injury, sham-operated mice
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displayed a decreased hedonic response to palatable food as compared to naive mice. In
fact, they were indistinguishable from PSNL mice. These results suggest that
sham-operated mice suffer some affective consequences caused by surgery with no
obvious sensory abnormalities. During the sham surgical procedure the sciatic nerve is
not ligated but a wound is performed on the skin and on the right leg biceps femoris
which is closed with a permanent single muscle suture. Both wound pain and chronic
muscle pain are significant clinical problems affecting many people and have been
related to poor adaptation to living with a wound, such as depression and low self-
esteem (Kehlet etz al., 2006; Solowiej et al., 2009). Peripheral muscle alterations are
parts of the activated pain mechanisms in common chronic pain conditions such as
fibromyalgia syndrome, chronic widespread pain, or post-operative neuropathic pain
(Gerdle et al., 2014). Thus, it is likely that sham-operated mice were suffering a chronic
pain condition from a muscle and/or wound-related origin (Arendt-Nielsen and Graven-
Nielsen, 2011). To our knowledge this is the first time that affective consequences
caused by this surgical procedure has been reported in mice. This finding could be
useful to model chronic muscle pain or post-operative neuropathic pain. Further studies
are needed to determine whether sham-operated mice can be considered a new model of

chronic pain.

Globally, our time course experiments show that the sensory and affective consequences
of neuropathic pain evolve differently over time, and that affective alterations can
persist with no obvious sensory abnormalities. Similar results have been previously
observed under acute visceral and chronic neuropathic pain conditions (de la Puente, et

al,2015; Yalcin et al., 2011).
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A significantly decreased body weight of PSNL mice at week 10 together with a
decreased in their consumption rate were observed. These results suggest that PSNL
mice showed modifications in their appetitive behaviour to standard food as an
indication of depressive-like behaviour. These alterations in PSNL mice may mimic the

weight loss or appetite changes modifications observed in depressed patients (DSM-1V).

In the present study we analysed whether the lack of o;R in 6;R”" mice could protect
from development of pain-induced mood alterations as reported for pain-induced
sensory hypersensitivity. Interestingly, the deficits in the hedonic responses to palatable
food observed in WT mice were not observed in 6;R”" mice. PSNL, sham-operated and
naive 6;R”" mice exhibited similar hedonic behaviour in all parameters evaluated in
RSB. These results suggest that 6;R was necessary for the development of pain-related
anhedonia. However, significant differences were also found between wild-type and
61R”" mice during the baseline RSB test for eating duration and amount consumed.
Because previous studies suggest several potential mechanisms through which ;R may
modulate dopamine and opioid systems (Fu et al., 2010; Navarro et al., 2010), o;R
could be involved in the processing of natural rewards (Le Merrer et al., 2009; Baik,
2013). o;R” mice could develop compensatory changes which could explain these
significant differences in the consummatory response between both genotypes.
However, the objective of this study was to evaluate whether AA administration could
induce the RSB deficits found in WT mice, in o:R”" mice. Therefore, these findings

should not affect the main conclusion of this study.

We also found that pharmacological treatment with the o;R antagonist E-52862
dose-dependently reversed the anhedonic-like behaviour shown after partial sciatic

nerve injury. However, the efficacy of E-52862 in mechanical hypersensitivity
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following PSNL was only partial at the dose of 40 mg/kg (52%). Moreover, the dose of
20 mg/kg only showed a low non significant antihypersensitivity effect (21%). E-52862,
in contrast, was able to fully restore the normal RSB of PSNL mice at doses of 20 and
40 mg/kg for latency to eat and amount consumed, respectively. These pharmacological
experiments showed that the affective-motivational component of neuropathic pain was
more sensitive to the analgesic-like effect of E-52862 than the sensory-discriminative
component of neuropathic pain: it 1is four times more potent in the

affective-motivational than in the sensory-discriminative component.

In summary, a different time profile for the sensory and the affective consequences of
neuropathic pain has been shown. The genetic and pharmacological study showed that
o1R blockade suppresses nociceptive reflex behaviours in a peripheral nerve injury
model in mice, thus supporting the hypothesis that 6;R plays a role in the expression
and development of sensory-discriminative component of chronic neuropathic pain.
Furthermore, the genetic and pharmacological results also suggest that o;R plays an
important role in the expression and development of anhedonic-like behaviours causally
associated with neuropathic pain. Therefore, the results of the present study support the
pharmacological modulation of 6|R as useful strategy to manage both the sensory and

mood alterations of neuropathic pain.
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General Discussion

The overall purpose of this Doctoral Thesis was to explore the role of o;R in the
sensory-discriminative and affective-motivational components of pain. To this end,
acetic acid-induced visceral pain and partial sciatic nerve ligation in mice were used to
model an acute and chronic pain state, respectively. The sensory-discriminative and
affective-motivational components of pain in these models were infered by changes in
reflexive and non-reflexive behavioural outcomes, respectively. Abdominal contractions
(writhing) and paw behavioural hypersensitivity to mechanical and thermal stimuli were
analysed as reflexive outcomes. On the other hand, pain-related changes of sweet
preference, locomotor activity and reward-seeking behaviour were analysed as non-
reflexive outcomes. These models and behavioural outcomes were used to evaluate the
effects of pharmacological and genetic blockade of o;R and the effects of some
reference compounds. Furthermore, electrophysiological and molecular studies in o1R"
mice were used to understand the role of 61R in the sensory-discriminative component

of chronic pain.

To study the affective-motivational component of pain we have used some innovative
methodological approaches which are a step forward to improve the modelling of pain
phenomena in rodents. The analysis of pain-induced changes in a non-operant
motivational task like the reward-seeking behaviour has allowed us to find a differential
sensitivity to pain and analgesics depending on the different phases of the motivated
behaviour. Approach motivation was more sensitive to noxious stimulus and to the
analgesic-like effects than consummatory behaviours as evidenced by the dose response
and time course studies on AA-induced changes in RSB (Article 3). AA dose response
study found that while the approach-related parameters were not significantly affected

by the dose of 0.6% AA, the consummatory-related parameters were already reduced by
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approximately 50%. The time-course study found a partial recovery after 3 hours of the
approach-related parameters of AA-treated mice whereas the amount consumed was
totally absent at that time point. Finally, we have also found that active drugs were more
potent in restoring the approach-motivation aspect of the hedonic response than in
restoring the consummatory aspect of it. A possible evolutionary explanation for these
results is suggested since strong impediments in approach motivation —which occur
before the consummatory-related behaviours— could seriously affect body survival. At
the same time, a faster recovery of motivation for natural rewards likely improves body

survival.

In addition, we found that the affective-motivational component was more sensitive to
the analgesic-like effect than the sensory-discriminative component. In fact, we have
clearly showed that inactive doses of analgesics in the sensory component were actually
active in the affective component. Similar results have also been obtained in preclinical
and clinical research (see Cobos and Portillo-Salido, 2013 for review and Table 2 from
the Introduction of this Doctoral Thesis). The RSB endpoint was extraordinarily more
sensitive to the analgesic-like effects than the classic sensory-related endpoint in the
acute pain model. This was clearly evident for ibuprofen and diclofenac which were
much more potent to restore the deficits in the approach-motivation parameter in the
RSB task than to inhibit the reflexive endpoint of writhing in the visceral pain model.
This particular resistance to drug-induced inhibition of noxious-induced reflexive
behaviours could make sense again, from an evolutionary perspective. Reflexive
responses to noxious stimulation could occur in virtually all living species possessing
nervous systems. Thus, some of these mechanisms may be quite primitive and drug-

induced impediments in the expression of sensory-reflexive behaviours can be hard to
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achieve. In fact, reflexive behaviour can often be observed in decerebrated animals
(Vierck et al., 2008) and humans with extensive damage of the cerebral hemispheres
can still respond to noxious stimuli (however they are unconscious and unable to

experience pain) (Sneddon et al., 2003).

Table 1. Role of o,R in the sensory-discriminative component of pain (A) and the

affective-motivational component of pain (B). The effects of the reference drugs used to

validate some methods developed for this Doctoral Thesis are also showed.

(A) Sensory-discriminative component of pain

Ini Endpoint WT mi R mi Pharmacological blockade }’fhatrm?colfogical
njury ndpoin mice o;R" " mice of o,R (E-52862) effects of reference
drugs
0,
AA Writhing reflex Increased Similar to WT 100% Effect All .100?’ except
caffeine = no effect
Mechanical sensitivity Increased No developed 100% Effect N.T
PSNL Thermal (hot) sensitivity Increased Similar to WT N.T N.T
Thermal (cold) sensitivity Increased Attenuated N.T N.T
(B) Affective-motivational component of pain
. Pharmacological
Pharmacological blockade
. . . e .
Injury Endpoint WT mice o;R" " mice of o,R (E-52862) effects of reference
drugs
Sweet preference Decreased N.T. N.T. 100% Ibuprofen
Locomotor activity Decreased N.T. N.T. 100% Ibuprofen
AA
Effective on approach More potent on
Reward-seeking behaviour Decreased Similar to WT motivation but not on approach motivation
consumption than consumption
Sweet preference No changes N.T. N.T. N.T.
Locomotor activity N.T. N.T. N.T. N.T.
PSNL
More potent on
Reward-seeking behaviour Decreased No developed 100% Effect approach motivation

than consumption

N.T.: not tested
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All together these results showing that inactive doses of analgesics in the sensory
component were actually active in the affective component are important in a drug
discovery context because possible analgesics may be currently being discarded based
on a lack of efficacy on sensory-based pain screening experimental models. Finally, a
further interesting finding was that the sensory and affective consequences of
neuropathic pain evolve differently over time, and that affective alterations can persist
with no obvious sensory abnormalities. Interestingly, we found that sham-operated mice
showed depressive-like behaviours as compared to naive mice 10 weeks after the

surgery which could be considered as a new model of chronic post-operative pain.

The use of cis'/ " mice showed that ;R was necessary for the development of both
behavioural hypersensitivity and the depressive-like phenotype observed after partial
sciatic nerve ligation (Tables 1 and 2). 61R”" mice also showed an attenuation in the
number of action potentials induced by repeated electrical C-fibres stimulation on the
dorsal root and in the increased phosphorylation of ERK in the spinal cord of mice
exposed to partial sciatic nerve injury. These molecular and electrophysiological studies
performed in the chronic neuropathic pain model provided, for the first time, a
mechanistic explanation for the “pain-resistant” behavioural phenotype of o;R”" mice.
Overall, these results strongly support, for the first time, that ;R plays a key role in

both the sensory-discriminative and affective-motivational components of chronic pain.
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Table 2. Schematic representation of the overall effect of 6,R in the sensory-discriminative and
affective-motivational components of acute and chronic pain based on the results of this

Doctoral Thesis.

Sensory- Affective-
discriminative motivational
Acute Chronic  Acute Chronic I:l No effect

Expression (E-52862) - - - Moderate effect
Development (GlR'/' mice) ‘:l - |:| - - Clear effect

In contrast, the genetic absence of 5;R failed to modify the writhing behaviours and the
depressed RSB of the acute visceral pain model, thus suggesting that o;R was not
necessary for the expression of the sensory-discriminative and affective-motivational
component of pain. Because neuropathic pain and visceral pain are known to involve
different pathways (Ness and Gebhart, 1990; Sikandar and Dickenson, 2012), the
different phenotypes observed in 6;R”" mice suggest —depending on the pain model—
a distinct involvement of the 6;R system in the mechanisms underlying each type of

pain.

The use of the selective ;R antagonist E-52862 showed that the pharmacological
blockade of o;R fully inhibited writhing in the acute visceral pain model, and also
behavioural hypersensitivity to mechanical stimuli induced by sciatic nerve injury with
similar potency (Table 1). These results suggest that acute pharmacological modulation
of 61R was sufficient to have an impact on the sensory-discriminative component of
both acute and chronic pain. Interestingly, we also found that E-52862 induced a

recovery of the normal emotional functioning of neuropathic mice by restoring the
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General Discussion

reward-seeking behaviour —the “affective outcome” being 4 times more sensitive than

the “sensory outcome” (paw hypersensitivity).

In summary, all these results suggest that affective outcomes were more sensitive to
analgesics than sensory outcomes, as well as a prominent role of ;R in both the
sensory-discriminative and affective-motivational components of pain (particularly in
chronic pain). Finally, the present results support moving E-52862 forward into clinical
development as a new therapeutic approach to neuropathic pain and its mood-related

comorbidities.
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VII. Conclusions






Conclusions

Both sensory-discriminative and affective-motivational components of acute pain
were evidenced by the appearance of abdominal contractions (pain-stimulated
behaviour) and decreases in the expression of sweet preference behaviour or

novelty-induced locomotor activity (pain-depressed behaviours), respectively.

Pain-related depression of sweet saccharine preference failed to detect the

affective-motivational component of chronic neuropathic pain.

Pain-depressed behaviours are much more sensitive to the analgesic effects of

drugs that pain-stimulated behaviour.

The new reward-seeking behaviour (RSB) task performed in our laboratory may
be useful as a sensitive behavioural test for preclinical studies to assess both
pain-related functional impairment of motivated behaviour and restoration of

pain-depressed behaviour by candidate analgesic drugs.

The sensory-discriminative component of chronic neurophatic pain is functionally
dissociated from its affective-motivational component as evidenced by the

different time-course of the behavioural expression of both components.

The o|R is necessary for the development of the behavioural manifestations of
both the sensory-discriminative and the affective-motivational component of

chronic neuropathic pain, but not for acute visceral pain.

The o;R play a key role in the modulation of physiological and molecular

mechanism involved in neuropathic pain.
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Conclusions

8.  The pharmacological blockade of o;R prevent the expression of behavioural
manifestations of the sensory-discriminative and the affective-motivational

components of both acute (partially) and chronic pain (fully).

9.  o;R blockade could have beneficial effect on both behavioural hypersensitivity

and mood complications of neuropathic pain.

The o;R plays a significant role in both the affective-motivational and
sensory-discriminative components of pain and ¢;R blockade could have beneficial
effect on behavioural hypersensitivity and the mood complications of neuropathic

pain.
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