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Current pain treatment is successful in many patients, but nevertheless numerous
problems have to be solved because still about 20 % of the people in the population
suffer from chronic pain. A major aim of pain research is, therefore, to clarify the
neuronal mechanisms which are involved in the generation and maintenance of
different pain states, and to identify the mechanisms which can be targeted for pain
treatment. This volume on pain control addresses neuronal pain mechanisms at the
peripheral, spinal, and supraspinal level which are thought to significantly contrib-
ute to pain and which may be the basis for the development of new treatment
principles. Chapters on nociceptive mechanisms in the peripheral nociceptive
system address the concept of hyperalgesic priming, the role of voltage-gated
sodium channels in different inflammatory and neuropathic pain states, the
hyperalgesic effects of NGF in different tissues and in inflammatory and neuro-
pathic pain states, and the contribution of proteinase-activated receptors (PAR) to
the development of pain in several chronic pain conditions. Chapters on nociceptive
mechanisms in the spinal cord address the particular role of NO and of glial cell
activation in the generation and maintenance of inflammatory and neuropathic pain,
and they discuss the potential role of local inhibitory interneurons, of the endoge-
nous endocannabinoid system, and the importance of non-neuronal immune
mechanisms in opioid signaling in the control of pain. Furthermore, it is presented
how spinal mechanisms contribute to the expression of peripheral inflammation. At
the supraspinal level, the role of the amygdala and their connections to the medial
prefrontal cortex in pain states are addressed. A particular chapter discusses the
experimental methods to test central sensitization of the nociceptive system in
humans. Finally, differences and similarities of the neuronal systems of pain and
itch are reported. Altogether, the chapters demonstrate that both the concentration
on single key molecules of nociception and the interference with disease-related
mediators may provide novel approaches of pain treatment.

Jena, Germany Hans-Georg Schaible
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Abstract

Current pain treatment is successful in many patients, but nevertheless numerous
problems have to be solved because still about 20 % of the people in the
population suffer from chronic pain. A major aim of pain research is, therefore,
to clarify the neuronal mechanisms which are involved in the generation and
maintenance of different pain states and to identify the mechanisms which can
be targeted for pain treatment. This volume on pain control addresses neuronal
pain mechanisms at the peripheral, spinal, and supraspinal level which are
thought to significantly contribute to pain and which may be the basis for the
development of new treatment principles. This introductory chapter addresses
the types of pain which are currently defined based on the etiopathologic
considerations, namely physiologic nociceptive pain, pathophysiologic nocicep-
tive pain, and neuropathic pain. It briefly describes the structures and neurons of
the nociceptive system, and it addresses molecular mechanisms of nociception
which may become targets for pharmaceutical intervention. It will provide a
frame for the chapters which address a number of important topics. Such topics

H.-G. Schaible (P<)

Institute of Physiology 1/Neurophysiology, Jena University Hospital, Friedrich Schiller University
of Jena, Teichgraben 8, Jena 07740, Germany

e-mail: Hans-Georg.Schaible@med.uni-jena.de

© Springer-Verlag Berlin Heidelberg 2015 1
H.-G. Schaible (ed.), Pain Control, Handbook of Experimental Pharmacology 227,
DOI 10.1007/978-3-662-46450-2_1


mailto:Hans-Georg.Schaible@med.uni-jena.de

2 H.-G. Schaible

are the concept of hyperalgesic priming, the role of voltage-gated sodium
channels and nerve growth factor (NGF) in different inflammatory and neuro-
pathic pain states, the hyperalgesic effects of NGF in different tissues, the
contribution of proteinase-activated receptors (PARs) to the development of
pain in several chronic pain conditions, the role of spinal NO and of glial cell
activation in the generation and maintenance of inflammatory and neuropathic
pain, the potential role of spinal inhibitory interneurons, the endogenous
endocannabinoid system, and the importance of nonneuronal immune
mechanisms in opioid signaling in the control of pain, the influence of spinal
mechanisms on the expression of peripheral inflammation, the role of the
amygdala and their connections to the medial prefrontal cortex in pain states,
the experimental methods to test central sensitization of the nociceptive system
in humans, and differences and similarities of the neuronal systems of pain and
itch. Finally it will be discussed that both the concentration on single key
molecules of nociception and the interference with disease-related mediators
may provide novel approaches of pain treatment.

Keywords
Nociceptive pain ¢ Neuropathic pain ¢ Nociceptive system e Peripheral
sensitization ¢ Central sensitization * Nociceptor ¢ Pain mechanisms

Pain therapy is an important need in most fields of medicine because numerous
diseases are associated with significant pain. Although pain treatment is successful
in many patients, numerous problems still have to be solved. An impressive fact is
that about 20 % of the people in the population suffer from chronic pain. According
to epidemiological studies, chronic pain is most frequent in the musculoskeletal
system, and osteoarthritis pain and low back pain are the leading causes (Breivik
et al. 20006).

There are numerous reasons for the existence of chronic pain and the failure of
pain therapy. Concerning drug therapy, we have only a limited spectrum of drugs
which are available for pain treatment. It is largely based on the use of nonsteroidal
anti-inflammatory drugs (NSAIDs) which inhibit prostaglandin synthesis and on
the use of opioids. In addition, for the treatment of neuropathic pain, drugs are used
which reduce the neuronal excitability. The available drugs may not be sufficient to
achieve long-lasting pain relief. Furthermore, they have side effects which limit
their use in the long term. Intense pain research is, therefore, necessary to improve
the situation.

Pain research has several aims. A major first aim is to clarify the neuronal
mechanisms which are involved in the generation and maintenance of pain.
Based on the numerous studies in different disciplines, it is quite clear that pain is
the result of complex mechanisms which interact in many ways. Pain is determined
by neurophysiological mechanisms in the nociceptive system as well as by other
components such as psychological and social factors. The key to better pain therapy
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is an advanced understanding of the processes which are integrated in order to
produce the clinical symptom pain. The second major aim is to identify the
mechanisms which can be targeted for pain treatment. However, due to the com-
plexity of factors contributing to pain, pain treatment is not limited to the use of
drugs. For the treatment of chronic pain, rather interdisciplinary approaches are
suitable which include drug therapy, physiotherapy, psychotherapy, and others.

This volume on pain control addresses neuronal pain mechanisms at the periph-
eral, spinal, and supraspinal level which are thought to significantly contribute to
pain and which may be the basis for the development of new treatment principles.
Naturally it will not be possible to cover all relevant areas in this volume.

Related to the sensation of pain is the sensation of itch (see Schmelz 2015). Pain
and itch are generally regarded antagonistic as painful stimuli such as scratching
suppress itch. Several findings are in agreement with the specificity theory for itch,
but there are also considerable overlaps of mechanisms of pain and itch, and
therefore, research concepts should address the common mechanisms.

1 Pathophysiological Background
1.1 Types of Pain

From the etiopathological point of view, currently three types of pain are distin-
guished (Schaible and Richter 2004). If noxious stimuli threaten normal tissue,
physiologic nociceptive pain is elicited. Usually intense mechanical (noxious
pressure, noxious movements, etc.) or thermal stimuli (noxious heat, noxious
cold) are necessary to activate the nociceptive system. This type of pain protects
the body from being damaged.

In the course of inflammation or tissue injury, pathophysiologic nociceptive
pain is evoked. It is characterized by mechanical and/or thermal allodynia and
hyperalgesia. The threshold for elicitation of pain is lowered into the normally
innocuous range, with the consequence that normally non-painful stimuli elicit
pain. Pathophysiologic nociceptive pain is the most frequent cause for seeking
medical treatment. The nociceptive system undergoes significant changes, but
overall, its functions are intact. This pain is often dependent on stimulation, i.e.,
evoked by load. Pathophysiologic nociceptive pain has the purpose to prevent the
tissue from further damage and to support healing processes. Under suitable
conditions, it disappears after successful healing.

The third type of pain results from damage or disease of neurons of the
nociceptive system. In this case nerve fibers themselves are afflicted, and therefore,
this type of pain is called neuropathic pain. This form of pain is abnormal, often
aberrant, because it does not signal tissue inflammation or tissue injury, and it may
be combined with loss of the normal nerve fiber function. Neuropathic pain is
useless because it does not serve as a warning signal for body protection. Damage or
diseases of the peripheral as well as of the central nociceptive system can elicit
neuropathic pain.
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1.2 The Nociceptive System

Pain is produced by the activation of the nociceptive system, the part of the nervous
system which is specialized for the detection and processing of noxious stimuli. In
the brain the nociceptive system cooperates with other systems allowing bidirec-
tional interactions between the nociceptive and other systems. The peripheral
nociceptive system provides the sensors for noxious stimuli; the central nervous
system processes the nociceptive input and produces the conscious sensation
of pain.

The peripheral nociceptive system is composed of the nociceptive nerve fibers
which innervate the tissue. Peripheral nociceptors are either C-fibers or A0-fibers,
and their sensory endings in the tissue are free nerve endings. Most nociceptive
sensory fibers are polymodal and respond to noxious mechanical and thermal
stimuli as well as to a variety of chemical stimuli. The excitation threshold of
these nerve fibers is near or at the noxious (tissue damaging) range, and the fibers
encode noxious stimuli of different intensities by their discharge frequencies. In
order to sense noxious stimuli, nociceptive sensory endings are equipped with ion
channels which open upon the application of noxious stimuli. Some of these
transduction molecules were identified, but there are still numerous gaps in knowl-
edge (see Sect. 1.4). By opening such ion channels, noxious stimuli depolarize the
sensory neurons. If the so-evoked depolarizing sensor potentials reach a sufficiently
high amplitude, they trigger the opening of sodium channels and elicit action
potentials which propagate along the nerve fiber and cause synaptic activation of
nociceptive neurons in the spinal cord (or of the brain stem for nociceptive input
from the head) (Schaible and Richter 2004).

The central nociceptive system consists of the nociceptive neurons in the spinal
cord and in different supraspinal structures which are activated by noxious stimuli.
Nociceptive neurons in the spinal cord form either ascending tracts which transmit
the nociceptive information to the thalamus and the brain stem, or they are local
interneurons which activate neurons within the same or adjacent segments. The
spinothalamic tract ascends to the ventrobasal complex of the thalamus which is a
relay nucleus on the way to the sensory cortex. Branches of the spinothalamic tract
or other ascending tracts project to the brain stem, e.g., to the parabrachial nucleus
which forms a pathway to the amygdala (Bushnell et al. 2013). They form also
connections to brain stem nuclei which are the origin of the descending inhibitory
and excitatory systems (Ossipov et al. 2010).

Nociceptive neurons in the thalamocortical system generate the conscious pain
experience. Currently a distinction is made between the lateral system and the
medial system. The lateral system consists of neurons in the ventrobasal nucleus of
the thalamus and in the cortical areas S1 and S2, i.e., the somatosensory cortex. The
activation of these neurons is thought to generate the sensory discriminative
component of pain, i.e., the sensory analysis of the noxious stimulus. The medial
system consists of neurons in the medial part of the thalamus and projections to the
insula, the anterior cingulate cortex, and the forebrain. These pathways generate the
affective emotional component of pain, the unpleasantness and the suffering, and



Emerging Concepts of Pain Therapy Based on Neuronal Mechanisms 5

they are involved in the generation of behavioral responses to pain (Treede
et al. 1999; Vogt 2005). Nociceptive stimuli also activate the amygdala which is
a major site for the generation of fear (Duvarci and Pare 2014). The thalamocortical
nociceptive system interacts with numerous other systems which are involved in
brain functions, e.g., neuronal circuits which are involved in the generation of
emotions and others (Bushnell et al. 2013). A well-known consequence of such
interactions is the occurrence of depression during pain states.

The brain stem forms a descending system which generates descending inhibi-
tion and descending excitation. The nucleus of origin of descending inhibition is
the periaqueductal gray which projects to the rostroventral medulla. From there
tracts descend to the spinal cord where they influence the spinal nociceptive
processing. The descending inhibitory system serves as an endogenous pain control
system which keeps the nociceptive system under control. It can be activated from
the brain and is, e.g., active during placebo responses (Ossipov et al. 2010).

In the chapter on itch, Schmelz addresses the differences and similarities of the
neuronal systems of pain and itch. Separate specific pathways for itch and pain
processing have been uncovered, and several molecular markers at the primary
afferent and spinal level have been established in mice that identify neurons
involved in the processing of histaminergic and non-histaminergic itch. However,
in addition to broadly overlapping mediators of itch and pain, there is also an
evidence for overlapping functions in primary afferents. Nociceptive primary
afferents can provoke itch when activated very locally in the epidermis, and
sensitization of both nociceptors and pruriceptors has been found following local
nerve growth factor (NGF) application in volunteers. Thus, the mechanisms that
underlie the development of chronic itch and pain including spontaneous activity
and sensitization of primary afferents as well as spinal cord sensitization may well
overlap to a great extent (Schmelz 2015).

1.3 Neuronal Mechanisms of Pathophysiologic Nociceptive
and Neuropathic Pain

In clinically relevant pain states, the nociceptive system undergoes significant
changes at the peripheral as well as the central level. Pathophysiologic nociceptive
pain and neuropathic pain involve different as well as common mechanisms.
Figure 1 displays major changes which are observed in chronic pain states.

At the peripheral level distinct processes were observed which characterize
pathophysiologic nociceptive and neuropathic pain. The hallmark of pathophysio-
logic nociceptive pain, e.g., pain during inflammation or after tissue injury, is
peripheral sensitization. Nociceptive nerve fibers exhibit a lowering of their
excitation threshold for the response to mechanical and/or thermal stimuli and
increased firing frequencies during the application of stimuli of noxious intensities.
Such processes were characterized in the skin, muscle, joint, and visceral organs
(Schaible and Richter 2004). Molecular mechanisms of peripheral sensitization are
addressed in Sect. 1.4 (see below). More recently, the concept of hyperalgesic
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Activation of the thalamocortical Changes in brain stem:

system (conscious pain) Reduction of descending

—lp
Activation of the amygdala (fear) | ——— | inhibition
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. e excitation
Cortical reorganization

f Tl

Spinal sensitization
(involvement of neurons and glial cells)

f f
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Inflammation Injury or disease
Tissue injury of nerve fibres

Fig. 1 Changes in the nociceptive system during pathophysiologic nociceptive pain and neuro-
pathic pain. Spinal sensitization and increased hyperexcitability at the supraspinal level form the
process of central sensitization

priming was introduced (see Kandasamy and Price 2015). Priming arises from an
initial injury and results in the development of a remarkable susceptibility to
normally subthreshold noxious inputs causing a prolonged pain state in primed
animals. Priming increases the sensitization process which is evoked by sensitizing
mediators. As an example, application of prostaglandin E2 to normal tissue causes a
short-lasting sensitization of nociceptors if applied before injury or priming. How-
ever, if the neurons were primed, e.g., by interleukin-6, NGF, and other priming
stimuli, prostaglandin E2 will cause a long-lasting sensitization (see Kandasamy
and Price 2015).

A frequent process of neuropathic pain at the peripheral level is the generation of
ectopic discharges. These action potentials can be elicited at the lesion site of the
nerve fibers, but they can also be generated in the soma of the lesioned neurons
(Devor 2009). Underlying mechanisms are changes in the expression of ion
channels, actions of inflammatory mediators on lesioned fibers, and effects of the
sympathetic nervous system on lesioned nerve fibers. In the latter case the neuro-
pathic pain may be sympathetically maintained (Schaible and Richter 2004).

Peripheral nociceptive processes often trigger changes in the spinal cord which
are called central sensitization. The changes in the spinal cord provide a gain of
the nociceptive processing at the spinal site (Cervero 2009; Woolf and Salter 2000).
Nociceptive spinal cord neurons which receive increased input from inflamed
regions show the following phenomena: a lowering of threshold, increased
responses to innocuous and noxious stimuli, and an expansion of the receptive
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fields (Schaible et al. 2009). In the sensitized state, more spinal cord neurons show
responses to a stimulus applied to a specific peripheral site. These changes reflect an
increase of the synaptic processing including the suprathreshold activation of
synapses which may be too weak in the normal state to depolarize the neuron
sufficiently. In many aspects these processes are similar to the long-term potenti-
ation which was characterized as a major process of memory formation in the
hippocampus (Sandkiihler 2000). Central sensitization is also thought to occur in
neuropathic pain states.

Several cell types may contribute to the spinal sensitization. First, the sensitiza-
tion of peripheral nociceptors increases the sensory input into the spinal cord, thus
providing a stronger presynaptic component of synaptic activation. Second, post-
synaptic spinal cord neurons are rendered hyperexcitable by the activation of
NMDA and other receptors (Sandkiihler 2000; Woolf and Salter 2000). Third,
glial cells may be activated and produce cytokines and other mediators which
facilitate the spinal processing. Glial cells are strongly activated in neuropathic
pain states, but they may also contribute to inflammatory pain (McMahon and
Malcangio 2009). The involvement of glial cells in pain states is addressed by
Old et al. (2015). Fourth, the activity of inhibitory interneurons may be reduced.
The inhibitory neurons in the spinal cord and the mechanisms by which the
inhibitory control is decreased or lost are addressed by Todd (2015). The spinal
sensitization and the resulting thalamocortical processing are thought to underlie
the observation that in many pain states the pain becomes widespread (Phillips and
Clauw 2013). The significance of central sensitization in humans under clinically
relevant conditions, and the experimental methods to test central sensitization in
humans, will be addressed by Arendt-Nielsen (2015).

Ascending nociceptive information activates the thalamocortical system. During
chronic pain states significant changes of this system were observed in patients
using fMRI. Remarkably, many chronic pain states such as chronic osteoarthritic
pain are associated with a so-called atrophy of the regions in which pain is
processed. The underlying cellular mechanisms have not been identified. Interest-
ingly, this atrophy seems to be reversible because after successful treatment of pain,
the brain structures show a normalization (Bushnell et al. 2013; Gwilym et al. 2010;
Rodriguez-Raecke et al. 2009). Under neuropathic conditions the cortex may show
areorganization with significant changes in the cortical maps. Such changes were,
e.g., observed during phantom limb pain.

As already mentioned, ascending tracts not only activate the thalamocortical
system. They also activate the amygdala via the parabrachial nucleus. Further input
to the amygdala is provided by the nerve fibers from the thalamus and from the
cortex (Duvarci and Pare 2014). The amygdala is key nuclei in the generation of
fear, and they can be activated in pain conditions (Kulkarni et al. 2007). In this
volume, the role of the amygdala and their connections to the medial prefrontal
cortex (mPFC) in pain states will be addressed by Neugebauer (2015). Pain-related
mPFC deactivation results in cognitive deficits and the failure of inhibitory control
of amygdala processing. Impaired cortical control allows the uncontrolled persis-
tence of amygdala pain mechanisms.
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Neural pathways descending from the brain stem mediate inhibition and facili-
tation of nociceptive spinal cord neurons (Ossipov et al. 2010; Vanegas and
Schaible 2004). During severe chronic pain, a reduction of descending inhibition,
in particular the diffuse inhibitory noxious control (DNIC), was reported (Kosek
and Ordeberg 2000; Lewis et al. 2012). In addition, descending facilitation may
contribute to pain, in particular during neuropathic pain (Vanegas and Schaible
2004). Thus, descending inhibitory systems from the brain stem may be less
effective and/or descending excitatory systems from the brain stem may be overac-
tive during chronic pain. These changes may be (partly) reversible after successful
pain treatment (Kosek and Ordeberg 2000).

Effects of the nervous system on inflammation. It must be noted that the
importance of the nociceptive nervous system extends beyond the generation of
pain. The nervous system is able to influence inflammatory processes in the organs.
Such influences are mediated by the efferent effects of nociceptive sensory
afferents which produce neurogenic inflammation, by fibers of the sympathetic
and parasympathetic nervous system, and by neuroendocrine influences (Schaible
and Straub 2014). Spinal hyperexcitability is not only important for pain generation
(see above). It plays also a role in the regulation of joint inflammation (Waldburger
and Firestein 2010). In this volume this topic will be addressed by Sorkin (2015).
Both pro- and anti-inflammatory feedback loops can involve just the peripheral
nerves and the spinal cord or can also include more complex, supraspinal structures
such as the vagal nuclei and the hypothalamic—pituitary axis.

1.4 Molecular Mechanisms of Pain

Molecular mechanisms of nociception are of considerable interest for pharmaco-
logic approaches, and therefore, they are particularly addressed in this volume. The
peripheral nociceptor as well as the spinal cord and the amygdala are in the focus.

Nociception in the periphery consists of two elementary processes, the trans-
duction of stimuli (the generation of a sensor potential by the impact of a noxious
stimulus) and the transformation of the sensor potential into a series of action
potentials. Noxious stimuli are mechanical or thermal (heat and cold), and also
some chemical mediators (e.g., bradykinin or H") cause pain. The chemosensitivity
of nociceptors is particularly important for the process of sensitization (and
priming).

For the transduction of thermal stimuli into sensor potentials, ion channels of the
transient receptor potential (TRP) family are responsible. While the involvement of
TRPV1, TRPV2, and TRPMS in the sensation of noxious heat (TRPV1 and
TRPV2) and innocuous cold (TRPMS8) has been established, the significance of
other TRP channels in thermo(noci)ception is not that clear. For two TRP channels
(TRPAI and TRPV4), a role in mechanical hyperalgesia is being discussed (Kwan
et al. 2009; Levine and Alessandri-Haber 2007; Malsch et al. 2014; Segond von
Banchet et al. 2013) although these channels may not be the transduction molecules
involved in the “normal mechanonociception.” The current knowledge on the
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involvement of TRP ion channels in the sensation of noxious heat and noxious cold
and of the involvement of these ion channels in the generation of thermal
hyperalgesia has been summarized (Basbaum et al. 2009; Julius 2013; Stein
et al. 2009) and is not the topic of this volume.

Some chemicals can also open ion channels. For example, H" triggers the
opening of acid-sensing ion channels (ASICs), and capsaicin opens TRPV1. Most
mediators, however, activate membrane receptors and are thereby involved in the
sensitization of nociceptive neurons (see below).

The sensor potential triggers the generation of action potentials. For action
potentials voltage-gated sodium channels are essential. In nociceptive neurons,
mainly the sodium channels Na,1.7, Na,1.8, and Na,1.9, and under neuropathic
conditions Na, 1.3, are expressed (Waxman and Zamponi 2014). Na, 1.7 is activated
by slow, subtle depolarization close to the resting potential, and it thus sets the gain
on nociceptors. Na, 1.8, which shows depolarized voltage dependence, produces
most of the current responsible for the action potential upstroke, and it supports
repetitive firing. Na, 1.9 does not contribute to the action potential upstroke but
depolarizes the cells and prolongs and enhances small depolarization thus enhanc-
ing excitability (Waxman and Zamponi 2014). In this volume Habib et al. (2015)
will address the role of these ion channels in different inflammatory and neuro-
pathic pain states. They show that particular Na, ion channels are involved in
different pathophysiologic states. Because Na* channel blockers are thought to be
promising targets for new analgesics (Gold 2008), such knowledge is important for
the understanding of which blocker might be suitable under the particular
conditions.

When neurons are sensitized both the channels of transduction and the voltage-
gated ion channels, in particular the Na* channels, show changes such that the
excitability is enhanced (Linley et al. 2010; Schaible et al. 2011). Some mediators
such as prostaglandin E2 change the opening properties of TRPV1 and of sodium
channels such that weaker stimuli are sufficient to open the ion channels. The effect
of prostaglandin E2 is mediated by G protein-coupled receptors which activate
second messengers in the nociceptors (Hucho and Levine 2007), and these second
messenger systems change the opening properties of the ion channels.

While prostaglandins are known for a long time as sensitizing molecules, more
recent research revealed a number of other receptor types in nociceptive sensory
neurons which are of great importance for the sensitization. It was shown that
proinflammatory cytokines such as TNF-a, interleukin-6, and interleukin-17 induce
a persistent state of sensitization in C-fibers (Brenn et al. 2007; Richter et al. 2010,
2012). Cytokines are thought to play a significant role in the generation of inflam-
matory and neuropathic role (Schaible et al. 2010; Sommer and Kress 2004;
Uceyler et al. 2009). Interleukin-6 is thought to be an important molecule of
hyperalgesic priming (see Kandasamy and Price 2015).

NGF and its receptor trkA were discovered as suitable targets for pain treatment.
A single application of an antibody to NGF was shown to provide significant pain
relief in osteoarthritis for several weeks (Lane et al. 2010). NGF has a variety of
actions on nonneuronal cells and sensory neurons which regulate the excitability in
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the long term (Bennett 2007). In this volume Mizumura and Murase (2015) address
the hyperalgesic effects of NGF in different tissues and in inflammatory and
neuropathic pain states, and they address the mechanisms involved.

Proteinase-activated receptors (PARs) are a family of G protein-coupled recep-
tor that is activated by extracellular cleavage of the receptor in the N-terminal
domain. This slicing of the receptor exposes a tethered ligand which binds to a
specific docking point on the receptor surface to initiate intracellular signaling.
McDougall and Muley summarize how serine proteinases activate PARs leading to
the development of pain in several chronic pain conditions. The potential of PARs
as a drug target for pain relief is discussed (McDougall and Muley 2015).

Excitatory synaptic transmission in the spinal cord under basal conditions is
mediated by the transmitter glutamate, the transmitter of nociceptive sensory
neurons. Central sensitization is also dependent on glutamate, in particular acting
on NMDA receptors. However, numerous other transmitters and mediators are
involved in the complex signaling in the spinal cord (e.g., NK1 receptors for
substance and CGRP receptors) (Woolf and Salter 2000). Other mediators such as
spinal prostaglandins contribute to spinal sensitization (Bér et al. 2004). The
particular role of NO to nociceptive spinal cord signaling will be addressed by
Schmidtko (2015). The role of mediators involved in glial cell activation and
functions will be addressed by Old et al. (2015).

Under normal conditions, excitatory and inhibitory synaptic mechanisms are
presumably in a balanced activity state. Such inhibition is provided by specific local
inhibitory interneurons (see Todd 2015), but it may also be provided by mediators
which act in a feedback manner from activated neurons. Such inhibitory control is,
e.g., provided by endocannabinoids which are addressed in this volume by
Woodhams et al. (2015). Cannabinoid 1 (CB;) receptors are found at presynaptic
sites throughout the peripheral and central nervous systems, while the CB, receptor
is found principally (but not exclusively) on immune cells. The endocannabinoid
(EC) system is now known to be one of the key endogenous systems regulating pain
sensation, with modulatory actions at all stages of pain processing pathways. As
already discussed, pain states may involve a reduction of inhibitory mechanisms.

A particular interesting aspect is that some mediators may exert excitatory as
well as inhibitory actions, depending on the functional context. An example is the
change of GABAergic inhibitory mechanisms in neuropathic pain states (see Todd
2015). However, even mediators such as prostaglandin E2 which are usually
considered excitatory may provide antinociception when pain pathways are
activated, by the activation of receptor subtypes which are coupled to inhibitory
signaling pathways (Natura et al. 2013). In this volume Schmidtko (2015) reports
about both the pro- and antinociceptive effects of NO signaling resulting from a
different downstream signaling.

Spinal cord mechanisms may even alter the antinociceptive effect of potent
analgesic drugs. Opioids are considered the gold standard for the treatment of
moderate to severe pain. However, heterogeneity in analgesic efficacy, poor
potency, and side effects are associated with opioid use. Traditionally opioids are
thought to exhibit their analgesic actions via the activation of the neuronal G
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protein-coupled opioid receptors. However, neuronal activity of opioids cannot
fully explain the initiation and maintenance of opioid tolerance, hyperalgesia, and
allodynia. In this volume Thomas et al. (2015) report the importance of
nonneuronal mechanisms in opioid signaling, paying particular attention to the
relationship of opioids and immune signaling.

Abnormally enhanced output from the CeLLC of the amygdala is also the
consequence of an imbalance between excitatory and inhibitory mechanisms (see
Neugebauer 2015). Impaired inhibitory control mediated by a cluster of
GABAergic interneurons in the intercalated cell masses (ITC) allows the develop-
ment of glutamate- and neuropeptide-driven synaptic plasticity of excitatory inputs
from the brain stem (parabrachial area) and from the lateral-basolateral amygdala
network (LA-BLA, site of integration of polymodal sensory information).

2 Conclusion

It is increasingly evident how many different neuronal and molecular mechanisms
contribute to the expression of pain, in particular in clinically relevant pain states.
We begin to understand some mechanisms of pain vulnerability (Denk et al. 2014).
The complexity of pain processing and related neuronal events puts a considerable
challenge to the development of new therapeutic strategies. Is the focus on single
key molecules such as a particular sodium channel an appropriate therapeutical
approach or should one aim to interfere with disease-related mediators such as NGF
or cytokines? The answer to this crucial question is not straightforward. Both types
of drugs have been proven useful in medical therapy. Local anesthetics targeting
specifically sodium channels can interrupt pain (usually for a short time only), but
on the other hand, the use of antibodies to particular cytokines which have numer-
ous actions is extremely potent in the therapy of rheumatic diseases such as
rheumatoid arthritis. Thus, future pain therapy should provide effective treatments
using either specific drugs with the aim of interfering with specific nociceptive
processes or using drugs which have the potency of long-term modification of pain
mechanisms.
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Abstract

Nociceptors and neurons in the central nervous system (CNS) that receive
nociceptive input show remarkable plasticity in response to injury. This plastic-
ity is thought to underlie the development of chronic pain states. Hence, further
understanding of the molecular mechanisms driving and maintaining this

R. Kandasamy
Department of Pharmacology, The University of Arizona, Tucson, AZ 85721, USA

T.J. Price ()
Department of Pharmacology, The University of Arizona, Tucson, AZ 85721, USA

Bio5 Institute, The University of Arizona, Tucson, AZ 85721, USA

Graduate Interdisciplinary Program in Neuroscience, The University of Arizona, Tucson, AZ
85721, USA

School of Brain and Behavioral Sciences, The University of Texas at Dallas, Richardson, TX
75080, USA
e-mail: theodore.price@utdallas.edu

© Springer-Verlag Berlin Heidelberg 2015 15
H.-G. Schaible (ed.), Pain Control, Handbook of Experimental Pharmacology 227,
DOI 10.1007/978-3-662-46450-2_2


mailto:theodore.price@utdallas.edu

16 R. Kandasamy and T.J. Price

plasticity has the potential to lead to novel therapeutic approaches for the
treatment of chronic pain states. An important concept in pain plasticity is the
presence and persistence of “hyperalgesic priming.” This priming arises from an
initial injury and results in a remarkable susceptibility to normally subthreshold
noxious inputs causing a prolonged pain state in primed animals. Here we
describe our current understanding of how this priming is manifested through
changes in signaling in the primary nociceptor as well as through memory like
alterations at CNS synapses. Moreover, we discuss how commonly utilized
analgesics, such as opioids, enhance priming therefore potentially contributing
to the development of persistent pain states. Finally we highlight where these
priming models draw parallels to common human chronic pain conditions.
Collectively, these advances in our understanding of pain plasticity reveal a
variety of targets for therapeutic intervention with the potential to reverse rather
than palliate chronic pain states.

Keywords
Atypical PKC « AMPA + NMDA « mTORC1 « PKC « Epac « Hyperalgesic
priming * Prostaglandins * NGF e Interleukin 6

1 Introduction

A fundamental principle underlying our current understanding of pathological pain
states is plasticity in the nociceptive system. While research into pathological pain
states has long recognized this idea, it is only relatively recently that we have started
to gain insight into mechanisms that cause this plasticity. On the most general level,
plasticity in the pain system occurs at two locations, at the primary afferent
nociceptor and at synapses receiving nociceptive input throughout the central
nervous system (CNS). Preclinical models of acute and chronic inflammatory
pain as well as models of neuropathic pain have revealed a plethora of molecular
targets that have developed our understanding of how chronic pain develops as well
as revealing important potential therapeutic intervention points. In the late 1990s
and early 2000s, Jon Levine and colleagues developed “hyperalgesic priming”
models (for review see Reichling and Levine 2009). These models provide unique
insight into plasticity in the nociceptive system because they allow for molecular
dissection of pain states in two distinct phases. These models involve a priming
stimulus, aimed at causing an acute sensitization of peripheral nociceptors and their
central inputs, albeit with some notable exceptions which will be discussed later.
Next, in opposition to most other preclinical models, the initial sensitization is
allowed to resolve and a second, normally subthreshold, stimulus is delivered.
Importantly, this second stimulus, which has only a transient effect in naive
animals, leads to a prolonged state of pain hypersensitivity that allows for investi-
gation of molecular mechanisms that define the primed nociceptor and/or the
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primed nociceptive system. Here we will argue that models of hyperalgesic priming
have led to unique insight into how relatively brief pain states lead to reorganization
of molecular machinery throughout the pain system rendering animals, and poten-
tially humans, susceptible to prolonged pain states provoked by insults that would
have little effect in unprimed individuals. This primed state, therefore, represents a
kind of “pain memory” that, if reversed, has the potential to permanently remove
the presence of a chronic pain state. Hence, our goals in this chapter will be to
highlight (1) mechanisms underlying the priming in peripheral nociceptors,
(2) mechanisms controlling priming in the CNS, and (3) potential therapeutic
interventions elucidated by these findings with a view toward future pharmacologi-
cal means to reverse chronic pain states.

2 Why Use Hyperalgesic Priming Models?

In order to fully grasp the importance of the research findings discussed herein, it is
critical to first reflect on the utility of using hyperalgesic priming models to study
pain plasticity. First, the experimental framework of the hyperalgesic priming
model provides important insight into clinical chronic pain because it captures
the recurrent nature of some of the most common pathological pain conditions
(Reichling and Levine 2009). In 1921, Wilfred Harris described his clinical experi-
ence treating patients with presumed injuries to peripheral nerves. He described
pain in these patients as episodic with pain episodes provoked by acute exacerba-
tion (Harris 1921). Hence, from some of the earliest descriptions of pain as a
disease, the notion of priming followed by subthreshold provocation of long-lived
pain episodes has been apparent.

Population-based studies in several prevalent chronic pain conditions have
directly demonstrated the episodic yet progressive nature of these disease states.
Perhaps the best-known episodic pain condition is headache and, in the case of
migraine, frequency of attacks is the best predictor of a transition to chronic
migraine (Lipton 2009). In fact, the vast majority of migraineurs move from a
low-frequency episodic headache stage to a high-frequency stage and eventually
into chronic migraine (Bigal and Lipton 2008), highlighting the progressive wors-
ening of this disorder. Moreover, migraines can frequently be provoked by what are
often called migraine triggers. These are, by definition, subthreshold stimuli
because they fail to provoke migraines in the non-migraineur population. This
situation is not unique to migraine. Acute episodes of low back pain generally
resolve (Bartleson 2001; Cassidy et al. 2005), but recurrence rates over 5 years are
as high as 70 % (Von Korff and Saunders 1996; Carey et al. 1999; Cassidy
et al. 2005; Kolb et al. 2011) and lifetime recurrence is estimated at 85 %
(Andersson 1999; Tamcan et al. 2010). Moreover, the probability of low back
pain recurrence increases with previous episodes of low back pain (Kolb
et al. 2011). A similar clinical picture has been found for chronic neck pain
(Croft et al. 2001; Nolet et al. 2010). Finally, in the case of surgery and chronic
postsurgical pain, there is evidence that preexisting pain is a major risk factor for
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chronic post-incision pain suggesting that the preexisting pain can act as a priming
stimulus causing a very long-lasting pain state induced by incision (Althaus
et al. 2012; Pinto et al. 2013). Hence, we take the viewpoint, which is shared by
others (Reichling and Levine 2009; Reichling et al. 2013), that the “priming” event
in the hyperalgesic priming model may be viewed as an induction of the transition
to chronic pain with important clinical implications for understanding molecular
mechanisms involved in maintaining this disease state.

3 Mechanisms of Priming in the Periphery: A Model
for Sustained Nociceptor Plasticity

Tissue injury, inflammation, and nerve injury are all examples where primary
sensory nociceptors become sensitized. This sensitization leads to prolonged
hyperalgesia, which sometimes outlasts or is disproportionate to the initial stimulus.
A variety of chronic pain conditions have readily identified pathologies (e.g.,
rheumatoid arthritis, postherpetic neuropathic pain); however, some chronic pain
conditions are defined by intermittent yet progressive periods of pain (e.g., low
back pain, migraine, fibromyalgia) sometimes with no readily identified injury.
However, one crucial question remains. What are the mechanisms responsible for
pain chronification? In other words, how does acute pain ultimately transition to
chronic pain?

The careful delineation of the mechanisms underlying the transition from acute
to chronic pain can be difficult to examine, in part, due to the lack of a reliable
animal model that could capture the complexity of this phenomenon. Although
animal models of persistent, or “chronic” pain, exist (e.g., hindpaw CFA injection,
spinal nerve ligation), it is not always straightforward to assess how an initial injury
leads to persistent changes in signaling following that initial injury or stimulus. To
address this, Jon Levine and colleagues developed the hyperalgesic priming model
to isolate the mechanisms responsible for the persistence of the primed state,
analogous to chronic pain. In this model, a hyperalgesic state is first evoked by a
hindpaw injection of stimuli (e.g., carrageenan) that have traditionally been utilized
to study acute pain in rodents. The subsequent hyperalgesia is transient and resolves
within 4 days (Reichling and Levine 2009). After the resolution of the original
hyperalgesia, a second stimulus is given to the same hindpaw. In naive rodents, this
stimulus (e.g., prostaglandin E,; PGE,) either fails to evoke hyperalgesia or is
transient. In primed animals, this second stimulus causes a hyperalgesic state that
lasts for at least 24 h and can persist for weeks (Fig. 1a) (Reichling and Levine
2009). Therefore, the model allows for the clear dissociation between the initiation
phase, or priming, and the maintenance phase, which lacks any signs of
hyperalgesia until another administration of an inflammatory mediator reestablishes
hypersensitivity.
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Fig. 1 Hyperalgesic priming induces a switch in nociceptor second messenger signaling
pathways. In a naive animal, administration (hindpaw injection) of an inflammatory stimulus
(e.g., PGE,) results in transient G/PKA-mediated acute pain (green curve in (a) and left side in
(b)). In the primed animal, the same inflammatory stimulus recruits an additional G;/,/PKCe and/or
an Epac/PKCe-mediated pathway, which contributes to prolonged hyperalgesia (red curve in (a)
and right side in (b)) in previously primed animals. Adapted from Reichling and Levine (2009)

3.1 PKCe as a Crucial Mechanism of Nociceptor Priming

How then is this exaggerated response to PGE,, and other mediators like serotonin
or A, adenosine receptor agonists (Aley et al. 2000), which can also precipitate
hyperalgesia in primed animals, generated? Extensive studies have demonstrated
that this priming effect is dependent on switches in signaling mechanisms in
nociceptors. In naive animals, the hyperalgesic effects of PGE, injection are
mediated by adenylyl cyclase (AC) activation downstream of PGE, receptors
causing protein kinase A (PKA) activation (Fig. 1b) (Aley and Levine 1999).
This effect can be attenuated via injection of PKA antagonists (Aley and Levine
1999). Although the second messenger pathway underlying the early phase of
PGE,-induced hyperalgesia is PKA mediated, even in primed animals, the same
cannot be said for the pathway responsible for the long-lasting hyperalgesia that is
uniquely present in primed rodents. While PGE,-induced hyperalgesia in primed
animals is still cyclic AMP (cAMP) dependent, it now bypasses PKA to activate
exchange proteins directly activated by cAMP (Epac) which can activate protein
kinase Ce (PKCe, Fig. 1b, Hucho et al. 2005). Importantly, inflammatory stimula-
tion of nociceptors leads to a decrease in G-protein receptor kinase 2 (GRK2) which
results in enhanced Epac activity (Eijkelkamp et al. 2010; Wang et al. 2013). These
changes occur in IB4-positive nociceptors, and decreases in GRK?2 and increases in
Epac expression are correlated with the persistence of priming (Wang et al. 2013).
Moreover, in primed animals, PGE, results in an activation of pertussis toxin-
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sensitive G-protein o; subunits (Dina et al. 2009) and phospholipase CB (PLCP)
leading to a downstream engagement of PKCe (Joseph et al. 2007); hence, multiple
pathways for PKCe engagement may exist in primed nociceptors (Fig. 1b). Criti-
cally, in primed animals, the long-lasting hyperalgesia arising from exposure to
compounds that can precipitate priming is blocked by selective inhibition of PKCe
(Aley et al. 2000) and by intrathecal delivery of antisense oligonucleotides
knocking down PKCe expression (Parada et al. 2003). Additionally, injection of a
PKCe agonist alone results in a prolonged hyperalgesic state and hyperalgesic
priming, pointing to a key role for nociceptor PKCe in hyperalgesic priming
(Reichling and Levine 2009). Importantly, this PKCe-dependent primed state
does not require an initial bout of hyperalgesia as subthreshold doses of PKCe
activators (Parada et al. 2003), previous exposure to unpredictable sound stress
(Khasar et al. 2008), and even repeated administration of opioid agonists into the
paw (Joseph et al. 2010) are capable of causing an emergence of a primed state
(Fig. 1a).

Is there a distinct subset of nociceptors required for PKCe-dependent priming?
To elucidate the population of nociceptors involved in hyperalgesic priming,
Joseph and colleagues lesioned IB4(+) nociceptors via intrathecal administration
of IB4-saporin (Joseph and Levine 2010). In these animals, the PKCe activator,
weRACK, produces an initial hyperalgesia; however, the PGE,-induced prolonged
hyperalgesia is absent in animals treated with toxin suggesting that priming is
localized to IB4(+) neurons. Furthermore, select agents known to act on peptidergic
vs. IB4(+) cells stimulate an initial hyperalgesic state in IB4-lesioned animals but
fail to establish priming indicating that a switch in signaling to PKCe selectively
occurs in IB4(+) nociceptors (Joseph and Levine 2010). As mentioned above, this
may be linked to a pronounced loss of GRK?2 expression and an increase in Epac
activity in IB4(+) nociceptors of primed animals (Wang et al. 2013).

Collectively these findings support a key role for PKCe in the initiation and
maintenance of nociceptor priming therefore making this PKC isoform a key
therapeutic target. However, PKCe-dependent forms of priming show a marked
sexual dimorphism in rats with female rats failing to show priming, an effect that is
apparently due to a protective effect of estrogen (Joseph et al. 2003). Importantly,
this does not appear to be the case with mice where both carrageenan and PKC-
e-activating peptides cause robust priming to subsequent PGE, injection in females
(Wang et al. 2013). At this point, it remains unclear as to whether there is sexual
dimorphism in PKCe-mediated effects in humans. Despite these potential
discrepancies, it is clear that one mechanism of priming is shared across species
and sexes, a requirement for changes in gene expression at the level of protein
synthesis.

3.2 Local Translation Is a Key Mediator of Nociceptor Priming

Due to the continuous turnover of cellular proteins, a simple switch in G-protein
coupling is likely not sufficient to explain such a long-lasting maladaptive change
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Fig. 2 Translational control pathways involved in hyperalgesic priming. (a) mTORCI1
phosphorylates 4EBPs, negative regulators of elF4F formation. This results in its dissociation
from eIF4E, allowing the binding of eIF4E to eIF4G. Phosphorylation of eIFAE (via ERK/MNK1/
2) or eIF4G (via mTORC1) enhances the formation of the eIF4F complex, promoting translation.
Phosphorylation of CPEB by CamKIla enhances translation efficiency by increasing the length of
the poly A tail in mRNAs containing a CPE sequence. Taken together, eIF4F cap complex
formation enhances cap-dependent translation, which is necessary for the induction of priming
via translational control of gene expression in sensory afferents. (b) Pharmacological activation of
AMPK results in the inhibition of IRS-1, dampening Trk-mediated signaling. AMPK activation
also results in TSC2 phosphorylation, thereby inhibiting mTORC1. Moreover, AMPK
phosphorylates BRaf leading to inhibition of ERK signaling. Taken together, AMPK activation
decreases activity-dependent translation by turning off both the ERK and mTORCI pathways,
presenting a novel opportunity to prevent or reverse hyperalgesic priming. Adapted from
Melemedjian et al. (2010) and Price and Dussor (2013)

in peripheral nociceptors (Bogen et al. 2012). It is likely that this effect is coupled to
changes in gene expression and a possible solution to this problem is a localized
change occurring at the level of protein translation. Translation can be controlled by
extracellular factors signaling via kinase cascades offering a rapid, locally mediated
control of gene expression. Two important kinases for translation control are the
mechanistic target of rapamycin complex 1 (mMTORCI1) and extracellular signal-
regulated kinase (ERK) (Fig. 2a). Both of these kinases signal to proteins that bind
to the 5’ cap structure of mRNAs. mTORCI1 phosphorylates 4E-binding proteins
(4EBPs) leading to a release of inhibition on eukaryotic initiation factor (eIF)
proteins allowing for the eIF4F complex (composed of eIF4E, the 5’ cap-binding
protein; eIF4G, a scaffolding protein; and eIF4A, a helicase that unwinds secondary
structure in mRNAs) to form (Fig. 2a) (Sonenberg and Hinnebusch 2009). ERK, on
the other hand, activates the mitogen-activated kinase-interacting kinases (MNKs),
which then phosphorylate eIF4E (Fig. 2a) (Wang et al. 1998). Phosphorylation of
elF4E, which is mediated specifically by MNK1/2, is thought to enhance elF4F
complex formation leading to an increase in translation (Ueda et al. 2010; Herdy
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et al. 2012). In sensory neurons, nerve growth factor (NGF) and interleukin 6 (IL6),
two factors known to induce priming, induce an increase in ERK and mTORCI
signaling leading to a local, axonal increase in protein synthesis (Melemedjian
et al. 2010, 2014). Blockade of these kinases, or blockade of eIF4F complex
formation with the eIF4F inhibitor compound 4EGI1 (Fig. 2a), inhibits mechanical
hypersensitivity induced by these factors and abrogates priming to subsequent
PGE, exposure (Melemedjian et al. 2010; Asiedu et al. 2011). Hence, local transla-
tion is required for the induction of priming downstream of NGF and IL6 signaling.

An alternative mechanism to decrease ERK and mTORCI signaling is via
stimulation of adenosine monophosphate-activated protein kinase (AMPK)
(Fig. 2b). AMPK is a ubiquitously expressed energy sensing kinase well known
to inhibit mTORCI signaling through multiple phosphorylation events (Carling
etal. 2012). AMPK also abrogates ERK signaling in many cell types, and this effect
has recently been linked to negative regulation of the upstream ERK activator BRaf
(Fig. 2b) (Shen et al. 2013). In sensory neurons, AMPK activation with pharmaco-
logical stimulators (for review see Price and Dussor 2013) leads to decreased ERK
and mTORCT activity (Melemedjian et al. 2011; Tillu et al. 2012), decreased eIF4F
complex formation (Melemedjian et al. 2011; Tillu et al. 2012), and inhibition of
axonal protein synthesis as measured by enhanced processing body (P body)
formation (Melemedjian et al. 2014). AMPK activators decrease peripheral nerve
injury- and inflammation-induced mechanical hyperalgesia (Melemedjian
et al. 2011; Russe et al. 2013) suggesting an important role for this kinase in pain
plasticity. In the context of hyperalgesic priming, AMPK activation with the natural
product resveratrol (Fig. 2b) decreases mechanical hypersensitivity caused by
incision and completely blocks the development of priming when given locally
around the time of incision (Tillu et al. 2012). These findings further suggest a role
for local translation in the initiation of plasticity leading to priming of nociceptors.

Epac signaling, which was described above as an important mediator of priming
induced by inflammatory mediators (Wang et al. 2013), may also play an important
role in regulating translation in sensory neurons. Decreased GRK2 leads to
enhanced activation of Epac causing an increase in ERK activity (Eijkelkamp
et al. 2010). While this signaling event has not been linked to translation control,
based on findings involving IL6-induced priming and its dependence of ERK/
elF4E-mediated changes in translation control, it is conceivable that this is an
important mediator for priming where ERK activity is increased. Furthermore,
Epac activation causes an increase in mTORCI1 activity in some transformed
cells (Misra and Pizzo 2009) suggesting that enhanced Epac signaling in primed
nociceptors may lead to convergent signaling onto the eI[F4F complex in a manner
analogous to that observed with NGF and IL6 (Melemedjian et al. 2010). It remains
to be seen if these Epac-mediated events occur in sensory neurons and their axons,
but this may be a fruitful area for further work and therapeutic intervention.

The regulation of translation via 5’ cap-binding proteins and their upstream
kinases clearly comprise an important mechanism for the priming of nociceptors.
However, translation is likewise regulated by RNA-binding proteins that bind to
either 5’ or 3’ untranslated regions (UTRs). The fragile X mental retardation protein
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(FMRP) is a key RNA-binding protein regulating plasticity in the PNS and CNS
(Bassell and Warren 2008). Mice lacking FMRP fail to sensitize in several preclin-
ical pain models (Price et al. 2007; Price and Melemedjian 2012), and these mice
also have deficits in priming induced by NGF and IL6 (Asiedu et al. 2011). Another
important RNA-binding protein in hyperalgesic priming is the cytoplasmic
polyadenylation element-binding protein (CPEB). CPEB binds preferentially to
mRNAs containing a CPE sequence in their 3’ UTR near the polyadenylation
sequence. These mRNAs contain short poly A tails, and CPEB, upon phosphoryla-
tion, can enhance the poly A tail length leading to enhanced translation efficiency
(Fig. 2a) (Richter 2007). This process is linked to long-term potentiation (LTP) in
the CNS (Udagawa et al. 2012) and has recently been shown to play an important
role in nociceptor priming (Bogen et al. 2012; Ferrari et al. 2012, 2013a). CPEB is
phosphorylated by the aurora family kinases (Mendez et al. 2000) and, likely more
importantly for neurons, by Ca**/calmodulin-activated protein kinase Ilo (Fig. 2a)
(CaMKlla, Atkins et al. 2005). In the PNS, CPEB is primarily expressed by IB4(+)
nociceptors (Bogen et al. 2012). Knockdown of CPEB with intrathecally injected
antisense oligonucleotides leads to inhibition of the initiation of priming induced by
PKCe activators linking translation events to PKCe-dependent priming (Bogen
et al. 2012). Importantly, in priming induced by peripheral inflammation, CPEB
may act downstream of PKCe and CaMKIla to initiate and maintain a primed state
(Ferrari et al. 2013a). Since CPEB is thought to have prion-like properties that are
crucial for its role in memory maintenance (Si et al. 2003a, b), these findings point
to a potential role for CPEB in creating a permanently primed state in peripheral
nociceptors.

While it is clear that translation regulation is required to initiate a primed state in
the periphery, a crucial question is whether disruption of local translation is capable
of interrupting priming once it has been fully established. This is an important
question because it gives insight into devising therapeutic strategies to reverse
priming in the clinical state. While there are certain situations (e.g., surgery)
where inhibition of priming mechanisms at the time of injury is a viable strategy,
the majority of clinical situations are likely to require intervention following the full
establishment of priming. An experimental paradigm to test this translation depen-
dency is to induce priming with a locally administered stimulus and then allow the
initial hyperalgesia to resolve. Then, prior to injection of the stimulus to precipitate
hyperalgesia in primed animals, translation inhibitors can be administered locally to
test whether continuous translation is required to maintain a primed state (Asiedu
et al. 2011; Ferrari et al. 2013a). In this regard, following injection of IL6 and
resolution of mechanical hyperalgesia in mice, injection of anisomycin or
rapamycin (at doses that block the initiation of priming) fail to reverse a primed
state (Asiedu et al. 2011). In contrast, in rats, injection of carrageenan causes
priming that is disrupted both at the time of carrageenan injection and during the
maintenance phase by either the mTORCI inhibitor rapamycin or the
polyadenylation inhibitor cordycepin (Ferrari et al. 2013b). Interestingly, in addi-
tion to cordycepin action on polyadenylation, this compound has recently been
identified as an AMPK activator (Wu et al. 2014). Similar effects with rapamycin
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and cordycepin are observed in rats primed with paw injection of CaMKIla. Since
CaMKIlIa phosphorylates CPEB and CPEB regulates CaMKIla translation, this
raises the intriguing possibility that CaMKIIa/CPEB signaling could represent a
positive feedback mechanism to maintain pain memory in the peripheral nociceptor
(Ferrari et al. 2013a). Importantly, in rats where PKCe-induced priming is sexually
dimorphic, priming that is dependent on local translation occurs both in male and
female rats (Ferrari et al. 2013a). Hence, while there are conflicting results in
different models, it is formally possible that brief disruption of local translation in
primed nociceptors is capable of resolving a primed state. Further work is clearly
needed to further interrogate mechanisms involved in these effects; however, they
point to the tantalizing possibility that therapeutics targeting translation regulation
might have disease-modifying effects in chronic pain conditions. This hypothesis is
consistent with the observation that AMPK activators, which have a strong effect on
translation regulation pathways, have disease-modifying effects in neuropathic pain
models (Melemedjian et al. 2011, 2013b).

4 CNS Regulation of Hyperalgesic Priming
4.1 Atypical PKCs and Brain-Derived Neurotropic Factor

While there is strong evidence for memory-like mechanisms controlling
hyperalgesic priming at the level of the peripheral nociceptor, plasticity in the
CNS, especially in the dorsal horn of the spinal cord, also plays a central role in
hyperalgesic priming. Here, analogies to mechanisms of memory formation and
maintenance in other CNS regions, such as the hippocampus and cortex, have
played a central role in directing research in the area. LTP, long recognized as a
neurophysiological correlate of learning and memory at central synapses, can be
divided into an early and late phase. Early LTP requires the activation of CaMKIl«,
PKA, and conventional PKC leading to the phosphorylation of AMPA receptors
(Huganir and Nicoll 2013). Early LTP also leads to changes in gene expression
which occur both on the level of transcription and translation. These changes in
gene expression are needed for the consolidation of early LTP into late LTP
(Abraham and Williams 2008). Mechanisms involved in the maintenance of late
LTP have been more difficult to clearly elucidate but are thought to involve brain-
derived neurotropic factor (BDNF) and an atypical PKC (aPKC) isoform called
PKMC (Fig. 3) (Sacktor 2011). While LTP has been extensively studied in the
cortex and hippocampus, LTP can also be induced at central synapses in the dorsal
horn of the spinal cord, and many mechanisms elucidated in other CNS regions are
shared at these spinal synapses (Sandkuhler 2007). Spinal LTP is a potential
mechanism for primary hyperalgesia (Sandkuhler 2007), and heterosynaptic LTP
may explain other aspects of pain plasticity that occur in chronic pain disorders
(Klein et al. 2008).

Does spinal LTP explain features of the maintenance of hyperalgesic priming?
While no direct measurements of spinal LTP as a correlate of hyperalgesic priming



The Pharmacology of Nociceptor Priming 25

Fig. 3 The role of aPKCs in hyperalgesic priming initiation and maintenance. (a) Nociceptor
activation leads to spinal BDNF release and a postsynaptic mTORC]1-dependent translation of
aPKC protein following trkB activation. These newly synthesized aPKCs are then phosphorylated
by PDK1. Increased levels and phosphorylation of aPKCs are thought to be involved in initiating
priming. (b) Once priming is established, increased aPKC protein and phosphorylation leads to a
constitutive increase in AMPAR trafficking to the postsynaptic membrane. This appears to be
regulated by BDNF signaling via trkB with BDNF potentially being released from postsynaptic
dendrites in the maintenance stage of priming. Presynaptic trkB may also be activated by increased
BDNF action in primed animals. Once established, hyperalgesic priming can be permanently
reversed by inhibition of aPKCs with ZIP, by disruption of AMPAR trafficking with pep2M, or via
inhibition of trkB/BDNF signaling with ANA-12 or trkB-Fc, respectively. Adapted from Price and
Ghosh (2013)

have been made, pharmacological similarities abound. Inhibition of translation
and/or CaMKIla during LTP induction blocks consolidation of late LTP (Nicoll
and Roche 2013). Likewise, intrathecal injection of translation inhibitors or
CaMKIla inhibitors at the time of priming induction in mice inhibits initial
hyperalgesia and prevents priming. In contrast, intrathecal injection of these
compounds following the resolution of initial hyperalgesia fails to resolve priming
consistent with a lack of effect of these mechanisms on the maintenance of late LTP
(Asiedu et al. 2011; Melemedjian et al. 2013a). Late LTP can be reversed by
inhibition of aPKCs with a pseudo substrate inhibitor called ZIP (Pastalkova
et al. 2006). Intrathecal injection of ZIP either at the time of priming induction or
following the resolution of the initial hyperalgesia leads to a complete reversal of
hyperalgesic priming (Asiedu et al. 2011; Melemedjian et al. 2013a). ZIP also
reverses established pain states that have become dependent on central plasticity
following sustained afferent input (Laferriere et al. 2011). These findings are
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consistent with a role for PKMC in the maintenance of late LTP, memory retention,
and the maintenance of a chronic pain state. However, recent experiments using
genetic methods to dissect the role of PKMC in late LTP and memory maintenance
have called the specificity of ZIP and the role of PKMC in these effects into question
(Lee et al. 2013; Volk et al. 2013). It remains to be seen if PKMC plays a specific
role in the maintenance of hyperalgesic priming in the dorsal horn of the spinal cord
(for review on this topic see Price and Ghosh 2013).

An important component of the proposed role of PKMC in LTP and memory is
the trafficking of AMPA receptors to synaptic sites leading to a persistent augmen-
tation of postsynaptic glutamate-mediated signaling (Fig. 3) (Sacktor 2011). This
trafficking can be disrupted with a peptide called pep2m (Migues et al. 2010).
Similar to experiments in other CNS regions, intrathecal injection of pep2m
disrupts the maintenance of hyperalgesic priming (Asiedu et al. 2011) suggesting
that aPKC-mediated regulation of AMPA receptor trafficking may play a central
role in chronic pain states (Fig. 3). This is consistent with a wide variety of
experimental findings indicating that AMPA receptor trafficking plays a central
role in mediating pain plasticity induced by peripheral injury (Tao 2012).

As mentioned above, while it is clear that ZIP is capable of permanently
reversing a primed state in a variety of experimental models (Asiedu et al. 2011;
Laferriere et al. 2011; Melemedjian et al. 2013a), the target of ZIP is less clear
based on recent evidence from transgenic mice (Lee et al. 2013; Volk et al. 2013).
One possibility is that aPKC isoforms play a redundant role in synaptic plasticity,
and therefore PKCA may be involved in maintenance mechanisms of hyperalgesic
priming (Price and Ghosh 2013). Since this isoform is also inhibited by ZIP
(Melemedjian et al. 2013a; Volk et al. 2013), this is a parsimonious explanation
for the discrepancy between pharmacological effects of ZIP and findings from mice
lacking aPKCs derived from the Prckz locus (PKMC and PKC{). If this were the
case, upstream mechanisms that regulate all aPKCs isoforms, either via phosphor-
ylation or through their translation at synapses, would represent potential alterna-
tive targets to reverse hyperalgesic priming. A candidate molecule fitting this
description is BDNF.

BDNF has long been recognized as an important mediator of pain plasticity.
BDNF is expressed by DRG neurons and released in the spinal dorsal horn
(Balkowiec and Katz 2000), where it can act on pre- and postsynaptic trkB
receptors to regulate plasticity of presynaptic afferent fibers (Matayoshi
et al. 2005) and postsynaptic dorsal horn neurons (Kerr et al. 1999; Pezet
et al. 2002; Garraway et al. 2003). BDNF expression shows considerable plasticity
following peripheral injury (Mannion et al. 1999) and nociceptor-specific knockout
of BDNF leads to abrogation of many forms of injury-induced pain plasticity (Zhao
et al. 2006). BDNF is also a key factor in LTP. In the hippocampus, BDNF is
required for the induction of LTP, and during late LTP, dendritic-expressed BDNF
appears to play an autocrine role in the maintenance of late-phase LTP (Fig. 3)
(Lu et al. 2008). Likewise, BDNF is capable of inducing LTP in dorsal horn neurons
(Zhou et al. 2008) linking BDNF-induced pain plasticity to memory-like
mechanisms that may be involved in the maintenance of hyperalgesic priming.
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Indeed, intrathecal injection of a BDNF scavenging agent, trkB-fc, or systemic
injection of a trkB antagonist, ANA-12 (Cazorla et al. 2011), blocks hyperalgesia
induced by priming agents and prevents the precipitation of a primed state by
subsequent PGE, injection. Significantly, interruption of BDNF/trkB signaling
with either trkB-fc or ANA-12 after the establishment of a primed state leads to a
resolution of priming precipitated by PGE, injection (Melemedjian et al. 2013a).
This suggests a key role of BDNF/trkB signaling in the maintenance of a primed
state. At spinal synapses, BDNF induces phosphorylation and translation of the two
major aPKC isoforms found in the CNS, PKMC and PKCA (Fig. 3), suggesting a
potential link between BDNF/trkB and aPKCs in the regulation of the maintenance
of hyperalgesic priming (Melemedjian et al. 2013a). Because precise targets of ZIP
remain unknown, these findings point to BDNF/trkB signaling as a therapeutic
target for the reversal of established chronic pain states. Importantly, the precise
location of BDNF action and trkB signaling in the maintenance of hyperalgesic
priming has not been established. While it is tempting to speculate that an autocrine
role for BDNF release from dendrites of dorsal horn neurons in the primed state
plays a role in maintaining priming, especially based on the role of this mechanism
in the maintenance of late LTP in other CNS structures (Lu et al. 2008), this
hypothesis requires further experimental exploration.

4.2 Endogenous Opioids, -Opioid Receptor Constitutive
Activity, and Hyperalgesic Priming

An intriguing question in the neurobiology of hyperalgesic priming is why does the
initial hyperalgesia resolve if a primed state can persist for many weeks to months
after the initial injury? This is especially interesting when one considers the strong
pharmacological parallels between the maintenance of hyperalgesic priming and
the maintenance of late LTP (e.g., aPKCs, AMPA receptor trafficking and BDNF/
trkB signaling). In other words, if LTP persists and consolidates into late LTP to
maintain priming, why does the initial hyperalgesia resolve? One possibility is that
endogenous analgesic mechanisms mask the hyperalgesic state. In such a scenario,
the precipitation of hyperalgesia in primed animals would be able to override this
endogenous mechanism leading to a very long-lasting hyperalgesic state to a
normally subthreshold stimulus. As described above, this is precisely what occurs
in hyperalgesic priming models. One candidate for endogenous analgesia
overriding hyperalgesia is the endogenous opioid system. This system is robust in
the dorsal horn with interneurons capable of releasing peptides that act on p-opioid
receptors (MORs) expressed throughout the dorsal horn (Ribeiro-da-Silva
et al. 1992; Ma et al. 1997), including on presynaptic nociceptor nerve endings
(Schroeder et al. 1991; Schroeder and McCleskey 1993). Exciting new evidence
suggests that this mechanism may be at play in hyperalgesic priming.

Animals exposed to a strong inflammatory stimulus demonstrate hyperalgesia
that normally resolves within 10—14 days; however, when these same animals are
infused with MOR inverse agonists, the initial hyperalgesia is prolonged for the
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duration of inverse agonist infusion (Corder et al. 2013). Importantly, even when
the initial hyperalgesia is allowed to resolve, infusion of MOR inverse agonists
immediately precipitates a reinstatement of hyperalgesia, an effect that is absent in
sham animals and an effect that is analogous to precipitation of hyperalgesia in
primed animals with a subthreshold peripheral stimulus. What governs this effect?
Peripheral inflammation, and presumably other nociceptive stimuli, induces a
change in spinal MORs such that they now acquire constitutive activity (signaling
through G-proteins in the absence of agonist). This MOR constitutive activity
causes a tonic inhibition of pain signaling presumably masking a hyperalgesic
state that would otherwise persist following the initial insult. When MOR inverse
agonists remove this acquired MOR constitutive activity, a cAMP overshoot occurs
(a classical cellular sign of opioid dependence) in a Ca”*-dependent adenylyl
cyclase 1 (AC1)-dependent fashion that also involves the engagement of NMDA
receptors (Fig. 4) (Corder et al. 2013). This leads to the reinstatement of pain in
animals that have a previous history of strong nociceptive input (Fig. 4).

These findings have several important implications for understanding central
mechanisms governing hyperalgesic priming. First, they provide an elegant solu-
tion to the question of why initial hyperalgesia resolves despite the persistence of a
primed state. This occurs, at least in part, because tonic opioid signaling, including
MOR constitutive activity, masks the presence of mechanisms that would otherwise
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drive hyperalgesia (Corder et al. 2013). Second, this study provides some possible
links to priming and late LTP maintenance that potentially solve questions stated
above. Opioid-dependent mechanisms play an important role in governing spinal
LTP. While there is evidence that high-dose opioids can stimulate LTP at certain
synapses after their abrupt removal (Drdla et al. 2009), there is likewise evidence
that MOR activation can resolve even late LTP at spinal synapses (Drdla-Schutting
et al. 2012). Therefore, it is formally possible that the initial priming stimulus leads
to late LTP consolidation, but this is subsequently resolved by endogenous opioid-
mediated mechanisms. A key question then is: does the previous establishment of
late LTP at central synapses lead to a drop in threshold for establishment of
subsequent LTP? If the mechanisms governing the MOR-dependent reversal of
spinal late LTP are constitutively expressed, as appears to be the case (Corder
et al. 2013), then this may lead to a tonic reversal of late LTP with underlying
mechanisms (e.g., aPKC and BDNF/trkB signaling) still in place. While this idea
obviously requires extensive experimental work, it could represent an important
mechanism linking changes in peripheral sensitivity to CNS plasticity responsible
for the maintenance of priming. Reversing these mechanisms could lead to revolu-
tionary new therapeutics with disease-modifying effects on chronic pain.

4.3 Surgery as a Priming Stimulus and the Effects of Opioids

Opioids have been the first line of therapy for moderate to severe acute pain for
decades, if not centuries. However, there is abundant preclinical and some clinical
evidence suggesting that opioid administration, designed to alleviate acute pain,
paradoxically primes the patient and renders them more susceptible to a transition
to chronic pain. Studies using rodents have demonstrated a steady reduction in
withdrawal thresholds with intrathecal morphine administration, fentanyl boluses,
and repeated systemic morphine (Vanderah et al. 2001; Gardell et al. 2002, 2006) or
heroin administration (Mao et al. 1995; Celerier et al. 2000, 2001), generating a
sensitized state that is presumably independent of noxious stimulation from the
periphery. These preclinical studies highlight the neuroplastic changes induced by
opioids and provide another mechanism for the induction of a sensitized and/or
primed state in animals.

First, it is clear that surgical incision can produce priming in rodents and that
these mechanisms are largely shared with other models involving the use of
inflammatory mediators (Asiedu et al. 2011). Do the use of common postsurgical
pain analgesics alleviate this priming? Here the answer appears to be no as opioid
administration in the perioperative period can exacerbate a primed state revealed up
to weeks later by injection of an inflammatory mediator (Fig. 5, Rivat et al. 2007).
Specifically, in mouse models of postsurgical pain, remifentanil administration
leads to the enhancement of the initial hyperalgesic state and the development of
enhanced and prolonged response upon the precipitation of a second phase of
hyperalgesia in animals primed with incision + opioids (Cabanero et al. 2009a, b).
Additionally, in rodents that received incision and were simultaneously treated with
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Fig. 5 Opioids given as
postsurgical analgesics can
exacerbate priming in animal
models. Upon incision of the
hindpaw, withdrawal
thresholds in animals not
receiving analgesics drop
significantly compared to
animals treated with opioids
at the time of incision.
Following resolution of the
initial hyperalgesia, when
carrageenan is subsequently
injected into the contralateral
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thresholds drop in both
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opioids, these animals were primed to develop a long-lasting hyperalgesic state in
response to subsequent contralateral inflammation, environmental stress, or
subsequent opioid administration (Fig. 5, Rivat et al. 2002, 2007; Cabanero
et al. 2009a). Thus, opioid administration as an analgesic for postsurgery pain
might be viewed as a catalyst that contributes to pain chronification after incision
providing a model system to study the effect of opioids on exacerbation of the
transition from acute to chronic pain. Significantly, this process appears to involve
spinal NMDA receptors because the effect of opioids on enhancement of priming is
prevented, in most cases, by concomitant treatment with intrathecal NMDA recep-
tor antagonists (Rivat et al. 2013). Hence, despite their obviously beneficial post-
surgical analgesic effect, opioids induce long-lasting sensitization after initial
analgesia at least in animal models. Therefore, it is formally possible that high
rates of pain chronification following surgery (Macrae 2001) may be at least
partially due to the nearly universal use of opioids as postsurgical pain medications.
Hence, continued work into mechanisms that might mitigate these effects (e.g.,
NMDA receptor blockers) or non-opioid analgesics is warranted.
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5 Therapeutic Opportunities and Conclusions

We have made the case above for hyperalgesic priming as a model system to
understand plasticity in the PNS and CNS underlying the maintenance of chronic
pain states. While human experimental pain models have, as of yet, not given clear
evidence of priming in our species, the chronic intermittent nature of many chronic
pain states makes a strong case for priming as a key feature of clinical pain
disorders. What then are the key opportunities for therapeutic intervention?

Targeting the peripheral nervous system is advantageous because it provides an
opportunity to avoid CNS side effects. In our view, key targets here are PKCe,
Epac, and translation regulation including AMPK. PKCe inhibitors have been the
focus of intense research for some time now and may eventually enter pain clinical
trials (Reichling and Levine 2009). Because PKCe is involved in both the initiation
and maintenance of priming, this mechanism might be engaged for the reversal of a
primed state; however, there is now evidence that several other key mechanisms are
downstream of this kinase making them more attractive targets (Ferrari et al. 2013a;
Wang et al. 2013). One of these is Epac. As noted above, Epac signaling may play a
key role in signaling switches occurring exclusively in primed nociceptors (Hucho
et al. 2005; Eijkelkamp et al. 2010; Ferrari et al. 2012; Wang et al. 2013). Hence,
inhibition of Epac activity may likewise provide an opportunity for interruption of
priming. Having said this, there is strong evidence that translation control is a final
common denominator in all of these signaling mechanisms indicating that targeting
gene expression at the level of local translation in the primed nociceptor may
provide the greatest therapeutic opportunity. Additional preclinical work is needed
to identify key signaling mechanisms involved in regulating translation regulation
in primed nociceptors, but the currently available evidence points strongly to
mTORCI1, ERK (Melemedjian et al. 2010, 2013a; Tillu et al. 2012), and CPEB
(Bogen et al. 2012; Ferrari et al. 2013a) as targets. It is currently not clear if CPEB
can be targeted pharmacologically and its upstream kinases in priming have not
been elucidated although CaMKIl« is a strong candidate. Targeting mTORC1 and
ERK is likely a more viable approach because compounds that target these
pathways are already in clinical use. While rapamycin clearly inhibits mTORCI,
this approach also leads to feedback activation of ERK over the longer term, an
action that may counteract rapamycin efficacy (Melemedjian et al. 2013b). Having
said that, as detailed above, AMPK activation inhibits both mTORC1 and ERK
pathways, and AMPK activators have already been shown to block the initiation of
priming. Here, the common antidiabetic drug metformin is in wide clinical use for
other indications and acts via AMPK activation (Shaw et al. 2005). While further
work is needed to investigate preclinical effects of AMPK activators in
hyperalgesic priming maintenance, clinical trials can be designed to test the
hypothesis that AMPK activators have disease-modifying effects in chronic pain
states (Price and Dussor 2013).

An alternative approach would be to target mechanisms in the CNS responsible
for the maintenance of plasticity resulting in priming. These mechanisms share
similarities to molecules involved in learning and memory; hence, they carry
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inherent risks that deserve appropriate caution (Price and Ghosh 2013). Having said
this, innovative approaches to therapeutic intervention may lead to disease-
modifying effects in chronic pain patients resulting from a permanent reversal of
plasticity in dorsal horn circuitry. From this perspective, we propose that BDNF/
trkB signaling is an attractive candidate. As mentioned above, short-term disruption
of BDNF action at trkB receptors leads to a permanent reversal of a primed state
(Melemedjian et al. 2013a). This suggests that in the clinical arena, therapeutics
targeting this pathway could be used for a brief period of time to achieve long-
lasting effects on chronic pain. TrkB-based therapeutics are under investigation for
a wide variety of neurological disorders (Cazorla et al. 2011); therefore, clinical
opportunities along this front may arise in the near future. In the longer term,
continued research into the role of aPKCs in pain chronification may lead to
important insight into a specific role for certain aPKC isoforms in the maintenance
of priming. Because it now appears to be the case that PKMC is not required for late
LTP or learning and memory rostral to the spinal cord, an intriguing possibility is
that this aPKC isoform plays a specific role in the pain pathway (Lee et al. 2013;
Price and Ghosh 2013; Volk et al. 2013). This scenario could lead to therapeutic
opportunities that would have decreased liability for disruption of plasticity in brain
regions involved in learning and memory.

A final opportunity worth noting concerns the complex interrelationship of
opioids with chronic pain. As discussed at length above, there is evidence that
opioid analgesics can augment priming when given during the time of surgery
(Rivat et al. 2013). On the other hand, endogenous opioid mechanisms may be
crucial for masking hyperalgesia that would otherwise persist following injury.
How can these mechanisms be resolved for better therapeutics? A clear opportunity
exists in the development of non-opioid analgesics for the treatment of pain. This is
a long-standing goal of research in the pain arena and continues to be the impetus
for most target-based drug discovery in the field. From the perspective of MOR
constitutive activity, which likely serves a beneficial function, targeting AC1 to
avoid cAMP superactivation when this mechanism is disengaged could avoid the
adverse consequences resulting from this MOR plasticity (Corder et al. 2013).

In closing, we have summarized research into hyperalgesic priming highlighting
our current understanding of plasticity mechanisms in the peripheral nociceptor and
in the CNS that govern this preclinical model of the transition from acute to chronic
pain. The advent and subsequent proliferation of research into this model has led to
a great expansion of our understanding of plasticity in the nociceptive system. Our
view is that these findings provide great insight into therapeutic opportunities not
only for the treatment of chronic pain but also for its potential reversal. Continued
work in this area holds great promise for the development of revolutionary thera-
peutics for the permanent alleviation of chronic pain states.
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Abstract

Human and mouse genetic studies have led to significant advances in our
understanding of the role of voltage-gated sodium channels in pain pathways.
In this chapter, we focus on Na, 1.7, Na, 1.8, Na, 1.9 and Na, 1.3 and describe the
insights gained from the detailed analyses of global and conditional transgenic
Na, knockout mice in terms of pain behaviour. The spectrum of human disorders
caused by mutations in these channels is also outlined, concluding with a
summary of recent progress in the development of selective Na, 1.7 inhibitors
for the treatment of pain.
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1 Voltage-Gated Sodium Channel (Na,) Family

Voltage-gated sodium channels (VGSCs) are integral transmembrane proteins that
are critical for the electrical activity of cells (Eijkelkamp et al. 2012). The human
genome contains ten structurally related sodium channel genes that are expressed in
distinct spatial and temporal patterns (Table 1). Nine of the genes encode alpha
subunits that are activated by membrane depolarisation, with a tenth atypical
channel (Nax) activated by altered sodium concentrations (Goldin et al. 2000).
The alpha subunits alone are capable of forming functional channels and have a size
of ~260 kDa. However, beta subunits, encoded by the SCNIB-SCN4B genes,
associate with alpha subunits and modulate channel biophysics and trafficking
(Patino and Isom 2010). The alpha subunit is comprised of four repeated similar
domains (I-IV), with each domain containing six transmembrane segments (S1-S6)
(Fig. 1). The S5-S6 transmembrane regions fold to form the sodium ion selective
pore of the channel. The S4 segment is comprised of arrays of positively charged
amino acids and is involved in voltage sensing. At resting membrane potentials,
VGSCs are closed, requiring depolarisation to be activated. Upon depolarisation of
a cell, the S4 regions in domains I-IV move rapidly and induce a conformational
change in the protein which opens the ion channel pore. The entry of sodium ions
through the pore leads to the upstroke of the action potential in excitable cells.
Inactivation of the channel then follows as a highly conserved trio of amino acids
(IFM) located in the intracellular loop between domains III and IV moves into and
occludes the channel pore, leading to the downstroke of the action potential.
VGSCs open and close over a millisecond timescale in response to the voltage
difference between the inside and outside of the cell. They therefore enable the

Table 1 Mammalian voltage-gated sodium channels

Protein Gene Human chromosome Distribution Tetrodotoxin sensitive
Na,l1.1 SCNIA 2q24.3 CNS; heart +
Na, 1.2 SCN2A 2q24.3 CNS +
Na,1.3 SCN3A 2q24.3 Foetal DRG +
Na, 1.4 SCN4A 17q23.3 Muscle +
Na,1.5 SCN5A 3p22.2 Heart —
Na,1.6 SCNSA 12q13.13 DRG; CNS +
Na, 1.7 SCN9A 2q24.3 DRG; SCG +
Na,1.8 SCN10A 3p22.2 DRG —
Na,1.9 SCNI11A 3p22.2 DRG —

Nax SCN7A 2q24.3 Lung nerve +
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Fig. 1 Primary structure of the alpha subunit of a generic voltage-gated sodium channel within
the plasma membrane lipid bilayer (in grey). Alpha helical transmembrane segments are shown as
cylinders; bold lines represent polypeptide chains. P denotes sites of demonstrated protein
phosphorylation by PKA (circles) and PKC (pentagon). Residues in the inner cavity of the channel
pore involving the S6 segment of domains I, III and IV form the binding site for some local
anaesthetic, antiepileptic and antiarrhythmic drugs, such as lidocaine, mexiletine and carbamaze-
pine (Ragsdale et al. 1994, 1996)

rapid generation and propagation of electrical impulses. In terms of pain signalling,
this can be critically important for survival. For a recent comprehensive review of
the general structure and properties of the VGSC family, see Catterall (2014).

2 Sodium Channels and Pain: Insights from Rodent Studies

Detection of noxious stimuli and signalling of tissue damage are physiological
processes that promote animal survival. Peripheral sensory neurons, with cell
bodies located within the dorsal root ganglia (DRG), express receptors that are
sensitive to noxious thermal, chemical or mechanical stimuli and transduce these
damaging stimuli into electrical activity through the activation of VGSCs. Within
DRG, several VGSCs can be detected with differing cellular expression profiles and
biophysical properties, where they work to fine-tune the signalling of noxious
information to the central nervous system. Na, 1.7, Na, 1.8 and Na, 1.9 are preferen-
tially expressed within DRG neurons, whereas Na, 1.3 expression is upregulated
following nervous system injuries. Through detailed studies of Na, transgenic mice,
the contribution of each channel to pain signalling is being elucidated (Table 2).

2.1  Nay1.7

Na, 1.7 has seen special interest in recent years as several inherited human pain
disorders, including congenital pain insensitivity, have been shown to result from
mutations in this channel (see Sect. 3). The Na,1.7 channel is characterised
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biophysically as a tetrodotoxin-sensitive, fast-activating and a fast-inactivating
channel that recovers slowly from fast inactivation (Klugbauer et al. 1995).
Na, 1.7 also has slow closed-state inactivation properties, allowing the channel to
generate a ramp current in response to small, slow depolarisations (Cummins
et al. 1998; Herzog et al. 2003). Na,1.7-positive neurons are therefore able to
amplify slowly developing subthreshold depolarising inputs, such as generator
potentials arising in peripheral terminals of nociceptors. Na, 1.7 is expressed within
DRG and trigeminal ganglia peripheral sensory neurons, as well as sympathetic
neurons and olfactory epithelia (Toledo-Aral et al. 1997; Weiss et al. 2011). Na, 1.7
shows particularly high expression within the soma of small-diameter DRG neurons
and along the peripherally and centrally directed C fibres of these cells (Black
et al. 2012). Expression can also be detected within the peripheral terminals of DRG
neurons in the skin and also in the preterminal central branches and terminals in the
dorsal horn, as well as at nodes of Ranvier in a subpopulation of small-diameter
myelinated fibres.

In 2004, conditional deletion of Na,1.7 within Na,1.8-positive nociceptors
highlighted the importance of this channel to pain behaviour, with knockout
animals losing acute noxious mechanosensation and inflammatory pain (Nassar
et al. 2004). In 2012, an Adpvillin Cre line was used to ablate Na, 1.7 expression in
all DRG sensory neurons, with knockout mice showing an additional loss of
noxious thermosensation (Minett et al. 2012). This suggests that Na, 1.7 expressed
within Na,1.8-positive sensory neurons is important for acute noxious
mechanosensation, whilst Na, 1.7 expressed within Na,1.8-negative DRG neurons
is essential for acute noxious thermosensation. The contribution of Na,1.7 to the
development of neuropathic pain behaviour has also been assessed using different
Cre mice to delete Na,1.7 in subgroups of cell populations. Neuropathic pain
behaviour develops normally in mice where Na,1.7 has been deleted in Na,1.8-
positive sensory neurons and in Advillin-positive DRG neurons (Nassar et al. 2005;
Minett et al. 2012). In contrast, mice in which Na, 1.7 is deleted from all sensory
neurons as well as sympathetic neurons (using a Wntl-Cre) show a dramatic
reduction in mechanical hypersensitivity following a surgical model of neuropathic
pain, demonstrating an important role for Na,1.7 in sympathetic neurons in the
development of neuropathic pain (Minett et al. 2012).

22 Na,1.8

The TTX-resistant Na, 1.8 sodium channel is expressed in the majority of small-
diameter unmyelinated nociceptive DRG neurons (Akopian et al. 1996). Na,1.8
displays ~10-fold slower kinetics with a depolarised voltage dependence of activa-
tion and inactivation than the fast and rapidly inactivating TTX-S DRG channels
(Akopian et al. 1996; Cummins and Waxman 1997). Analysis of Na,1.8 null mice
shows that Na, 1.8 carries the majority of the current underlying the upstroke of the
action potential in nociceptive neurons (Akopian et al. 1999; Renganathan
et al. 2001). Furthermore, Na, 1.8 is cold resistant, meaning that it is essential in
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maintaining the excitability of nociceptors at low temperatures (Zimmermann
et al. 2007).

In contrast to Na, 1.7 global knockout mice, Na, 1.8 null mice are viable, fertile
and apparently normal (Akopian et al. 1999). However, pain behaviour analyses
show that Na, 1.8 null mice have reduced sensitivity to noxious mechanical stimuli
(tail pressure), noxious thermal stimuli (radiant heat) and are insensitive to noxious
cold stimuli (Akopian et al. 1999; Zimmermann et al. 2007) (Table 2). Furthermore,
Na, 1.8 is important in nerve growth factor-induced thermal hyperalgesia, although
neuropathic pain behaviour is normal in these mice following peripheral nerve
injury (Kerr et al. 2001). Transgenic mice in which Na, 1.8-expressing neurons are
ablated by the targeted expression of diphtheria toxin A are resistant to noxious cold
and noxious mechanical stimuli but show a normal hot plate response (Abrahamsen
et al. 2008). Furthermore, mechanical and thermal hyperalgesia induced by inflam-
matory insults is attenuated in these mice, although neuropathic pain behaviour is
normal.

2.3 Na,1.9

Na, 1.9 was cloned in 1998 and has a similar expression pattern within DRG to
Na, 1.8 (Dib-Hajj et al. 1998; Fang et al. 2002). Na, 1.9 generates extremely slow
persistent TTX-resistant currents and can be activated at potentials close to the
resting membrane potential (Cummins et al. 1999; Dib-Hajj et al. 2002). The
activation kinetics are too slow to contribute to the upstroke of an action potential,
although Na, 1.9 may amplify subthreshold depolarisations and lower the threshold
for action potential induction (Cummins et al. 1999; Herzog et al. 2001; Baker
et al. 2003). Mice lacking the Na, 1.9 channel have normal sensitivity to acute
mechanical and thermal noxious stimuli suggesting that Na, 1.9 is not essential for
setting basal pain thresholds; however, under inflammatory conditions, the channel
plays a predominant role in mechanical and thermal hyperalgesia (Table 2) (Priest
et al. 2005; Amaya et al. 2006; Lolignier et al. 2011).

24 Na,1.3

Na,1.3, like Na,1.7, is a TTX-sensitive channel with fast kinetics and a rapid
recovery from fast inactivation. Unlike Na, 1.7, Na,1.3 has very low expression
levels in the DRG in adults, instead having a predominant expression pattern in the
central and peripheral nervous system during embryogenesis (Beckh et al. 1989;
Waxman et al. 1994). In humans, Na, 1.3 is widely expressed in adult brain and is
thought to play a role in propagating synaptic signals from dendrites to the soma
and integration of electrical signals within the soma prior to the initiation of axonal
action potentials (Whitaker et al. 2001). Na,1.3 levels increase in peripheral
sensory neurons following nerve injury or inflammation, suggesting that this
channel could play a role in pain (Waxman et al. 1994; Dib-Hajj et al. 1999).
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However, Na,1.3 global and nociceptor-specific knockout mice show normal
neuropathic pain behaviour (Table 2) (Nassar et al. 2006).

3 Human Heritable Sodium Channelopathies

Genetic analyses of sporadic patients and families with rare inherited pain disorders
have given important insights into the role of VGSCs in human pain pathways
(Goldberg et al. 2012a). In recent years, the mutations that underlie several human
pain disorders have been identified, and with the introduction of exome and whole
genome sequencing, the pace of disease gene identification has significantly
increased and will continue to do so (Table 3). With the obvious importance of
the Na, family in neuronal signalling, it is perhaps unsurprising that several human
disorders, including epilepsy (Na, 1.1, Na,1.2 and Na,1.3), hyperkalaemic periodic
paralysis (Na,1.4), Brugada syndrome (Na,1.5) and learning disability with cere-
bellar ataxia (Na,1.6), are caused by mutations in these channels. Likewise,
inherited mutations in three of the sodium channel genes expressed in damage-
sensing neurons (Na, 1.7, Na, 1.8 and Na, 1.9) give rise to distinct human disorders
with phenotypes ranging from lacerating chronic pain to complete pain insensitiv-
ity. By understanding how the gene mutations specifically affect sodium channel
function, we can learn more about the aetiology of each pain disorder and also flag
potential new human-validated analgesic drug targets.

3.1 Inherited Primary Erythromelalgia (Na,1.7)

Inherited primary erythromelalgia (IEM) is a chronic and debilitating pain disorder
affecting approximately 1 in 100,000 individuals (Reed and Davis 2009).
Symptoms usually, but not always, appear at a young age and include excruciating
symmetrical burning pain in the hands and feet, increased skin temperature, oedema

Table 3 Human pain-related channelopathies

Protein | Gene Loss of function phenotype Gain-of-function phenotype
Na,1.7 | SCN9A Channelopathy-associated insensitivity Primary erythromelalgia
to pain (2006) (2004)
Hereditary sensory and autonomic Paroxysmal extreme pain
neuropathy type IID (2013) disorder (2006)

Painful small-fibre
neuropathy (2011)

Na,1.8 | SCNIOA | None reported in humans Painful small-fibre
neuropathy (2012)
Na,1.9 |SCNIIA | None reported in humans Congenital inability to

experience pain (2013)
Familial episodic pain (2013)

Year of first-published disease-causing mutations given in parentheses
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and erythema of affected areas. The phenotype can range from mild to severe, even
within the same family, and is related to an increased rate of suicide due to its
devastating effects on the lifestyle of severely affected patients. Painful attacks are
often triggered by warmth or moderate exercise, and the pain can be reduced by
immersing the affected areas in ice-cold water. Analgesics such as opioids,
anticonvulsants and antidepressants are often prescribed but frequently with mini-
mal positive effects on controlling symptoms. Patients therefore often try to modify
their environment (e.g. cooling their houses, wearing open-toed shoes) and try to
limit their physical exertion, but often with limited success in reducing the painful
attacks.

IEM is an autosomal dominant disorder, and in 2004, the first disease-causing
mutations were identified in a Chinese family and a sporadic patient using a
positional cloning strategy (Yang et al. 2004). Both mutations were located within
the SCN9A gene, which encodes Na,1.7, and replaced highly conserved amino
acids (Fig. 2). The L858H mutation is located within the domain II/S5 segment
whereas the I848T mutation is positioned within the cytoplasmic loop region
preceding domain II/S5. Subsequent electrophysiological analysis of the mutations
showed that they led to a gain of function of the sodium channel (Cummins
et al. 2004). Specifically, the mutations led to a significant hyperpolarising shift
in voltage dependence of activation (facilitating channel opening), slowed channel
deactivation (keeping the channel open for longer once activated) and an increased
ramp current (i.e. causing an increase in amplitude of the current produced by
Na, 1.7 in response to slow, small depolarisations). Numerous more IEM SCN9A
mutations have since been identified and characterised electrophysiologically, with

W8a7Xx
R225C 767X _ A1304T
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Fig. 2 Examples of the first-published human pain Na, channelopathy mutations. CIP congenital
insensitivity to pain (Cox et al. 2006; Leipold et al. 2013), HSANIID hereditary and sensory
autonomic neuropathy type IID (Yuan et al. 2013), /EM inherited primary erythromelalgia (Yang
et al. 2004), PEPD paroxysmal extreme pain disorder (Fertleman et al. 2006), FEP familial
episodic pain (Zhang et al. 2013), SFN painful small-fibre neuropathy (Faber et al. 2012a, b)
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similar changes in channel kinetics recorded (Dib-Hajj et al. 2010). Curiously, even
in the presence of a family history, only approximately 10 % of IEM families are
proven to have an SCN9A mutation, suggesting that other genetic causes underlie
this devastating and debilitating disorder (Goldberg et al. 2012a).

3.2 Paroxysmal Extreme Pain Disorder (Na,1.7)

Paroxysmal extreme pain disorder (PEPD), formerly known as familial rectal pain
syndrome, is typically an early-onset dominantly inherited condition characterised
by severe burning pain in the rectal, submandibular and ocular areas (Hayden and
Grossman 1959). Pain attacks are often triggered by bowel movements and can also
be accompanied by tonic nonepileptic seizures, syncopes, bradycardia and occa-
sionally asystole. In 2006, the first disease-causing mutations were mapped to the
SCNO9A gene in 11 families and 2 sporadic cases (Fig. 2) (Fertleman et al. 20006). As
with the IEM mutations, electrophysiological analysis of the PEPD mutations
shows a gain of function in Na, 1.7, rendering the channel hyperexcitable. However,
some important biophysical differences exist between IEM- and PEPD-mutated
sodium channels. For example, PEPD mutations shift voltage dependency of
steady-state fast inactivation in a depolarising direction and may make inactivation
incomplete, resulting in a persistent current. In contrast to [EM, PEPD symptoms
are often well controlled by anticonvulsant sodium channel blockers, such as
carbamazepine.

A fascinating feature of IEM and PEPD is their distinct clinical symptoms, even
though both disorders are caused by a gain of function in Na,1.7. The reasons for
the phenotypic differences are still unclear, although a patient has been reported
with clinical symptoms reminiscent of both IEM and PEPD (Estacion et al. 2008).
This patient was found to have a missense mutation in a highly conserved amino
acid (A1632E) located in the cytoplasmic linker between transmembrane segments
S4 and S5 of domain IV (Fig. 2). Electrophysiological analysis of the mutation
showed biophysical properties common to both IEM and PEPD mutations.

3.3 Small Fibre Neuropathy (Na, 1.7 and Na,1.8)

Small fibre neuropathy (SFN) is typically an adult-onset pain disorder characterised
by burning pain, often throughout the body, together with autonomic symptoms
such as orthostatic dizziness, palpitations, dry eyes and a dry mouth. Small-
diameter unmyelinated and thinly myelinated fibres are affected with a reduced
intraepidermal nerve fibre density detected by a skin biopsy. Large-diameter fibres
are unaffected, resulting in normal strength, tendon reflexes and vibration sense.
Underlying causes for SFN include Fabry disease, diabetes mellitus and impaired
glucose tolerance, but in a significant proportion of individuals, the cause of the
neuropathy remains unexplained.
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In 2011, mutation screening of the SCN9A gene in 28 patients with idiopathic
SEN identified heterozygous missense mutations in approximately a third of the
cohort (Fig. 2) (Faber et al. 2012a). The phenotype of these SCN9A SFN patients
differed from patients with IEM in several ways: (1) severe autonomic features
were common in the SFN patients, whereas erythema is typically the only predom-
inant autonomic symptom in IEM; (2) pain was found throughout the body in SFN,
whereas it tends to localise to the extremities in IEM; and (3) the symptoms in SFN
patients were not triggered by warmth or relieved by cold, as is characteristic of
IEM. Electrophysiological analysis of the SFN mutant Na,1.7 channels showed
impaired slow inactivation, depolarised fast and slow inactivation or enhanced
resurgent currents. As with the IEM and PEPD mutations, DRG neurons expressing
the mutant SFN channels were rendered hyperexcitable. However, the SFN mutant
channels did not show the incomplete fast inactivation that is found in PEPD, nor
the hyperpolarised activation and enhanced ramp responses that are characteristic
of IEM.

Recently, gain-of-function mutations in Na,1.8 have also been identified in
painful SFN patients (Fig. 2) (Faber et al. 2012b; Huang et al. 2013). Electrophysi-
ological analysis of two of these mutations (L554P and A1304T) showed that they
altered the gating properties of the channels in a proexcitatory manner and
increased the excitability of DRG neurons. However, it is still unclear how these
specific mutations result in axonal degeneration of small-diameter peripheral
neurons.

34 Familial Episodic Pain (Na,1.9)

In 2010, a family from Colombia was analysed in which 15 affected individuals
suffered from episodes of debilitating upper body pain that was triggered by fasting,
cold temperatures or fatigue (Kremeyer et al. 2010). This disorder was shown to be
the result of a gain-of-function missense mutation in the S4 transmembrane seg-
ment of TRPAL, the chemosensitive transient receptor potential channel. In late
2013, a new familial episodic pain disorder was described in two large Chinese
families, with affected individuals spanning five generations (Zhang et al. 2013).
The phenotype seen in these patients comprised of (1) intense pain localised
principally to the distal lower extremities and occasionally in the upper body,
especially in the joints of fingers and arms, (2) episodic pain appearing late in the
day and relapses once every 2-5 days for a total of >10 recurrences for one cycle,
(3) pain exacerbated with fatigue, such as catching a cold or performing hard
exercise and (4) intense pain usually being accompanied by sweating. The painful
attacks could be relieved through the oral administration of anti-inflammatory
medicines or a hot compress on the painful region.

A combination of a genome-wide linkage scan with microsatellite markers,
exome sequencing and Sanger sequencing identified the disease-causing mutations
to be located within the SCNI/A gene on chromosome 3. Both mutations were
predicted to change highly conserved amino acid residues within the Na,1.9
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channel (Fig. 2). The R225C mutation mapped to domain I/S4 whereas the A808G
mutation mapped to domain II/S6. Electrophysiological analysis of these two
mutations via overexpression in isolated DRG neurons showed an increase in
peak current densities and higher electrical activities than for overexpressed wild-
type channels. This promoted action potential firing in the DRG neurons, probably
explaining the episodic pain symptoms.

3.5 Pain Insensitivity (Na,1.7 and Na,1.9)

In contrast to the excess pain disorders described above, mutations in VGSC genes
can also result in pain insensitivity. In 2006, three consanguineous families
originating from northern Pakistan were studied in which affected members had a
complete inability to perceive pain (Cox et al. 2006). They had never felt any pain,
at any time, in any part of their bodies and consequently had suffered serious but
painless injuries such as fractures and biting of the lips and tongue. The patients had
normal intelligence, normal sensations of touch, warm and cold temperatures,
proprioception, tickle and pressure, no overt autonomic nervous system deficits,
normal nerve conduction tests and a normal sural nerve biopsy. The disorder could
therefore be differentiated from the hereditary sensory and autonomic neuropathies
which also give a pain-insensitive phenotype but with additional syndromic
features (Rotthier et al. 2012).

The pain-free phenotype in the three consanguineous families segregated in an
autosomal recessive manner and by using autozygosity mapping, a region that was
homozygous by descent was identified in the affected individuals. Each family
mapped to a shared region on chromosome 2, with the minimum critical interval
containing approximately 50 genes. One of those genes, SCN9A, was selected for
mutation screening, and Sanger sequencing showed a different truncating mutation
in each of the three pain-free families. Expression of the truncated sodium channels
in HEK293A cells showed that they led to a complete loss of function. Several more
individuals from a range of ethnic groups have since been found to have recessive
mutations in SCN9A, including some with loss of function missense mutations
(Goldberg et al. 2007; Cox et al. 2010). Furthermore, the phenotype has been
refined to show that in addition to being pain-free, the only other significant clinical
feature is the presence of anosmia or hyposmia (absence or reduction of smell)
(Weiss et al. 2011).

In 2013, a new phenotype was ascribed to recessive loss of function mutations in
SCNYA: hereditary sensory and autonomic neuropathy type IID (Yuan et al. 2013).
Using next-generation sequencing of candidate genes, two unrelated Japanese
families were found to have the same homozygous frameshift mutation within
domain III, leading to premature truncation of the protein or activation of the
nonsense-mediated mRNA decay machinery (Fig. 2). The phenotype was
characterised by adolescent or congenital onset with loss of pain and temperature
sensation, autonomic nervous system dysfunctions, hearing loss and hyposmia.
Sural nerve biopsy analyses gave variable results in the patients, with a marked
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loss of myelinated fibres and axonal degeneration of unmyelinated fibres in one
patient but only slight losses in myelinated fibres in a second patient. Why this
particular mutation gives rise to a phenotype that is distinct from that seen in other
pain-free patients with recessive loss of function mutations in SCN9A remains
unclear.

Congenital inability to experience pain is not only restricted to individuals with
recessive loss of function mutations in the SCN9A gene. Recently two patients have
been identified with the same de novo mutation in SCN/IA, encoding Na,1.9
(Leipold et al. 2013). The phenotype seen in these patients was characterised by a
congenital inability to experience pain since birth, resulting in self-mutilations,
slow-healing wounds and multiple painless fractures. The pain-free phenotype was
accompanied by mild muscular weakness, delayed motor development, slightly
reduced motor and sensory nerve conduction velocities with normal amplitudes, a
sural nerve biopsy without axonal loss, prominent hyperhidrosis, gastrointestinal
dysfunction and no intellectual disability. Exome sequencing identified a heterozy-
gous missense change (L811P) that changed a highly conserved amino acid within
domain II/S6 (Fig. 2). To investigate the pathogenicity of this mutation, a hetero-
zygous knock-in mouse was generated in which the orthologous leucine residue
was mutated to proline. Behavioural analyses of these knock-in mice showed a
reduced sensitivity to pain (although a limited loss of acute pain perception and
self-inflicted tissue lesions were observed). Electrophysiological analysis of dorsal
root ganglion neurons from the knock-in mice showed the mutant Na, 1.9 channels
to have excessive activity at resting voltages, causing sustained depolarisation of
nociceptors, impaired generation of action potentials and aberrant synaptic trans-
mission. Therefore, in contrast to the Na,1.7 loss of function pain-free mutations,
these mutations result in pain insensitivity through a gain-of-function mechanism.

4 Prospects for New Na, 1.7 Selective Analgesics

The search for drugs that selectively target Na, 1.7 has been stimulated by the
finding that humans with loss of function mutations in this channel are completely
pain insensitive, but without associated cognitive, cardiac or motor deficits (Cox
et al. 2006; Goldberg et al. 2007). Although complete analgesia can result in
dangerous and life-threatening injuries due to the absence of protective pain signals,
a dose-selective block of this channel could potentially prove beneficial in the
treatment of a plethora of chronic pain conditions found in the general population.
Furthermore, patients with rare inherited Na, 1.7 channelopathies, such as those
with primary erythromelalgia, are beginning to directly benefit from the develop-
ment of Na, 1.7 selective analgesics (Goldberg et al. 2012b).

Historically, the development of selective inhibitors of Na,1.7 has been ham-
pered by its high structural similarity to other neuronal sodium channels (Na,1.1,
Na,1.2, Na,1.3 and Na,1.6) and to the skeletal muscle sodium channel Na,1.4
(Theile and Cummins 2011). To overcome this problem, natural peptide toxins
have been studied as they are often highly potent and efficacious with low
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nanomolar ICsgs. Binding of these toxins is regulated by multiple contact points,
meaning that they are often very selective. One example is ProTx-II, a venom toxin
from the tarantula Thrixopelma prurient, which blocks Na,1.7 with an ICsq of
0.3 nM and with >100-fold selectivity over other Na, isoforms (Middleton
et al. 2002; Priest et al. 2007; Schmalhofer et al. 2008). ProTx-II inhibits Na, 1.7
activity by inducing a depolarising shift in the voltage dependence of activation. In
an isolated skin nerve preparation in which the nerve was de-sheathed, ProTx-II
was effective at reducing C-fibre action potential firing frequency (Schmalhofer
et al. 2008). However, ProTx-II was ineffective in reducing inflammatory pain
following intravenous or intrathecal delivery, possibly related to its inability to
cross the blood-nerve barrier. Recently a selective inhibitor purified from centipede
venom, Ssmba, was reported that potently inhibits Na, 1.7 with an ICsq of ~25 nM
(Yang et al. 2013). Ssmb6a has more than 150-fold selectivity for Na,1.7 over all
other human Na, subtypes, with the exception of Na, 1.2, for which the selectivity is
32-fold. In mouse pain behaviour experiments, Ssm6a was significantly more
effective than morphine (on a molar basis) at reducing the paw-licking pain
behaviour in both phases of the formalin test. Furthermore, Ssm6a was equally as
effective as morphine in reducing abdominal writing induced by intraperitoneal
injection of acid and was also similarly effective as morphine at reducing thermal
pain. Intraperitoneal injection of Ssmé6a at doses up to 1 pmol/kg produced no
adverse effects on blood pressure, heart rate or motor function and was highly stable
in human plasma. Ssmé6a is therefore a promising lead molecule as a selective
Na, 1.7 analgesic.

Numerous pharmaceutical companies have focused on the development of
selective small molecule Na, 1.7 blockers, rather than purifying toxins as an alter-
native route to develop new analgesics (Theile and Cummins 2011; Goldberg
et al. 2012b; McCormack et al. 2013). One example is XEN402, developed by
Xenon Pharmaceuticals, which exhibits potent voltage-dependent block of Na, 1.7
(IC50 of 80 nM). In a pilot study in a small cohort of IEM patients, XEN402 was
shown to significantly attenuate the ability to induce pain in these patients com-
pared to placebo and also significantly reduced the amount of pain (42 % less) after
pain was induced. XEN402 and other small molecule selective Na, 1.7 blockers are
currently in phase II clinical trials.

5 Summary

The importance of VGSCs to pain perception is indisputable. However, much is
still to be understood at the cellular and molecular level, for example, what is the
full extent of Na, interacting proteins and post-translational modifications? Have all
tissue-specific splice isoforms been detected? Is RNA editing a significant phenom-
enon for mammalian Na,s? How are these genes regulated at the transcriptional
level? By understanding these and other related questions, we may be able to further
understand specific aspects of the human Na, channelopathies such as, why does
the IEM age of onset vary from infancy to adult? Why do gain-of-function
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mutations in Na,1.7 give such distinct phenotypes? Why have humans evolved
without a compensation mechanism for the loss of function of Na,1.7? Further-
more, by understanding the basic biology of Na,1.7 function, we hope to give
further impetus to the development of a new class of analgesics to better treat pain.
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Abstract

Nerve growth factor (NGF) was first identified as a substance that is essential for
the development of nociceptive primary neurons and later found to have a role in
inflammatory hyperalgesia in adults. Involvement of NGF in conditions with no
apparent inflammatory signs has also been demonstrated. In this review we look
at the hyperalgesic effects of exogenously injected NGF into different tissues,
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both human and animal, with special emphasis on the time course of these
effects. The roles of NGF in inflammatory and neuropathic conditions as well
as cancer pain are then reviewed. The role of NGF in delayed onset muscle
soreness is described in more detail than its other roles based on the authors’
recent observations. Acute effects are considered to be peripherally mediated,
and accordingly, sensitization of nociceptors by NGF to heat and mechanical
stimulation has been reported. Changes in the conductive properties of axons
have also been reported. The intracellular mechanisms so far proposed for heat
sensitization are direct phosphorylation and membrane trafficking of TRPV1 by
TrkA. Little investigation has been done on the mechanism of mechanical
sensitization, and it is still unclear whether mechanisms similar to those for
heat sensitization work in mechanical sensitization. Long-lasting sensitizing
effects are mediated both by changed expression of neuropeptides and ion
channels (Na channels, ASIC, TRPV1) in primary afferents and by spinal
NMDA receptors. Therapeutic perspectives are briefly discussed at the end of
the chapter.

Keywords
Neuropathic pain « Cancer pain * Noninflammatory pain « Delayed onset muscle
soreness * Mechanical hyperalgesia « Heat hyperalgesia

1 Introduction

Nerve growth factor (NGF) was the first identified neurotrophic factor. Its role in
the development of nociceptive primary neurons/fibers was discovered first, after
which its role in inflammatory hyperalgesia in adults was found. Recently, the
involvement of NGF in painful conditions with no apparent inflammatory signs has
been demonstrated, broadening its value in therapy. This chapter reviews the
hyperalgesic effects of exogenously injected NGF and then introduces the roles
of NGF in hyperalgesia in different physiological and pathological conditions, with
special emphasis on its roles in delayed onset muscle soreness (DOMS). Finally,
proposed action mechanisms of NGF will be presented, and the therapeutic per-
spective will be briefly discussed.

2 NGF and Its Receptor

NGF is a peptide composed of three subunits, a, 8, and v, in an a,py, structure. The
B-subunit itself is a homodimer of peptides composed of 118 amino acids. The
B-subunit alone accounts for the full biological activity of NGF. Its amino acid
composition and sequence are well preserved among different species, with 90 %
homology existing between mouse and human NGF.
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NGF was first found as a substance that is essential for the survival, outgrowth,
and development of peripheral sensory and sympathetic neurons (see Sect. 3).
Later, it turned out that in adults NGF plays an important role in pain/hyperalgesia,
a point that will be discussed throughout this chapter. NGF also has a central
nervous function (Berry et al. 2012 for review), but that is beyond the scope of
this chapter.

ProNGF is a precursor of NGF and its predominant form. It binds to a low
affinity receptor, p7SNTR (p75 neurotrophin receptor). NGF can also bind to
p75NTR.

NGEF exerts its activity by binding to a specific receptor, TrkA (receptor tyrosine
kinase A, tropomyosin-related kinase A), which is composed of one transmembrane
structure, an extracellular domain that binds with NGF, and an intracellular domain
with tyrosine kinase activity. When a molecule of NGF binds to TrkA, another
molecule of TrkA joins, making a TrkA dimer. Tyrosine kinase is then activated,
and information is transmitted intracellularly at the site of binding (see Sect. 7.1). In
addition, NGF that binds to TrkA is internalized and transported in the axon to the
neuronal cell body (signaling endosome), where it changes the expression of
neuropeptides, channels, and receptors. Increased neuropeptides, channels, and
receptors are then transported both to the central and peripheral terminals, changing
their sensitivities. This takes a longer time than the local action (see Schmieg
et al. 2014 for review).

3 Role of NGF in the Development of Nociceptive System

The importance of NGF in the development of the nociceptive system was first
shown by Ritter et al. (1991) with repetitive administration of anti-NGF antibody to
neonatal rats up to 5 weeks after birth. In these rats, high threshold mechanono-
ciceptors in the Ad range (2-13 m/s) were completely abolished. Instead, the
number of D-hairs increased. These authors also showed that administration of
anti-NGF antibody to adult rats had no such effect. They did not mention anything
about C-fibers. Later experiments with NGF knockout mice showed lack of sym-
pathetic neurons and small primary afferent neurons, which would be cell bodies of
nociceptors. These animals showed no response to tail pinch and had an elongated
response latency in the tail flick test (Crowley et al. 1994). These results clearly
show that NGF is essential for the development of nociceptors.

The validity of these observations was confirmed in humans by Indo et al. in
1996 (Indo et al. 1996) with the finding that patients who have congenital insensi-
tivity to pain with anhidrosis (CIPA) have altered trkA genes. In this condition,
sufferers cannot perceive any pain, itch, or heat, and at the same time they cannot
sweat at all. Patients with a mutation in NGF-f gene are also reported to suffer from
pain loss (Einarsdottir et al. 2004).

In adult animals NGF is no longer required for the survival of sensory neurons;
instead, it works as a sensitizer of nociceptors as follows.
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4 Pain and Mechanical/Thermal Hyperalgesia Induced by
Exogenously Injected NGF

4.1 Animals

Lewin et al. (1993) reported that thermal hyperalgesia induced by injecting PNGF
to adult rats began 15 min after injection and lasted more than 2 h. Amann
et al. (1996) also checked thermal hyperalgesia by intraplantar injection of 4 pg
mouse BNGF, and similar to Lewin’s group, they observed significant thermal
hyperalgesia in 10 min that disappeared in 3 h.

Cutaneous mechanical hyperalgesia was also reported by Lewin et al. (1993),
who first observed it 6 h after injection. Therefore, they thought that the mechanical
hyperalgesia may be due to central changes (in DRGs and in the spinal cord, see
Lewin et al. 1992), whereas heat hyperalgesia is likely to result at least in part from
the sensitization of peripheral nociceptors to heat. In contrast, mechanical
hyperalgesia that appeared as early as 10 min after NGF (1 pg) injection and lasted
120 h (measured by Randall-Selitto apparatus; the measured tissue was not
specified but was probably deep tissue) was reported by Malik-Hall et al. (2005).
They also revealed that the TrkA receptor was involved in NGF-induced mechani-
cal hyperalgesia. However, Khodorova et al. (2013) recently reported that mechan-
ical hyperalgesia is mediated by binding to p75SNTR.

Muscular mechanical hyperalgesia was also reported by intramuscular injec-
tion of rat recombinant NGF in rats. Mechanical hyperalgesia induced by 0.2 pM
(20 pL) NGF appeared 2 h after the injection and lasted up to 5 h after the injection,
while 0.8 pM NGF-induced hyperalgesia appeared 3 h after the injection and lasted
up to 2 days after the injection (Murase et al. 2010).

4.2 Humans

The hyperalgesic effect of human recombinant NGF in humans was first reported
by Petty et al. (1994). At that time NGF was proposed as a candidate for the
treatment or prevention of peripheral or central nervous diseases, and that experi-
ment was performed to assess its safety, tolerance, and other aspects. They reported
that intravenous injection of human recombinant NGF induced, interestingly, mild
to moderate myalgia (pain in swallowing, chewing, eye movements) starting 60—
90 min after injection and lasting up to 7 weeks. Abdominal and limb muscles were
also sometimes involved.

Using subcutaneous injection, Dyck et al. (1997) reported localized tenderness
of the injected site from 3 h to 21 days after injections. Tenderness of deep
structures to palpation was also reported, whereas no tactile allodynia and no
abnormality in the vibratory or cooling detection threshold were observed. The
heat-pain threshold was significantly lowered 1, 3, and 7 days (and in some cases at
3 hand 14 and 21 days) after NGF injection. These authors regarded the time course
(appearance in 3 h) of tenderness to pressure and heat hyperalgesia to be too rapid to
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be explained by uptake of NGF by nociceptor terminals, retrograde transport, and
upregulation of pain modulators in DRGs. Thus, local tissue mechanisms appear to
be implicated.

The effects of intradermal injection of NGF into the human skin were somewhat
different in their time course from the effects of subcutaneous injection. Intrader-
mal injection induced heat hyperalgesia from 1 day up to 21 days after injection. In
contrast, mechanical hyperalgesia to impact stimulation was observed first as late as
day 3 and lasted up to 49 days after injection (Rukwied et al. 2010). It must be noted
that the same group reported an increased proportion of mechanoresponsive
C-fibers and their lowered response threshold in pigs 3 weeks after injection (see
Sect. 6) (Hirth et al. 2013). They also reported that this change was not followed by
an increase in the density of intraepidermal nerve fibers. Thus, sensitization in
peripheral nociceptors remains for a long time.

Muscular mechanical hyperalgesia: Myalgia was the first reported sensory
change in a clinical trial with intravenous injection of NGF in humans, as
introduced above (Petty et al. 1994). Experimental injection of 5 pg human recom-
binant NGF into the masseter muscle induced no pain by itself and induced no
changes in either the pressure pain threshold (PPT) or pressure tolerance threshold
1 h after injection. It significantly reduced the PPT from 1 day to 7 days after
injection and the pressure tolerance threshold for 1 day (p < 0.001). The pain rating
for chewing and yawning was significantly increased for 7 days following NGF
injection (Svensson et al. 2003). The same amount of NGF injected into the tibialis
anterior muscle lowered the PPT at the injection site as early as 3 h after injection
and lasted up to 1 day after injection (Andersen et al. 2008). The authors attributed
this difference in the time course to the relatively small amount of NGF with respect
to the larger tibialis anterior muscle compared with the masseter muscle. No change
in the hardness of the muscle was induced.

Long-lasting and widespread muscular mechanical hyperalgesia was reported
after repetitive intramuscular injection of 5 pg human recombinant NGF for 3 days
(day O to day 2) (Hayashi et al. 2013). In that work, increases in soreness scores
(modified Likert scale) started 3 h after the first injection and continued until day
2, after which they remained at the increased level until day 16. Decreased PPTs
were observed on days 1 to 3 and facilitated temporal summation of pressure pain at
days 1 to 10. In addition, referred pain areas distant from the injection site appeared.
Facilitated temporal summation and appearance of distant referred pain areas
suggest involvement of central mechanisms.

Fascia has long been considered not only to be an important nociceptive organ
but also, clinically, to be a target for the treatment of musculoskeletal pain
(Hoheisel et al. 2012). Despite this, its neurophysiological properties have not so
far been examined. The innervation characteristics and nociceptive properties of
thoracolumbar fascia (Taguchi et al. 2008a, b; Hoheisel et al. 2011) and crural
fascia have been clarified only recently (Taguchi et al. 2013). The effect of NGF on
this structure in humans has also been examined: 1 pg NGF injected under ultra-
sound guidance to the fascia of the musculus erector spinae muscle evoked a lasting
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(days 1-7) and significant reduction of PPTs, exercise-evoked muscle pain, and
hyperalgesia to impact stimuli (12 m/s) (Deising et al. 2012).

5 Role of NGF in Various Painful Conditions
5.1 Role of NGF in Inflammatory Pain

Increased NGF in tissue has been shown in a number of experimental inflammatory
conditions, including inflammation induced by carrageenan (Mcmahon et al. 1995;
Woolf et al. 1996), Freund’s adjuvant (Woolf et al. 1994), and turpentine (Oddiah
et al. 1998). Involvement of this upregulated NGF in hyperalgesia has been
suggested by the finding that hyperalgesia is relieved with the use of TrkA-IgG
fusion molecule (Mcmahon et al. 1995; Koltzenburg et al. 1999).

Increased NGF content was found in synovium of patients with osteoarthritis or
rheumatoid arthritis (Aloe et al. 1992; Halliday et al. 1998). NGF immunoreactivity
was found in lymphocyte-like cells in the perivascular region (Aloe et al. 1992). In
Crohn’s disease and ulcerative colitis, both NGF mRNA and trkA mRNA were
increased (di Mola et al. 2000). In these conditions NGF mRNA was expressed in
polymorphonuclear-like cells of the lamina propria and mast cells.

In conditions with no apparent involvement of inflammation, such as interstitial
cystitis/bladder pain syndrome (IC/BPS) (Liu et al. 2013), painful intervertebral
disk (Freemont et al. 2002), and osteoarthritis (Halliday et al. 1998; Iannone
et al. 2002), increased NGF was observed in patients’ serum or tissues.
Upregulation of NGF has been reported in DOMS (Murase et al. 2010) and
hyperalgesia after immobilization induced by casting (Sekino et al. 2014). In
these two conditions, there is also no apparent sign of inflammation. In DOMS,
muscle-contracting activity induces upregulation of NGF in the muscle (described
in Sect. 5.3 in more detail).

5.2 Role of NGF in Neuropathic Pain Resulting from Nerve Injury

In a mouse model of neuropathic pain by sciatic nerve chronic constriction injury
(CCI), mouse monoclonal anti-NGF antibody (i.p., 2 weeks after surgery) produced
recovery of the withdrawal threshold (Wild et al. 2007). In an LS5 spinal nerve
ligation model, NGF protein content in the ipsilateral L4 DRG significantly
increased 14 days after surgery. In contrast, NGF mRNA was increased in the
ipsilateral L5 DRG and sciatic nerve, but not in the ipsilateral L4 DRG or L4 spinal
nerve. These authors speculated that NGF may be synthesized in the sciatic nerve
(perhaps in the LS5 spinal nerve distal to the ligation site) and diffused into the L4
spinal nerve, which retrogradely transports NGF to the L4 DRG neurons. Local
application of anti-NGF antibody to the L4 spinal nerve beside the L5 spinal nerve
ligation site prevented the development of thermal hyperalgesia for 5 days after
ligation (Fukuoka et al. 2001).
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Our preliminary experiment showed a neuropathic condition in which L5 spinal
ligation induced muscular mechanical hyperalgesia and upregulation of NGF in the
innervating muscle (medial gastrocnemius muscle). Muscular hyperalgesia was
partially reversed by injection of anti-NGF antibody into the muscle. In all these
experiments on neuropathic pain models, it was not clear which cell types (muscle
cells, endothelial cells, and/or Schwann cells) produce NGF.

53 Role of NGF in Musculoskeletal Pain

5.3.1 Role of NGF in DOMS

DOMS appears after unaccustomed, strenuous exercise, typically after some delay
(ca. 24 h). Characteristic symptoms are tenderness and movement-related pain. In
addition, the existence of muscle hardening and trigger point-like sensitive spots,
which are characteristic symptoms of myofascial pain syndrome, has been reported
(Itoh et al. 2004; Kawakita et al. 2008). Thus, DOMS is often used as a model for
myofascial pain syndrome (Andersen et al. 2006). Several causes have been
proposed (Armstrong 1984; Smith 1991), of which the most widely accepted has
been inflammation following micro-injury of the muscle fibers (Armstrong 1984).
However, anti-inflammatory drugs were not effective in reducing the established
mechanical hyperalgesia (Cheung et al. 2003). To find the real cause for DOMS, we
developed a rat model of DOMS by applying lengthening contraction (LC) to the
lower hind leg. Muscular mechanical hyperalgesia developed 1 day after the
application of LC and lasted for 3 days (Fig. la) (Taguchi et al. 2005a). In our
model, inflammatory signs and damage to muscle fibers were almost absent in
exercised muscle (Fujii et al. 2008), yet mechanical hyperalgesia developed. This
difference from previous experiments might have originated from differences in the
strength of exercise and the method of inducing muscle contraction (Crameri
et al. 2007). This is currently being studied.

Increased NGF mRNA in exercised muscle was first detected 12 h after LC; that
is, up to that time point, NGF mRNA did not change (Fig. 1b). NGF protein also
increased 12 h after LC up to 1 day after LC (Murase et al. 2010). In addition, anti-
NGF antibody injected intramuscularly 2 days after LC, when the muscular
mechanical hyperalgesia was the strongest, clearly reversed the mechanical
hyperalgesia in 3 h (Fig. 1a). In situ hybridization showed that increased signals
of NGF mRNA were seen around the nuclei of muscle/satellite cells 12 h after LC
(Murase et al. 2012). Single-fiber recording from muscle C-fibers (sample recording
in Fig. 2a, b) showed that NGF 0.8 pM (5 pL) decreased the mechanical threshold
of these fibers (Fig. 2¢) and increased the discharge number in response to ramp
mechanical stimulation (Fig. 2d) (Murase et al. 2010). These changes were
observed 10-20 min after injection and lasted as long as the recordings were
continued (up to 2 h). This observation differs from that by Mense’s group,
which observed no sensitization induced by NGF (Hoheisel et al. 2005), possibly
because they recorded only up to 15 min after injection.
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Fig. 1 Muscular mechanical hyperalgesia after exercise and changed expression of NGF mRNA
in the muscle of rat. (a) Muscular mechanical hyperalgesia developed after lengthening contrac-
tion (LC) of the extensor digitorum muscle (black circle), and it was reversed by intramuscular
injection of anti-NGF antibody (10 pg, gray square). ***, +++ p < 0.001 compared with day —1.
(b) NGF mRNA was increased 12 h-3 days after LC (white columns, exercised side; black
columns, contralateral side) (cited from Murase et al. 2010)

NGEF also facilitates the heat response of muscle C-fibers (Queme et al. 2013).
Notably, the heat sensitivity of muscle afferents 2 days after LC was not facilitated
in comparison with that recorded from normal muscle (Taguchi et al. 2005b;
Queme et al. 2013). This is puzzling because NGF is upregulated in the muscle
after LC and NGF can sensitize muscle thin fibers to heat (Queme et al. 2013). This
discrepancy might be due to a concentration of NGF in DOMS muscle that is too
low to induce heat sensitization or to a substance other than NGF that is involved in
the sensitization of nociceptors to mechanical stimulation but not to heat stimula-
tion. We have reported that GDNF is also upregulated in the muscle cells/satellite
cells of exercised muscle and implicated in DOMS (Murase et al. 2012, 2013). Our
preliminary observation suggests that NGF and GDNF may collaborate in inducing
mechanical hyperalgesia.

The upregulation of NGF in the muscle after LC was found to be blocked by
HOE 140, a bradykinin B2 receptor antagonist, injected before LC but not after
LC. The development of DOMS was also blocked by this procedure (Murase
et al. 2010). This observation suggests that a B2 receptor agonist is released during
exercise and stimulates NGF upregulation. This B2 agonist is probably
Arg-bradykinin in rats, as Boix et al. (2002) have already shown. However, a B2
agonist alone would not seem to be sufficient to induce upregulation of NGF in the
muscle, and so some unknown factor(s) is (are) also needed (Murase et al. 2012).

Involvement of TRPV1 in NGF-induced muscular mechanical hyperalgesia has
also been shown using capsazepine and TRPV1 knockout mice (Ota et al. 2013).
Involvement of ASIC in DOMS was also demonstrated (Fujii et al. 2008).

It is well known that when an LC bout is repeated after days or a few weeks,
DOMS after the second bout is much less severe. This is called a repeated bout
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Fig. 2 Sensitization of muscular C-fiber afferents to mechanical stimulation by intramuscularly
injected NGF (0.8 pM, 5 pL). (a, b) Sample recordings of C-fiber mechanosensitive afferents from
the rat muscle—nerve preparation. (¢) Change in the mechanical threshold; (d) number of
discharges responding to mechanical stimulation. Values are presented as % of the averaged
value of PBS group at each time point. *p < 0.05 and **p < 0.01 compared with PBS group at each
time point (cited from Murase et al. 2010)

effect (Chen et al. 2007). NGF upregulation was also found to be reduced after the
second LC (Urai et al. 2012).

5.3.2 Role in Cast Immobilization and Osteoarthritis Models

Cast immobilization is known to induce a CRPS 1-like painful condition (Guo
et al. 2004; Ohmichi et al. 2012). After experimental cast immobilization of the
hind leg, NGF is reported to increase in the hind paw skin (Sekino et al. 2014) and
the gastrocnemius muscle (unpublished observation from our lab). NGF



66 K. Mizumura and S. Murase

upregulation after joint immobilization was also observed in the DRGs (Nishigami
et al. 2013). Whether hyperalgesia in these conditions is reduced by anti-NGF
antibody or TrkA antagonist has not yet been examined. In addition, the cause of
NGF upregulation has also not been explored.

Involvement of NGF in osteoarthritis has been suggested by the observation that
NGEF is upregulated in osteoarthritic chondrocytes (Iannone et al. 2002) and syno-
vial fluid (Aloe et al. 1992) and pain is alleviated by injection of a soluble NGF
receptor, TrkAdS, in a mouse model of osteoarthritis induced by surgical joint
destabilization (McNamee et al. 2010). In the latter model, NGF was upregulated in
the joints during both postoperative (day 3) and OA (16 weeks) pain phases, but not
in the non-painful stage of disease (8 weeks post-surgery). The important role of
NGF in OA pain has been indicated by the high effectiveness of TrkAdS in
suppressing pain in both painful phases (McNamee et al. 2010).

Inflammatory processes do not seem to be involved in the abovementioned
hyperalgesic conditions; therefore, NGF upregulation might be induced by another
mechanism, for example, muscle contraction in the case of DOMS.

In another painful condition of the musculoskeletal system, primary fibromyal-
gia, an increase of NGF in the cerebrospinal fluid has been reported (Giovengo
et al. 1999; Sarchielli et al. 2007). However, the origin of this NGF is not clear.

54 Role of NGF in Visceral Painful Conditions

Upregulation of NGF and its high affinity receptor TrkA was shown in samples
obtained from inflammatory bowel disease patients (Crohn’s disease and ulcerative
colitis) (di Mola et al. 2000). Cells expressing NGF and TrkA are reported to be
polymorphonuclear-like cells of the lamina propria, mast cells, and some gangli-
onic cells.

There are also conditions where no apparent inflammation is the cause of NGF
upregulation. Urinary (Kim et al. 2006) and serum (Jiang et al. 2013) levels of NGF
were found to be higher in overactive bladder patients. Because NGF levels were
decreased with antimuscarinic and botulinum toxin treatment (Liu et al. 2009),
contraction of the bladder smooth muscles seems to be the cause of this
upregulation of NGF. Urinary levels of NGF can be a marker for diagnosis of
overactive bladder and evaluation of the effects of treatment for it (see Bhide
et al. 2013 for review). In addition, when the vector encoding NGF was experimen-
tally infected into the bladder, NGF was upregulated fourfold, and bladder overac-
tivity was induced without any histological evidence of inflammation (Lamb
et al. 2004). Collectively, contraction of the bladder and NGF upregulation seem
to develop into a vicious cycle. The question of which is the initiating event will be
an interesting issue for study.
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5.5 Role of NGF in Cancer Pain (and Cachexia) and Other
Conditions

All nociceptive, inflammatory, and neuropathic pains can be induced in cancer.
Bone metastasis of breast cancer, prostate cancer, and lung cancer induces bone
pain. Breakthrough pain induced by movement of involved bone is difficult to treat,
and more effective treatments are being sought. A bone metastasis model made by
injecting tumor cells into the bone marrow (Halvorson et al. 2005; Bloom
et al. 2011) showed that tumors themselves and peripheral bone in the vicinity of
the tumor lack detectable innervation, whereas the periosteum is densely innervated
in areas where NGF is upregulated. Anti-NGF antibody alleviates pain and
decreases the ectopic sprouting of nociceptors into the periosteum (Halvorson
et al. 2005; Bloom et al. 2011). NGF blockade decreases tumor proliferation,
nociception, and weight loss (Ye et al. 2011).

Administration of a blocking antibody to NGF produced a significant reduction
in both early- and late-stage bone cancer pain-related behaviors (Halvorson
et al. 2005). Thus, anti-NGF antibody therapy may be particularly effective in
blocking bone cancer pain (Pantano et al. 2011). Clinical trials of anti-NGF
antibody for the treatment of bone cancer pain still continue.

6 Effect of NGF on Nociceptor Activities and Their Axonal
Properties

In normal skin, chronic (10—-12 days) deprivation of NGF produced by continuous
infusion of TrkA-IgG fusion molecule by an osmotic minipump decreased the
percentage of cutaneous nociceptors that responded to heat and/or bradykinin in
adult rats but not the percentage that responded to mechanical stimuli (Bennett
et al. 1998). This report also showed that the innervation density was reduced in the
epidermis with sequestration of NGF. This experiment demonstrates that endoge-
nous NGF in normal adult animals modulates sensitivities to heat and bradykinin
but not to mechanical stimuli and the innervation density of terminal axons.

In an inflammatory condition induced by carrageenan, the percentage of sponta-
neously active fibers recorded in vitro from skin—nerve preparations increased.
Sensitivity to heat and bradykinin, but not to mechanical stimulation, also
increased. When the TrkA-IgG fusion molecule was coadministered with carra-
geenan, sensitization to heat and bradykinin of cutaneous nociceptors did not occur,
and again, their mechanical sensitivities were not changed (Koltzenburg
et al. 1999).

The effects of NGF on muscle nociceptors seem somewhat different from those
on skin. Mann et al. (2006) reported that intramuscular injection of human (not rat)
NGF into the rat masseter muscle failed to evoke afferent discharges; however, it
did decrease the mechanical threshold of masseter A-delta afferent fibers (Mann
et al. 2006). Single-fiber recording from C-fibers innervating the extensor digitorum
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longus (EDL, sample recording in Fig. 2a, b) muscle showed that NGF 0.8 pM
(5 pL) decreased their mechanical threshold (Fig. 2¢) and increased the discharge
number in response to ramp mechanical stimulation (Fig. 2d) (Murase et al. 2010)
when compared with fibers recorded from normal rats that received PBS injection.

Axonal properties are also reported to be changed by NGF. Djouhri et al. (2001)
reported that NGF sequestration by injecting NGF-binding domain (amino acids
285-413 of TrkAlg2) prevented the following CFA-induced changes in nociceptive
neurons with A-delta or C-fibers: increased frequency that a fiber can follow,
increased proportions of units with ongoing activity, and decreased action potential
duration.

Hirth et al. (2013) also showed by single-fiber recordings 3 weeks after one-time
intradermal injection of NGF to pig skin that NGF increased conduction velocity
and decreased activity-dependent slowing of mechano-insensitive fibers. They also
showed an increase in mechanosensitive fibers and decrease in median mechanical
threshold. In contrast to the previous report using continuous infusion of NGF to the
rat ankle skin (Bennett et al. 1998), they could not find any increase in the density of
intraepidermal nerve fibers (Hirth et al. 2013). The abovementioned changes in
axonal properties, especially activity-dependent slowing of conduction velocity, are
reported to be related to the availability of Na channels (De Col et al. 2008). The
tetrodotoxin-resistant (TTX-r) sodium channels Nav1.8 and Nav1.9 are predomi-
nantly expressed in small-/medium-sized nociceptive neurons that are cell bodies of
thin-fiber afferents, and increased expression of these channels by NGF has been
reported (Fjell et al. 1999; Bielefeldt et al. 2003).

7 Action Mechanism of NGF in Modulating the Nociceptive
System

7.1 Mechanism of NGF-Induced Acute Sensitization
of Nociceptors to Heat

7.1.1 Direct Phosphorylation by TrkA

TRPV1 is activated by heat (ca. 43 °C) and believed to be involved in heat
transduction in nociceptors (Caterina et al. 1997), at least in inflammatory heat
hyperalgesia (Caterina et al. 2000; Davis et al. 2000). It was reported that NGF was
unable to induce heat hyperalgesia in TRPV1-deficient mice (Chuang et al. 2001).
Therefore, the mechanism of the acute sensitizing effect of NGF on the heat
response of nociceptors has been often studied using a TRPV1 stimulant, capsaicin,
instead of heat.

Shu and Mendell (1999, 2001) first showed that a 10-min application of NGF
facilitated capsaicin-induced currents in DRG neurons and later confirmed this
observation (Zhu et al. 2004). Even though TrkA is connected with the PLC
pathway and an earlier study showed that NGF-induced sensitization was blocked
by PKA inhibition (Shu and Mendell 2001), this was not confirmed in later reports
(Bonnington and McNaughton 2003; Zhu and Oxford 2007). Activation of protein
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kinase C by phorbol ester can sensitize the nociceptive neuron response to capsaicin
(Bhave et al. 2003), while PKC inhibition abolishes or reduces NGF-induced
TRPV1 sensitization (Bonnington and McNaughton 2003; Zhu and Oxford 2007).
The effect of inhibiting CaMKII also differed among reports (Bonnington and
McNaughton 2003; Zhu and Oxford 2007).

7.1.2 Membrane Trafficking of TRPV1 by TrkA

NGF promotes TRPV1 insertion into the plasma membrane (Zhang et al. 2005), for
which involvement of PI3kinase (Stein et al. 2006) and its downstream Src kinase
were reported. Src kinase reportedly phosphorylates Tyr200 of TRPV1 and
translocates it to the cell membrane (Zhang et al. 2005). The early phase of heat
hyperalgesia can be explained by this rapid sensitization (within several min) to
heat by NGF.

7.1.3 Indirect Action of NGF Through Degradation of Mast Cells
Previous mast cell degranulation by compound 48/80 or pretreatment with
antagonists of SHT, contained in mast cell granules in rats, reduced the early
phase of heat hyperalgesia (or delayed its onset) (Lewin et al. 1994; Amann
et al. 1996; Woolf et al. 1996). These observations suggest that NGF also acts
indirectly by activating mast cells and neutrophils, which in turn release additional
inflammatory mediators causing hypersensitivity to heat.

7.1.4 Involvement of Sympathetic Nerve

The early phase of NGF-induced heat sensitization is partially dependent on
sympathetic neurons, as sympathectomy partly reduced the effect of NGF in
causing heat hyperalgesia (Andreev et al. 1995; Woolf et al. 1996).

7.2 Mechanism of NGF-Induced Long-Lasting Sensitization
to Heat

The later phase (7 h—4 days after NGF) of heat hyperalgesia appeared to be centrally
maintained, since it could be selectively blocked by the noncompetitive NMDA
receptor antagonist MK-801 (Lewin et al. 1994). NGF binds to TrkA and is
transported to DRG neurons to change the expression of neuropeptides (Donnerer
et al. 1992, 1993; Leslie et al. 1995), sodium channels (Fjell et al. 1999), ASIC
(Mamet et al. 2002), and other properties. In addition, NGF can increase TRPV1
expression (Donnerer et al. 2005; Xue et al. 2007), via the Ras—mitogen-activated
protein kinase pathway (Ji et al. 2002) in DRG neurons. This increased expression
of TRPV1 by NGF is implicated in maintaining the heat hyperalgesia in inflamma-
tion. Plastic changes in synaptic connections of muscle afferents in the spinal cord
have been also reported after long-lasting injection of NGF to the muscle (Lewin
et al. 1992).
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7.3 Mechanism of NGF-Induced Sensitization to Mechanical
Stimuli

The short latency action of NGF on heat sensitivity is well accepted; however,
discrepancy exists in the time course of NGF-induced mechanical sensitization. An
earlier study showed a latency of 7 h. The shortest latency of sensitization was 10—
20 min in single-fiber recording in vitro (Murase et al. 2010) and also in nociceptive
behavior although its peak was observed 3 h after injection (Malik-Hall et al. 2005).
The longest latency so far reported is 3 days (Hirth et al. 2013). Medium latency of
1 h has been reported (sensation in humans by Svensson et al. 2003, afferent
activities by Mann et al. 2006).

Mechanical hypersensitivity several hours after intraplantar injection of NGF
was abolished in sympathectomized animals or delayed in mast cell degranulated
animals by compound 48/80 (Woolf et al. 1996).

Malik-Hall et al. (2005) reported that acute mechanical hyperalgesia was
reduced by inhibitors of the three major pathways for TrkA receptor signaling,
extracellular signal-related kinase (ERK)/mitogen-activated protein kinase kinase
(MEK), PI3K, and PLCy. However, inhibitors of kinases downstream of PI3K and
PLCy (glycogen synthetase kinase 3, CAMII-K, or PKC) failed to reduce mechani-
cal hyperalgesia. Thus, they could not clarify the downstream pathways.

Not much cell-based research has been done so far, possibly because the calcium
imaging method cannot be applied for the mechanical response or because
mechanotransducing channels of nociceptors have not been identified yet. Di
Castro et al. (2006) showed that mechanically activated currents in cultured small
and IB4(—) neurons was increased after application of NGF for 8 h (not 1 h)
through a transcriptional mechanism. The augmented currents were further
facilitated by activation of PKC by phorbol ester, and this effect was blocked by
tetanus toxin, suggesting that the insertion of new channels into the cell membrane
is involved in sensitization (Di Castro et al. 2006). In this report, no early sensitiza-
tion was observed.

Involvement of TRPV1 was reported in mechanical hyperalgesia after lengthen-
ing contraction, where NGF plays a pivotal role (Fujii et al. 2008; Ota et al. 2013).
Further research is needed to answer the question of whether mechanisms reported
for heat hyperalgesia or augmented response to capsaicin (Bhave et al. 2003;
Bonnington and McNaughton 2003; Zhang et al. 2005; Zhu and Oxford 2007)
also work in NGF-induced mechanical hyperalgesia.

7.3.1 TrkA or p75NTR

A receptor for NGF that is believed to be involved in heat and mechanical
hyperalgesia is TrkA. Recent reports also showed involvement of p75NTR in
mechanical hyperalgesia (Iwakura et al. 2010; Khodorova et al. 2013; Matsuura
et al. 2013). Downstream signaling cascades are different between these two NGF
receptors, and the p75NTR cascade is a sphingomyelin signaling cascade that
includes neutral sphingomyelinase(s) (nSMase), ceramide, and the atypical protein
kinase C (aPKC) and protein kinase M zeta (PKMJ) (Zhang et al. 2012, also see
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Nicol and Vasko 2007 for review). On the question of the relative importance of
TrkA and p75NTR in NGF-induced hyperalgesia, controversial results have been
reported, such as that NGF still produces hyperalgesia in p75 knockout mice
(Bergmann et al. 1998, also see Lewin and Nykjaer 2014 for review).

8 Therapeutic Perspective

Efforts for the antagonization or reduction of NGF action have been directed toward
the development of (1) humanized monoclonal antibodies (mAbs), (2) small
molecules that bind NGF and change its molecular shape such that it can no longer
bind to its receptor(s), (3) peptides that competitively bind TrkA or p75SNTR
receptors (Eibl et al. 2012), and (4) small molecules that block TrkA activities
(Ghilardi et al. 2011). The specificity of mAbs is quite high, but it must be
intravenously or intramuscularly injected. In addition, administration of mAbs
entails the risk of immune reactions. In contrast, while small molecule inhibitors
of kinase activity may not be as specific as mAbs or small molecules that bind to
NGF and block binding to its receptor, they may have equal therapeutic potential.
They can be orally administered, are less expensive to produce, and have greater
flexibility in dosing. Except for mAbs, these agents are still in the preclinical stage.
Clinical trials using a humanized anti-NGF antibody, tanezumab, have been
conducted for low back pain (Kivitz et al. 2013), osteoarthritis (Sanga
et al. 2013), and bone cancer pain, and outcomes have been good. However,
because of a serious side effect (joint destruction), all clinical trials except for
one on bone cancer pain were for a while suspended and now restarted. We hope
that in the near future, some of these agents can be used for the treatment of pain.
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Abstract

It is evident that chronic pain can modify the excitability of central nervous
system which imposes a specific challenge for the management and for the
development of new analgesics. The central manifestations can be difficult to
quantify using standard clinical examination procedures, but quantitative sen-
sory testing (QST) may help to quantify the degree and extend of the central
reorganization and effect of pharmacological interventions. Furthermore, QST
may help in optimizing the development programs for new drugs.

Specific translational mechanistic QST tools have been developed to quantify
different aspects of central sensitization in pain patients such as threshold ratios,
provoked hyperalgesia/allodynia, temporal summation (wind-up like pain), after
sensation, spatial summation, reflex receptive fields, descending pain modula-
tion, offset analgesia, and referred pain areas. As most of the drug development
programs in the area of pain management have not been very successful, the
pharmaceutical industry has started to utilize the complementary knowledge
obtained from QST profiling. Linking patients QST profile with drug efficacy
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profile may provide the fundamentals for developing individualized, targeted
pain management programs in the future. Linking QST-assessed pain
mechanisms with treatment outcome provides new valuable information in
drug development and for optimizing the management regimes for chronic pain.

Keywords
Pain assessment * Quantitative sensory testing * Spreading sensitization

1 Introduction

Chronic pain is a disabling condition for the individual patient. In recent years, the
many studies in animals, healthy volunteers, and pain patients have been successful
in providing mechanistic knowledge leading to a better understanding of the
clinical signs and symptoms associated with chronic pain. However, the treatment
of chronic pain is still generally unsatisfactory due to the lack of adequate diagnos-
tic tools and analgesics. Individualized and personalized treatment regimes are far
from being implemented in clinical practice. Reorganization of the pain system,
resulting in central sensitization, is a main hurdle for efficient pain management of
chronic pain with the drugs currently available. The main treatment regimes still
consist of opioids, nonsteroidal anti-inflammatory drugs (NSAIDs), analgesics,
anticonvulsants, antidepressants, and combinations thereof. Some of those drug
classes may interact with the central reorganization but with highly unpredictable
efficacy in the individual patient.

This lack of efficient drugs has prompted pharmaceutical companies to invest
substantially in the search for new compounds to treat chronic pain, and many new
molecules and molecular mechanisms have been tested or are currently in clinical
trials. The majority of the drugs are being investigated in conditions like neuro-
pathic pain (post herpetic neuralgia, diabetic painful neuropathy), osteoarthritis
(OA) pain, complex regional pain syndrome, trigeminal neuralgia, and chronic
low back pain. Despite the substantial investments in developing new molecules,
the success rate has been very low and the pharmaceutical industry is currently
moving away from centrally acting compounds towards peripherally acting
compounds (Nishimura et al. 2010) in order to minimize unwanted side effects,
drugs interacting with the glia cells (Milligan and Watkins 2009), or even drugs
interacting with genetic factors (Crow et al. 2013). Reducing the peripheral noci-
ceptive drive may be a more efficient way of reducing the central consequences
than attempting interacting directly with the central targets (Richards and
McMahon 2013).

Unfortunately in many chronic pain conditions with associated central changes,
the nociceptive driver is not fully understood, e.g., fibromyalgia, whiplash, endo-
metriosis, and irritable bowel syndrome. To complicate the picture further, central
sensitization may also be found in conditions where pain may not be part of the
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characteristic clinical picture as in, e.g., multiple sclerosis, Parkinson’s disease,
multiple chemical hypersensitivity, restless leg syndrome, chronic fatigue, post-
deployment syndrome, posttraumatic stress, borderline personality disorders, major
depression, and schizophrenia (Arendt-Nielsen et al. 2012a, b).

It is generally accepted that injury or inflammation can drive the nociceptive
nerve endings or afferents in the somatic or visceral tissue. This peripheral drive
may cause various adaptive changes in the central neuronal network and eventually
result in pain hypersensitivity. This increase in central gain facilitates the sponta-
neous and/or ongoing pain intensity which is the main problem for the patient. In
addition to the increased gain, the central changes and reorganization may also
manifest as allodynia experienced by the patient as an additional factor contributing
to the overall pain problem. Most animal studies on central sensitization focus
specifically on the reorganization by assessing modality-specific hyperalgesia
and/or allodynia although this is not considered as the main problem for the chronic
pain patients. It has been found that generalized central hyperalgesia affects 17.5—
35.3 % of the chronic pain population (Schliessbach et al. 2013).

The involvement of sensitization may also explain the lack of relationship
between actual tissue damage in, e.g., osteoarthritis (OA) (Davis et al. 1992;
Hannan et al. 2000; Neogi et al. 2009) and the pain intensity.

The central sensitization occurring within spinal and supraspinal networks has
been summarized in many book chapters and reviews (Basbaum et al. 2009;
Sandkiihler 2009). In general, the central sensitization involves both presynaptic
effects, i.e., changes in transmitter release, and postsynaptic effects. The latter are
primarily due to increases in intracellular calcium, due to increased influx through
ionotropic channels (e.g., NMDA channels) and voltage-dependent calcium
channels, or due to release of calcium from intracellular stores produced by
receptors (e.g., metabotropic receptors) or tyrosine kinases. In addition, there is a
loss of GABA- and glycine-mediated inhibition within the spinal cord and a loss of
descending monoaminergically mediated inhibitory controls from the medulla.
Finally, immune cells are recruited to sites of inflammation and injury, and
microglial activation occurs in the dorsal horn of the spinal cord, close to the
central terminals of injured sensory neurons (Schomberg and Olson 2012). In recent
years, this has led to an increasing interest in glia cells as a nonneuronal mediator of
sensitization and a suggested molecular target for pain treatment. Human experi-
mental pain models and quantitative sensory testing (QST) can be used to profile
the efficacy of new drugs, optimize the early drug development programs, and help
predicting which pain patient populations would benefit and hence be included in
early clinical trials (Arendt-Nielsen and Hoeck 2011; Hayes et al. 2014; Arendt-
Nielsen and Curatolo 2013; Oertel and Lotsch 2013).

This chapter will (1) introduce some aspects of central sensitization in chronic
pain, (2) provide a summary on which QST techniques can be used for assessing
central sensitization in pain patients, and (3) describe how pharmacological
interventions in pain patients can be profiled using QST techniques.
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2 Central Sensitization in Chronic Pain Patients

The term central sensitization is a too broad term to use from a mechanistic point of
view as “central” may refer to (1) ipsilateral sensitization associated with the local
nociceptive focus, (2) segmental sensitization contralateral to the local nociceptive
focus, (3) extraterritorial spreading sensitization around local nociceptive focus, or
(4) generalized widespread sensitization. The development from local ipsilateral
sensitization to a widespread sensitization represents a progression in the develop-
ment of the chronic pain manifestations as many chronic pain conditions start with a
local injury/trauma which over time develops into chronic widespread pain
associated with widespread sensitization (e.g., fibromyalgia) (Lee et al. 2014;
Sarzi-Puttini et al. 2011; Staud 2011).

This transition is felt by the patient as a spreading of pain from localized to a
more diffuse and larger presentation, and it is found that 10-20 % of individuals
with regional pain subsequently develop widespread pain (Sarzi-Puttini et al. 2011;
Atzeni et al. 2011; Mourao et al. 2010).

In patients with low back pain, 24.5 % of patients develop widespread pain over
18 years (Lapossy et al. 1995), and studies of subjects with chronic neck pain or
whiplash injuries have found that 10-22 % develop chronic widespread pain (Holm
et al. 2007; Macfarlane 1999).

The underlying mechanism and the nature of the predisposing risk factors for
developing widespread pain and sensitization have yet to be discovered although
both neurophysiological and biosocial (psychological) explanations have been
suggested (Sarzi-Puttini et al. 2011). Furthermore, genetic factors (Smith
et al. 2011, 2012) and cognitive, social, and lifestyle factors (Mourdo et al. 2010)
may be important.

The picture can be further complicated as somatic pain cannot only cause
widespread sensitization but also visceral hyperalgesia (Miranda et al. 2004) and
vice versa (Giamberardino 2003).

2.1 Extraterritorial Manifestations of Sensitization

Bilateral presentation of pain symptoms occurred in about 5-15 % of patients with
CRPS (Veldman and Goris 1996; Kozin et al. 1976), and another study showed a
contralateral pain pattern in 49 % and diagonal pattern in 14 % of the CRPS patients
(van Rijn et al. 2011) indicating the possible role of extraterritorial spreading.

There is ample clinical evidence that in neuropathic conditions, the signs and
symptoms extend into regions beyond those directly innervated by the injured nerve
(Konopka et al. 2012; Malan et al. 2000).

On the contrary to many of the above findings for postherpetic neuralgia (PHN),
the pain remains localized with no contralateral effects on neurogenic inflammation
(Baron and Saguer 1994) or facilitated capsaicin provoked pain (Petersen
et al. 2000) suggesting PHN as a specific class of neuropathic pain. This may as
such be problematic to use PHN as a generalized neuropathic pain model in drug
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screening studies and for drug approval studies. In patients with temporomandibu-
lar pain and atypical facial pain, the pain reaction often occurs bilaterally, and
trigeminal neuropathic and inflammatory pain often spreads beyond the area of
injury to involve nearby areas or even remote regions in which there may be
hypersensitivity (Fillingim et al. 1998; John et al. 2003; Fernandez-de-las-Pefias
et al. 2010; Zakrzewska 2013).

During migraine attacks, lowered thresholds to mechanical and thermal stimu-
lation of cephalic and extracephalic areas also may reflect extraterritorial
hyperalgesia and allodynia (Burstein et al. 2000).

2.2 Widespread Manifestations of Sensitization

In patients, the pain duration, intensity, and number of pain locations are important
for the potency of the spreading sensitization. In knee OA, the pain intensity/
duration code for the degree of extrasegmental pressure hyperalgesia (Arendt-
Nielsen et al. 2010), similarly in TMD (Fernandez-de-las-Pefias et al. 2009), simi-
larly for chronic tension-type headache (Fernandez-de-las-Pefias et al. 2008). The
number of OA locations are important for how diffuse the OA knee pain is
perceived (Thompson et al. 2010), and the more myofascial trigger points exist,
the more generalized is sensitization (Xu et al. 2010). Widespread sensitization
is found in patients with pain after revision total knee arthroplasty indicating the
importance of ongoing nociceptive input for the chronification process generation
of widespread sensitization (Skou et al. 2013).

Patients with chronic neck and shoulder pain (whiplash) have also shown
mechanical hypersensitivity in lower body regions (Koelbaek Johansen
et al. 1999; Scott et al. 2005). It should also be noted that there are many
comorbidities between different pain syndromes with high prevalence of, e.g.,
temporomandibular disorder in fibromyalgia (Leblebici et al. 2007) and chronic
low back pain (Balasubramaniam et al. 2007).

Laursen et al. (2005) showed widespread hypersensitivity to pressure stimula-
tion across different chronic musculoskeletal (fibromyalgia, whiplash, rheumatoid
arthritis) and urogenital (endometriosis) pain conditions. Similar findings are also
found in irritable bowel syndrome (Piché et al. 2010).

Several studies have shown that if the ongoing pain in whiplash patients is
changed by local blocks, the generalized hypersensitivity to various experimental
stimuli changes accordingly: reduced pain causes reduced generalized sensitization
(Schneider et al. 2010; Herren-Gerber et al. 2004).

Similarly, it has been shown that the widespread sensitization in painful knee
OA can be normalized after successful total knee replacement with no residual pain
(Graven-Nielsen et al. 2012). Another manifestation of widespread hypersensitivity
may be the number of palpable trigger points, and a significantly higher number of
these points were found in lower limb muscles in OA patients (Bajaj et al. 2001a, b).
The more widespread a musculoskeletal pain problem becomes, the more abnormal
the quantitative sensory findings are (Carli et al. 2002).
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Generalized spreading sensitization in fibromyalgia and whiplash patients is
further supported by increased nociceptive withdrawal reflexes (Banic et al. 2004).

In migraine, spreading of multimodal allodynia and hyperalgesia beyond the
locus of migraine headache is mediated by sensitized thalamic neurons that process
nociceptive information from the cranial meninges together with sensory informa-
tion from the skin of the scalp, face, body, and limbs (Burstein et al. 2010). Pain
thresholds to mechanical and thermal stimulation of cephalic and extracephalic
areas show significantly sensitization (hyperalgesia and allodynia) during migraine
attacks (Burstein et al. 2000).

For other craniofacial pain conditions such as temporomandibular disorders,
clinical pain may occur outside the craniofacial region (Fillingim et al. 1998; John
et al. 2003).

There are some human volunteer studies showing that widespread hypersensi-
tivity can be provoked. Ingestion of monosodium glutamate (MSG) has been given
to volunteers over 5 days and provokes generalized pain sensitization (Shimada
et al. 2013).

During systemic inflammation elicited by the administration of endotoxin to
volunteers generalized sensitization developed to pressure pain, electrical pain, and
cold pressor pain (de Goeij et al. 2013). The same model has shown to induce
visceral hypersensitivity (Benson et al. 2012) assessed by sensory and pain
thresholds and subjective pain ratings rectal distension by a barostat. Furthermore,
low-dose endotoxin potentiates capsaicin-induced pain and evoked hyperalgesia
and allodynia in volunteers (Hutchinson et al. 2013).

3 QST for Assessing Central Sensitization

QST involves a large variety of stimulus modalities (thermal, mechanical, chemi-
cal, electrical), assessment methods (psychophysics, electrophysiology, imaging,
microdialysis), and target structures (skin, musculoskeletal, and viscera). QST can
provide an understanding of the mechanisms involved in pain transduction, trans-
mission, modulation, and perception under normal and pathophysiological
conditions and as such contribute to mechanism-based diagnosis, prevention, and
management of pain in future (Jensen and Baron 2002).

Different QST protocols have been suggested for profiling patients, and the QST
battery developed by the German Research Network on Neuropathic Pain is the one
applied in many studies (Geber et al. 2011; Magerl et al. 2010; Maier et al. 2010).
Briefly, the protocol assesses the function of small (thermal thresholds) and large
(tactile and vibration thresholds) nerve fiber pathways and increased/decreased pain
sensitivity (hyperalgesia, allodynia, hyperpathia, wind-up-like pain). The battery
consists predominantly of cutaneous stimulus modalities and is therefore not
adequate for profiling musculoskeletal or visceral pain conditions.

Some of the measures are specifically addressing that central reorganization is
associated with sensitization such as facilitated wind-up-like pain and allodynia.
However, the battery does not include aspects related to, e.g., pain modulation. In
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most clinical studies assessing central hyperexcitability, there is a focus on “gain of
function,” but based on the many studies using the above platform, it has been
evident that often the pain patients (in particular neuropathic pain) experience also
modality-specific “loss of function” (Haanpai et al. 2011; Jensen and Baron 2002).
The platform has also been used for sensory profiling conditions like restless legs
syndrome (Stiasny-Kolster et al. 2013).

The present chapter will not address surrogate pain models of sensitization
where transient central sensitization is induced in healthy volunteers (e.g., intrader-
mal capsaicin) (Werner et al. 2013; Cavallone et al. 2013).

The focus of this section is to highlight the opportunities to assess quantitatively
central sensitization in pain patients by QST techniques and, when possible, refer to
clinical studies where pharmacological interventions have been profiles using QST
in pain patients.

The problem of localized vs. general hyperalgesia: It is evident that modality-
specific analgesia/hyperalgesia can be detected by different phasic experimental
stimuli (mechanical, thermal). In case of a localized pain focus (e.g., nerve trauma,
muscle/tendon inflammation, and joint pathology), the local peripheral
hyperalgesia is sometimes evident when comparing the thresholds or pain
responses to the contralateral location. However, in many cases, the contralateral
location is not a control area due to the central manifestations, and the separation
between peripheral and central sensitization can be difficult. An example could be
pressure pain threshold assessment over the knee joint in patients with osteoarthritis
(OA) where localized joint sensitization is detected. In the same patient, the
pressure pain thresholds are also reduced as compared with control subjects when
assessed from the arm (Arendt-Nielsen et al. 2010). If a control group is not
possible to include in a study, the ratio can be calculated between a pain threshold
assessed from the painful site and a threshold assessed from a non-painful site.
When comparing the ratios within a given group of patients, the relative contribu-
tion between localized and generalized sensitization can be estimated and used for
phenotyping patients.

Widespread sensory manifestations of sensitization are also found in, e.g.,
unilateral epicondylitis (Fernandez Carnero et al. 2009a, b). There is ample evi-
dence that in neuropathic conditions, the signs and symptoms also extend into
regions beyond those directly innervated by the injured nerve (Konopka
et al. 2012; Malan et al. 2000). In most chronic pain conditions, true control site
is therefore most often nonexisting (Konopka et al. 2012). The way to overcome
this problem is to use normative databases for all the QST tests applied (Neziri
et al. 2011) and to use statistical techniques such as Z-scores to judge when an
individual patient is outside the normative range (Rolke et al. 2006a, b). It is a very
tedious job to establish such normative databases as thresholds vary from location
to location and hence reference values from many points are required (Magerl
et al. 2010; Neziri et al. 2011).

Not only normative data for many locations are needed but also reactions from
different structures (skin, muscle, viscera) are required when a multimodal, multi-
tissue QST approach is used.



86 L. Arendt-Nielsen

A recent approach to overcome the localized stimulation using small thermal or
mechanical probes has been to activate larger areas and more structures using the
same stimulus. A larger volume can be assessed by the computer-controlled cuff-
algometry technique. The pain reactions (threshold or rating) related to inflation of
a tourniquet applied around an extremity (Polianskis et al. 2002). The pressure
applied is distributed throughout the underlying tissues activating a variety of
somatic receptors and nociceptors.

Facilitation of provoked central sensitization (Fig. 1): Experimental induction
of central sensitization (hyperalgesia and allodynia) can be provoked by intrader-
mal capsaicin. This model has been used to investigate the painful and non-painful
legs of patients with unilateral sciatica and compared these with healthy controls.
Pain and hyperalgesia responses were enhanced in both legs of patients with
unilateral sciatica compared with healthy controls supporting the notion that
patients with preexisting neuropathic pain have fundamental differences in central
nervous system processing compared with pain-free controls (Aykanat et al. 2012).

The intradermal capsaicin models have also been used to show increased
hyperalgesic reactions in patients with rheumatoid arthritis (Morris et al. 1997),
fibromyalgia (Morris et al. 1998), and vulvodynia (Foster et al. 2005).

The capsaicin model has been applied to non-painful conditions such as patients
with multiple chemical sensitivity and showed facilitated hyperalgesic reactions
(Holst et al. 2011).

Transdermal electrical stimulation is another way to induce central sensitization,
and larger hyperalgesic areas have been shown in patients with chronic lumbosacral
pain including radicular neuropathic features as compared to controls (Lecybyl
et al. 2010).

One study has used the capsaicin model in patients for pharmacological
profiling. Patients with unilateral sciatica showed heightened responses to intrader-
mal capsaicin compared to pain-free volunteers, and the study by Sumracki
et al. (2012) compared the effects of pregabalin (300 mg) and the tetracycline
antibiotic and glial attenuator minocycline (400 mg) on capsaicin-induced sponta-
neous pain, flare, and allodynia and between the affected and unaffected leg. It was
concluded that a healthy control group was needed for such studies in order to show
differences as a pain patient cannot be used as his/her own control.

Temporal summation and aftersensation (Fig. 2): An important and potent
central mechanism in dorsal horn neurons is the temporal integration also termed
wind-up-like pain. The initial phase of the wind-up process observed in animals
translates into temporal summation in humans (Arendt-Nielsen et al. 1994). If a
painful stimulus is repeated 1-3 times per second, the pain will integrate and
become more painful with an intensity and stimulus frequency-dependent summa-
tion (Arendt-Nielsen et al. 1994). Temporal summation can be elicited using
electrical, mechanical, or thermal stimulation modalities and is elicited from the
skin, musculoskeletal structures, and viscera (Arendt-Nielsen 1997; Arendt-Nielsen
and Yarnitsky 2009).

In many clinical conditions when repeated stimuli are applied in neuropathic,
musculoskeletal, and visceral chronic pain patients, temporal summation is
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Fig. 1 Provoked central sensitization. Central sensitization can be provoked by intradermal
injection of capsaicin. The boundary and hence the area of secondary pinprick hyperalgesia can
be assessed by von Frey hair stimulation (change in intensity of the provoked pin prick pain). The
boundary and hence the area of dynamic mechanical allodynia can be determined as the change in
the perception provoked by brushing the skin from a non-painful sensation to a painful sensation.
The areas of hyperalgesia and/or allodynia can be enlarged in chronic pain patients with central
sensitization as an indication of increased central gain

substantially facilitated (Arendt-Nielsen et al. 1997a; Graven-Nielsen et al. 2000;
Nikolajsen et al. 1996).

In clinical bed site testing, simple devices are used for assessing temporal
summation such as tapping the skin with a nylon filament (Nikolajsen
et al. 1996). When more standardization is required, however, automated user-
independent methods are needed such as thermal (Kong et al. 2013), mechanical
(Nie et al. 2009), or electrical stimulation techniques of the skin (Arendt-Nielsen
et al. 1994), muscles (Arendt-Nielsen et al. 1997b), or viscera (Drewes et al. 1999).
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Fig. 2 Temporal summation and aftersensation. If a painful stimulus (in this case a cuff inflated
around the leg) of the same intensity is repeated, e.g., five times with 2 s intervals, the pain
intensity will gradually increase as assessed on a visual analogue scale (VAS). This is called
temporal summation and is a central phenomenon. In a chronic pain patient with central sensitiza-
tion, the temporal summation is facilitated, and in some cases, the pain will continue for some
seconds after the stimulation has been terminated (aftersensation)

The abovementioned cuff-algometry technique can also be used if the cuff is
repeatedly inflated (Lemming et al. 2012; Skou et al. 2013).

When repeated stimuli are delivered, sometimes pain patients experience an
aftersensation (pain after the stimulus has stopped) (Robinson et al. 2010). This has
been observed in patient with neuropathic (Gottrup et al. 2003) and musculoskeletal
pain (Staud et al. 2003, 2007). An exclusive facilitation of the aftersensation alone
has been proposed to be of diagnostic value (Sato et al. 2012) and supports the basic
finding that the summation and the aftersensation are mediated by different under-
lying central mechanisms (Price et al. 1978; You et al. 2005).

Facilitated temporal summation in chronic pain patients is efficiently inhibited
by NMDA receptor antagonists (ketamine and amantadine). This has been found in
patients with surgical incisions (Stubhaug et al. 1997), postherpetic neuralgia (Eide
et al. 1994), phantom limb pain (Nikolajsen et al. 1996), chronic postsurgical
neuropathic pain (Pud et al. 1998), and fibromyalgia (Graven-Nielsen et al. 2000).

Abnormal temporal summation in patients with neuropathic pain does not
predict the clinical effect of imipramine or gabapentin (Rasmussen et al. 2004).

Some clinical studies have not shown effect on facilitated temporal summation
by lamotrigine (an antiepileptic drug acting on voltage-sensitive sodium channels)
in patients with spinal cord injury pain (Finnerup et al. 2002) and by the NMDA-
antagonist memantine in patients with phantom limb pain (Nikolajsen et al. 2000)
and postherpetic neuralgia (Eisenberg et al. 1998).
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Fig. 3 Spatial summation. The pain intensity provoked by a single stimulus (in this case a cuff
inflated around the leg) can be assessed on a VAS. If the area of the stimulation is increased
(stimulating with two cuffs instead of one cuff), the pain intensity will increase. This is called
spatial summation and is a central phenomenon. In a chronic pain patient with central sensitiza-
tion, the spatial summation may be facilitated (increased ratio between the pain intensity provoked
by the large area and the pain intensity provoked by the small area)

More clinical studies are needed to understand which compounds can modulate
temporal summation.

Spatial summation (Fig. 3): Spatial summation is another mechanism, which
relies on central networks and the general sensitization status (Bouhassira
et al. 1995). In humans, spatial summation can be assessed in different ways
where the stimulus is applied to using different stimulation areas, e.g., using
thermodes (Nielsen and Arendt-Nielsen 1997), pressure probes (Nie et al. 2009),
or cuff algometry (Polianskis et al. 2002). The cuff-algometry technology can
utilize one or two cuffs which are automatically inflated, and the volunteer/patient
rates the provoked pain intensity (Polianskis et al. 2002). Spatial summation is
facilitated in various pain conditions such as fibromyalgia (Staud et al. 2004, 2007),
osteoarthritis (Graven-Nielsen et al. 2012), and lateral epicondylitis (Jespersen
et al. 2013).

No pharmacological screening studies have used this technique in pain patients.

Reflex receptive fields (Fig. 4): In many animal studies, expansion of receptive
fields of dorsal horn neurons has been documented in neuropathic as well as
inflammatory (cutaneous, muscle, and viscera) models. Expansion of receptive
fields has been a challenging mechanism to assess in humans. In animals, an
alternative method for assessment of receptive field expansion of dorsal horn
neurons has been developed. This involves quantification of the so-called reflex
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Fig. 4 Reflex receptive fields. Nociceptive withdrawal reflexes evoked by electrical stimulation
from ten individual points on the sole of the foot. The reflex recorded from, e.g., the tibialis
anterior muscle is large when evoked from, e.g., point 5 and smaller when elicited from, e.g., point
1. Based on the size of the reflex, the so-called reflex receptive field can be constructed and can be
found larger in chronic pain patients with central sensitization

receptive field (Schouenborg et al. 1994, 1995) which was found to expand in the
presence of central sensitization (Harris and Clarke 2003).

This method based on assessment of the nociceptive withdrawal method has
been translated to humans (Andersen et al. 2001), and the reflex receptive field is
found to be expanded into spinal cord injured patients (Andersen et al. 2004), in
patients with chronic visceral pain (endometriosis) (Neziri et al. 2010), in patients
with low back pain (Biurrun Manresa et al. 2013), and in patients with neck pain
(Biurrun Manresa et al. 2013).

To date, few pharmacological studies have used this technique for profiling, and
the sensitivity is not known. One study showed that the 5-HT-3 receptor antagonist
had no effect on the expanded fields in chronic low patients and no effect on the
clinical pain (Neziri et al. 2012). This advanced technique may in the future provide
new information in clinical studies and for profiling of new compounds.

Descending pain modulation (Fig. 5): There are increasing evidences that the
balance between the descending pain inhibition and facilitation may be disturbed in
chronic pain and that this phenomenon has a role in maintaining central sensitiza-
tion (Porreca et al. 2002; Suzuki et al. 2004; You et al. 2010). In humans, status
assessment of the descending pathways has recently undergone a revival, and the
original DNIC terminology has been renamed to conditioning pain modulation
(CPM, Yarnitsky et al. 2010). Less efficient CPM seems to be a general phenome-
non in chronic pain conditions (Staud 2012) such as patients with, e.g., myofascial
temporomandibular joint pain (Bragdon et al. 2002), chronic low back pain (Peters
et al. 1992), fibromyalgia (Kosek and Hansson 1997), whiplash (Daenen
et al. 2014), painful OA (Arendt-Nielsen et al. 2010), and chronic tension-type
headaches (Sandrini et al. 2006), chronic pancreatitis, and interstitial cystitis
(Ness et al. 2014). OA patients with a deficient, descending pain inhibition show
anormalization to a pain-free state after surgery (Graven-Nielsen et al. 2012; Kosek
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Fig. 5 Descending pain modulation. The descending pain modulation can be assessed by deliv-
ering a tonic conditioning pain stimulation to one location (in this case cuff stimulation of the leg),
e.g., 2 min. A test stimulus is applied to another location, and the response (e.g., a pain threshold) is
assessed before and during the conditioning stimulation. In healthy controls, the threshold
increases during the conditioning stimulation (pain inhibition), but in chronic pain patients with
central sensitization, this increase is smaller or even absent

and Ordeberg 2000) suggesting that the chronic pain maintained the CPM dysfunc-
tion and that the chronic pain saturated the CPM mechanism so the conditioning
pain stimulus is less efficient.

The CPM paradigm has in recent years been implemented in pharmacological
screening studies, and modulatory effects can be induced by dexmedetomidine
(a selective o(2)-adrenoceptor agonist) (Baba et al. 2012), buprenorphine
(Arendt-Nielsen et al. 2012a, b), fentanyl (Arendt-Nielsen et al. 2012a, b),
duloxetine (Yarnitsky et al. 2012), and apomorphine (a non-specific dopamine
agonist) (Treister et al. 2013), whereas oxycodone seems not to modulate CPM
(Suzan et al. 2013).

The use of CPM for assessing drug efficacy in pain patients has only been used in
one study so far where the effect of duloxetine in painful diabetic neuropathy was
investigated (Yarnitsky et al. 2012).

Evidently, an alteration in the descending pain modulation could be a promising
target for pharmacological intervention (Arendt-Nielsen and Yarnitsky 2009) and
should be utilized when new pain drugs are evaluated.

Offset analgesia (Fig. 6): Offset analgesia is provoked by incremental decreases
of a nociceptive heat stimulus, and the perception of the provoked pain is less as
what is provoked when the same stimulus intensity is given as a single stand-alone
stimulus (Grill and Coghill 2002; Yelle et al. 2008). A peripheral component of
offset analgesia cannot be excluded but is generally considered as a central inhibi-
tory modulation of pain and as such should be modulated by central sensitization.
This is supported by the fact that an association between CPM and offset analgesia
has been shown indicating some commonalities of their underlying mechanisms
(Honigman et al. 2013).

In healthy volunteers, offset analgesia is found stable in one study (Nilsson
et al. 2013) but in another study found to be facilitated when assessed in repeated
sessions. Furthermore, the response is reduced in potency with age (Naugle
et al. 2013). Induction of thermal hyperalgesia has shown an association with
increased magnitude of offset analgesia (Martucci et al. 2012a, b), whereas other
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Fig. 6 Offset analgesia. The thermal stimulus paradigm used to evoke offset analgesia. The first
phase (T1) consists of a painful heat stimulus applied for 5 s. The second phase (T2) is 1° above T1
also for 5 s. The last phase (T3) is the same temperature as T1 but for 20 s. During the stimulation,
the person rates the pain intensity (0—100). The pain rating during T3 is lower than to T1 although
the stimulus intensity is the same. This reduction in pain intensity (between B and C) is called
offset analgesia. Chronic pain patients have a less potent offset analgesic response as compared
with controls

studies have tried to modulate the potency of offset analgesia by experimental
central sensitization without success (Martucci et al. 2012a, b), suggesting that
longer-lasting central sensitization is needed.

Only one clinical study has used the offset analgesia paradigm in patients with
neuropathic pain and found the response was reduced or absent (Niesters
et al. 2011a, b). More clinical studies are needed to confirm the usefulness of this
technique.

The offset analgesia is not modulated by intravenous ketamine (Niesters
et al. 2011a, b) or morphine (Martucci et al. 2012a, b). More studies are needed
to understand the role of this technique in pharmacological screening.

Referred pain (Fig. 7): Referred pain is a central phenomenon predominantly
related to pain from deep somatic and visceral structures. Referred pain areas are
facilitated as a result of a central sensitization in patients with, e.g., fibromyalgia
(Sorensen et al. 1998), whiplash (Koelbaek Johansen et al. 1999), osteoarthritis
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Fig. 7 Referred pain. Local and referred pain can be provoked by intramuscular injection of a
bolus of an algogenic substance (e.g., 6 % hypertonic saline). Local pain area develops around the
injection site and referred pain develops around a distal location in healthy controls. Referred
pain is a central phenomenon. In chronic pain patients with central sensitization, the referred
pain area is larger and can spread also to proximal locations. The intensity of the pain provoked is
rated stronger by chronic pain patients with central sensitization as compared with controls

(Arendt-Nielsen and Yarnitsky 2009), chronic low back pain (O’Neill et al. 2007),
irritable bowel syndrome (Swarbrick et al. 1980), and chronic pancreatitis
(Dimcevski et al. 2007). In addition, it has been shown that referred pain areas
evoked from muscles are enlarged in visceral pain conditions (Bajaj et al. 2003) as a
result of convergence and interaction between sensitization related to deep somatic
and visceral structures but also manifested as viscero-visceral sensitization
(Giamberardino et al. 2010). Patients with, e.g., urinary calculosis show significant
and long-lasting hyperalgesia in the referred pain areas (Giamberardino et al. 1994);
patients suffering from a large number of colics show more hyperalgesia than
those experiencing a limited number of colics. Similar somatic hyperalgesia is
found in referred pain areas in acute appendicitis (Stawowy et al. 2002) and
cholecystolithiasis (Stawowy et al. 2005).

Few studies have used the referred pain areas in pain patients for pharmacologi-
cal profiling. Ketamine (Arendt-Nielsen and Graven-Nielsen 2008), gabapentin
(Arendt-Nielsen et al. 2007), and a 5-HT antagonist (Christidis et al. 2008) are
found to reduce the area of referred pain. On the contrary, alfentanil and morphine
do not reduce referred pain (Schulte et al. 2006).
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4 Conclusion and Future Perspectives

Central sensitization can manifest in many different ways, and it is evident that a
localized nociceptive focus over time can affect the entire neuroaxis. Development
of new, safe, centrally acting compounds targeting central sensitization has not
been successful, and new strategies have been taking towards the peripheral target
and towards the nonneuronal components.

A number of mechanism-based QST approaches have been developed to assess
the potency of the central sensitization mechanisms. Sensory testing can be used to
profile chronic pain patients and as a screening tool in a more efficient development
of new analgesic compounds.

Profiling chronic pain patients by mechanistic QST in conjunction with pharma-
cological treatment opportunities may in the future provide the basis for
individualized, targeted pain management.
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Abstract

A large body of evidence indicates that nitric oxide (NO) plays an important role
in the processing of persistent inflammatory and neuropathic pain in the spinal
cord. Several animal studies revealed that inhibition or knockout of NO synthe-
sis ameliorates persistent pain. However, spinal delivery of NO donors caused
dual pronociceptive and antinociceptive effects, pointing to multiple down-
stream signaling mechanisms of NO. This review summarizes the localization
and function of NO-dependent signaling mechanisms in the spinal cord, taking
account of the recent progress made in this field.
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Abbreviations

c¢GKI cGMP-dependent protein kinase I (synonym PKG-1, protein kinase G-1)

¢cGMP 3, 5'-cyclic guanosine monophosphate

CNG Cyclic-nucleotide gated

DRG Dorsal root ganglion

GC-A Particulate guanylyl cyclase A (synonym NPR-A, natriuretic peptide
receptor A)

GC-B Particulate guanylyl cyclase B (synonym NPR-B, natriuretic peptide
receptor B)

HCN Hyperpolarization activated and cyclic-nucleotide gated

NO Nitric oxide

NO-GC NO-sensitive guanylyl cyclase (synonym sGC, soluble guanylyl cyclase)

NOS NO synthase

PDE Phosphodiesterase

1 Expression of NO Synthases in the Spinal Cord
and in Dorsal Root Ganglia

Nitric oxide (NO) serves as a key biological signal in the regulation of many
physiological and pathophysiological functions (Francis et al. 2010). It is a small
gaseous molecule with a half-life of several seconds that readily permeates cell
membranes. As NO cannot be stored in vesicles and secreted in a controlled
fashion, its functions are primarily regulated by the expression and activity of NO
synthases (NOSs) that produce NO and L-citrulline from the precursor L-arginine.
Three different NOS isoforms have been identified that are encoded by three
distinct genes. According to their primary origins or properties, NOS isoforms are
referred to as neuronal NOS (nNOS or NOS-1), inducible NOS (iNOS or NOS-2),
and endothelial NOS (eNOS or NOS-3). Both nNOS and eNOS are expressed
constitutively, exhibit low basal activity, and are stimulated by Ca®* influx and
Ca”*/calmodulin binding. iNOS is induced in response to inflammatory stimuli, and
its activity does not depend on intracellular Ca**. The activities of NOS enzymes
are regulated by several mechanisms, including phosphorylation, nitrosylation,
interaction with other proteins, cofactor/substrate availability, and changes in
transcription (Bian et al. 2006; Francis et al. 2010).

A large body of evidence indicates that nNOS is a major source of NO during
pain processing in the dorsal horn of the spinal cord. Under basic conditions, nNOS
is constitutively expressed in some neurons (5—18 % of total neurons) in laminae -
IIT (Valtschanoff et al. 1992; Dun et al. 1993; Spike et al. 1993; Zhang et al. 1993;
Herdegen et al. 1994; Laing et al. 1994; Saito et al. 1994; Bernardi et al. 1995;
Ruscheweyh et al. 2006; Sardella et al. 2011; Gassner et al. 2013). Double-labeling
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immunostaining experiments detected nNOS in a subpopulation of GABAergic
inhibitory neurons which innervate giant projection neurons in lamina I (Puskar
et al. 2001) and only sparsely overlap with other subpopulations of inhibitory
neurons positive for neuropeptide Y, galanin, and parvalbumin (Laing et al. 1994;
Tiong et al. 2011; Polgar et al. 2013). nNOS is also expressed at a relatively low
level by excitatory interneurons positive for protein kinase Cy in laminae II and III
of the spinal cord (Hughes et al. 2008; Sardella et al. 2011) and in the somata of a
few (<5 %) dorsal root ganglion (DRG) neurons (Aimi et al. 1991; Valtschanoff
et al. 1992; Zhang et al. 1993; Henrich et al. 2002; Ruscheweyh et al. 2006).

With regard to the pain-relevant functions of NO, it is important to note that
nNOS expression in the dorsal horn and in DRGs is considerably upregulated
during the processing of persistent pain. Several animal studies demonstrated that
the number of nNOS-immunoreactive dorsal horn neurons and the optical nNOS
density in the dorsal horn are increased during inflammatory pain evoked by
injection of proinflammatory agents such as formalin, zymosan, or complete
Freund’s adjuvant into a hindpaw (Herdegen et al. 1994; Yonehara et al. 1997,
Maihofner et al. 2000; Chu et al. 2005). In contrast, during neuropathic pain in
response to peripheral nerve injury, nNOS expression was primarily upregulated in
DRG neurons, leading to an increased number of nNOS-positive DRG neurons and
enhanced nNOS immunoreactivity in their central terminals in the dorsal horn of
the spinal cord (Zhang et al. 1993; Luo et al. 1999; Guan et al. 2007; Martucci
et al. 2008). Hence, nNOS seems to play a particular role in the processing of
persistent inflammatory and neuropathic pain in the spinal cord and is expressed in
different neuronal populations.

Unlike nNOS, iNOS is, if at all, only weakly expressed in the dorsal horn and in
DRGs under basic conditions (Wu et al. 1998; Maihofner et al. 2000; Henrich
et al. 2002; Keilhoff et al. 2002; Chu et al. 2005; Ruscheweyh et al. 2006; Tang
et al. 2007; Martucci et al. 2008). Data about iNOS induction in response to painful
stimuli are not consistent. Whereas some studies reported iNOS induction in the
spinal cord during the processing of inflammatory and/or neuropathic pain
(Guhring et al. 2000; Tao et al. 2003; Martucci et al. 2008; Hervera et al. 2012),
other studies reported that iNOS was not induced by painful stimuli (Keilhoff
et al. 2002; Chu et al. 2005; De Alba et al. 2006; Guan et al. 2007). Moreover,
the cellular distribution of iNOS in the spinal cord remains unclear. Finally, eNOS
is constitutively expressed in vascular structures of the dorsal horn and DRGs
(Keilhoff et al. 2002; Chu et al. 2005; Ruscheweyh et al. 2006), and its expression
seems not to be regulated during pain processing (Keilhoff et al. 2002; Chu
et al. 2005; Guan et al. 2007).

2 Pro- and Antinociceptive Functions of NO

The first evidence for a functional contribution of NO to pain processing was
discovered in studies using NOS inhibitors such as L-NAME and L-NMMA,
which inhibit all three NOS isoforms in a nonspecific manner. These early studies
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revealed that intrathecal (i.t.) administration of NOS inhibitors effectively
ameliorated the pain behavior in various rodent models of inflammatory and
neuropathic pain (for review, see Meller and Gebhart 1993; Luo and Cizkova
2000). Experiments with more selective NOS isoform inhibitors point to an impor-
tant role of nNOS in the development and maintenance of inflammatory and
neuropathic pain (Tao et al. 2004; Chu et al. 2005; Guan et al. 2007; Dableh and
Henry 2011) and to a contribution of iNOS to the processing of inflammatory pain
(Guhring et al. 2000; Tao et al. 2003).

In addition to NOS inhibitors, NOS isoform-specific knockout mice were used to
investigate the pain-relevant functions of NO. Many of these studies revealed that
persistent pain behaviors were moderately reduced in nNOS and iNOS but not in
eNOS knockout mice. However, the interpretation of the pain behavior in mice
lacking a NOS isoform is complicated by the fact that the expression of other NOS
isoforms may be compensatory upregulated (Tao et al. 2003, 2004; Boettger
et al. 2007; Hervera et al. 2010). Moreover, in the widely used nNOS knockout
mouse line with targeted deletion of exon 2, alternatively spliced nNOS variants
that are functionally active (such as nNOSP) are still present in distinct tissues
(Eliasson et al. 1997). These obstacles may account for the relatively modest pain
phenotypes observed in mice lacking nNOS and/or iNOS (Guhring et al. 2000; Tao
et al. 2003, 2004; Chu et al. 2005; Boettger et al. 2007; Guan et al. 2007; Hervera
et al. 2010; Kuboyama et al. 2011; Keilhoff et al. 2013).

Because inhibition or knockout of NO synthesis ameliorated persistent pain, NO
donors were expected to have mainly pronociceptive effects. Indeed, it has been
observed that intrathecally administered NO donors may induce or increase
hyperalgesia (Kitto et al. 1992; Meller et al. 1992; Machelska et al. 1998; Ferreira
etal. 1999; Lin et al. 1999). However, other studies revealed that NO may also have
antinociceptive properties within the spinal cord (Luo and Cizkova 2000). For
example, i.t. administration of the NO precursor, L-arginine, reduced the activity
of dorsal horn neurons and increased the mechanical threshold for tail withdrawal
(Haley et al. 1992; Zhuo et al. 1993). Several studies suggested that the concentra-
tion of NO may be an important determinant to explain these dual pro- and
antinociceptive effects. For example, neuropathic and postoperative pain behavior
of rats was inhibited by administration of low doses of an NO donor, while it was
further increased by high doses (Sousa and Prado 2001; Kina et al. 2005). Further-
more, dose-dependent dual NO effects have also been observed in humans: NO
administration via a transdermal nitroglycerin patch reduced pain due to shoulder or
elbow injury at low NO doses (Berrazueta et al. 1996; Paoloni et al. 2003) and
enhanced opioid analgesia (Lauretti et al. 1999a, b). Conversely, high doses of
transdermal nitroglycerin patches or ointment induced hyperalgesia (Lauretti
et al. 1999a; Cadiou et al. 2007). Altogether, there is considerable evidence that
inhibition of NO production in the spinal cord ameliorates persistent inflammatory
and neuropathic pain. In contrast, delivery of NO donors may exert both pro- and
antinociceptive effects, pointing to different downstream signaling pathways of NO
action (Schmidtko et al. 2009).
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3 Downstream Mechanisms of NO-Mediated Pain
Processing

3.1 Activation of NO-GC

At nanomolar levels, NO binds to a prosthetic heme of NO-sensitive guanylyl
cyclase (NO-GC; also referred to as soluble guanylyl cyclase, sGC) and causes
the conversion of GTP to cGMP (Francis et al. 2010). NO-GC is a heterodimer
consisting of two different subunits termed o and . Two catalytically active
isoforms have been identified (o;; and ayp;) in which the ; subunit acts as the
dimerizing partner for the o or o, subunit (Friebe et al. 2007). There is consider-
able evidence that NO-GC is a major NO target during pain processing. Mice
deficient for the f; subunit (GC-KO mice), which are completely devoid of
NO-GC activity, failed to develop pain sensitization induced by intrathecal admin-
istration of NO donors. GC-KO mice also demonstrated considerably reduced pain
behaviors in inflammatory and neuropathic pain models, whereas the immediate
responses to acute nociceptive stimuli were normal (Schmidtko et al. 2008a). The
important role of NO-GC for persistent pain processing in the spinal cord is further
supported by antinociceptive effects of the NO-GC inhibitor ODQ after intrathecal
injection in models of inflammatory and neuropathic pain (Ferreira et al. 1999;
Kawamata and Omote 1999; Tao and Johns 2002; Song et al. 2006). Moreover,
similar to NO donors, both pronociceptive and antinociceptive effects were
observed after i.t. administration of cGMP analogs (Garry et al. 1994; Iwamoto
and Marion 1994; Ferreira et al. 1999; Song et al. 2006), and again the administered
dose seems to be a determinant for this dual effect (Tegeder et al. 2002, 2004;
Schmidtko et al. 2008b). Dual effects of NO and cGMP were also observed in
electrophysiological studies with spinal cord slices, in which superfusion with both
NO donors and cGMP analogs inhibited ~50 % but activated ~30 % of dorsal horn
neurons (Pehl and Schmid 1997).

The most likely reason for the dual effects of NO donors and cGMP analogs is
the presence of different pronociceptive and antinociceptive NO/cGMP down-
stream signaling mechanisms. Unlike the membrane-permeable gas NO, cGMP
mainly acts in intracellular compartments at its site of production. Interestingly, the
expression pattern of NO-GC in the spinal cord and in DRGs suggests that
NO-mediated cGMP production can modulate pain processing at different sites.
In the spinal cord, NO-GC immunoreactivity is enriched in inhibitory interneurons
in laminae II and III, i.e., in the area of highest nNOS expression (see above).
NO-GC is also expressed in neurokinin 1 (NK;) receptor-positive projection
neurons in lamina I (Ding and Weinberg 2006; Ruscheweyh et al. 2006; Schmidtko
et al. 2008a). These cells not only contribute to the ascending conduction of pain
but are also essential for NO-dependent long-term potentiation (L'TP) at the first
synapse in pain pathways (Mantyh and Hunt 2004; Ikeda et al. 2006). In DRGs,
however, specific NO-GC immunoreactivity was unexpectedly not detected in
neurons. Instead thereof, NO-GC protein seems to be present only in satellite
cells and vascular cells (Schmidtko et al. 2008a). This finding is supported by
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observations that axotomy of the sciatic nerve or incubation of DRG sections with
an NO donor initiated cGMP production selectively in non-neuronal DRG cells
(Morris et al. 1992; Shi et al. 1998). Considering that peripheral nerve injury leads
to nNOS upregulation in somata of DRG neurons (see above) and that satellite cells
contain NO-GC, it is likely that NO acts as a paracrine messenger from DRG
neurons to satellite cells, thereby possibly contributing to the satellite cell prolifer-
ation in response to peripheral nerve injury (Zhuang et al. 2005; Scholz and Woolf
2007; Zhang et al. 2007; Kawasaki et al. 2008). Importantly, the observation that
NO-GC is not expressed in primary afferent neurons challenges an earlier hypothe-
sis that NO might act as “retrograde” transmitter which is released by spinal cord
neurons and stimulates cGMP production via NO-GC activation in primary afferent
neurons (Meller and Gebhart 1993; Luo and Cizkova 2000). Instead thereof, NO
seems to be primarily a transmitter that (1) is released from nNOS-positive DRG
neurons and dorsal horn interneurons (and possibly from so far unidentified iNOS-
positive cells) and (2) induces cGMP production in DRG satellite cells, in lamina I
projection neurons, and in laminae II/III inhibitory interneurons (Schmidtko
et al. 2009).

3.2 c¢GMP Signaling

The elucidation of downstream mechanisms of NO/cGMP signaling in the noci-
ceptive system has been complicated by at least two facts: First, cGMP in general
signals by various mechanisms including activation of cGMP-dependent protein
kinase (cGK; also referred to as protein kinase G, PKG), activation of cyclic-
nucleotide-gated (CNG) channels, modulation of hyperpolarization-activated and
cyclic-nucleotide-gated (HCN) channels, and modulation of phosphodiesterases
(PDEs) (Craven and Zagotta 2006; Feil and Kleppisch 2008). Recent data indicate
that all these cGMP targets are present in the nociceptive system. Second, cGMP is
produced not only by NO-GC but also in a NO-independent manner by particulate
guanylyl cyclases in response to stimulation by natriuretic peptides. Seven particu-
late guanylyl cyclase isoforms activated by different ligands have been identified in
rodents (Garbers et al. 2006), and particulate guanylyl cyclases A and B (GC-A and
GC-B; also referred to as natriuretic peptide receptor A [NPR-A] and natriuretic
peptide receptor B [NPR-B], respectively) have been detected in DRG neurons
(Schmidt et al. 2007; Kishimoto et al. 2008; Schmidtko et al. 2008a; Zhang
et al. 2010; Loo et al. 2012).

After the discovery of pain-relevant NO/cGMP signaling in the 1990s, it was
initially thought that most effects of NO and cGMP are mediated by cGKI (Qian
et al. 1996), corresponding to the functional NO/NO-GC/cGMP/cGKI signaling
pathway that exists in many other tissues (Feil and Kleppisch 2008). More recent
studies confirmed the important pain-relevant role of ¢cGKI, but cGKI seems to be
mainly activated by NO-independent mechanisms during pain processing (see
below). Several immunohistochemical studies detected the a-isoform of cGKI in
the majority of DRG neurons and their nerve terminals in the spinal cord and in
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some dorsal horn neurons (Qian et al. 1996; Tao et al. 2000; Sung et al. 2006;
Schmidtko et al. 2008b; Luo et al. 2012; Lorenz et al. 2014). After peripheral nerve
injury and inflammation, cGKla is activated in DRG neurons (Sung et al. 2004,
2006; Lorenz et al. 2014), and its expression increases in the spinal cord (Tao
et al. 2000; Tegeder et al. 2002; Schmidtko et al. 2003). The essential contribution
of ¢cGKla to persistent pain processing is reflected by the reduced inflammatory
and/or neuropathic pain behavior in global or nociceptor-specific ¢cGKI mutants
(Tegeder et al. 2004; Luo et al. 2012; Lorenz et al. 2014) and by profound
antinociceptive effects of intrathecally administered cGKI inhibitors (Tao
et al. 2000; Schmidtko et al. 2003, 2009; Luo et al. 2012; Lorenz et al. 2014). So
far identified targets that are phosphorylated by cGKla in DRG neurons include
cysteine-rich protein 4 (CRP4; initially named CRP2, Schmidtko et al. 2008b),
vasodilator-stimulated phosphoprotein (VASP), myosin light chains (MLC), inosi-
tol 1,4,5-triphosphate receptor 1 (IP;R1) (Luo et al. 2012), and possibly large-
conductance Ca**-activated K* channels (BKc.) (Zhang et al. 2010; Lu et al. 2014).

However, consistent with the cellular distribution of cGKIa and NO-GC
described above, double-immunohistochemical stainings confirmed that cGKI
and NO-GC are not colocalized in DRGs and only partially colocalized in the
spinal cord (Schmidtko et al. 2008a). This implicates that upstream mechanisms
different from NO and NO-GC may activate cGKla during pain processing. Indeed,
several studies demonstrated that the particulate guanylyl cyclases GC-A and GC-B
are colocalized with cGKIa in DRG neurons and mediate cGKla activation after
stimulation with natriuretic peptides (Schmidt et al. 2007; Kishimoto et al. 2008;
Schmidtko et al. 2008a; Zhang et al. 2010). In addition, an alternate mechanism of
cGMP-independent c¢GKlo activation has been recently discovered in DRG
neurons: Oxidants such as hydrogen peroxide (H,O,) can cause interprotein disul-
fide bond formation between two cGKla cysteine residues, rendering the kinase
catalytically active, independently of cGMP (Burgoyne et al. 2007). Interestingly,
H,0,-induced c¢GKla disulfide bond formation was increased in DRGs after
peripheral nerve injury, and knock-in mice with impaired H,O, activation but
normal ¢cGMP activation of cGKla demonstrated reduced neuropathic pain
behaviors (Lorenz et al. 2014). Hence, both cGMP derived from particulate
guanylyl cyclases and H,O, derived from so far unidentified sources activate
c¢GKla in DRGs during pain processing. In contrast, NO and NO-GC seem to use
targets different from cGKla to mediate their pain-relevant effects in DRGs.

In a recent study, CNG channels were identified as a novel target of NO
signaling during pain processing: Using in situ hybridization experiments, the
CNG channel subunit CNGA3 was detected in inhibitory neurons of the dorsal
horn and in DRG satellite cells. After hindpaw inflammation, CNGA3 expression
was upregulated in the dorsal horn and in DRGs, and mice lacking CNGA3
(CNGA3 ") showed increased inflammatory pain behaviors. Moreover, the pain
hypersensitivity evoked by i.t. delivery of cGMP analogs and NO donors was
increased in CNGA3 ™/~ mice (Heine et al. 2011), indicating that CNGA3-positive
CNG channels are a downstream target of NO signaling that contributes in an
inhibitory manner to persistent pain processing. Further studies are required to
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identify additional downstream targets that mediate the pro- and antinociceptive
effects of NO-mediated cGMP production.

3.3 S-Nitrosylation

A cGMP-independent mechanism of NO signaling is S-nitrosylation, i.e., the
covalent and reversible attachment of NO to a reactive cysteine thiol (Hess
et al. 2005). Several recent in vitro and ex vivo studies indicate that
S-nitrosylation is a signaling mechanism of NO during pain processing (for review,
see Tegeder et al. 2011). For example, whole-cell recordings of rat spinal cord
slices revealed that NO may S-nitrosylate voltage-activated Ca®* channels, thereby
reducing glutamate release from primary afferent terminals (Jin et al. 2011). Unlike
this antinociceptive mechanism, S-nitrosylation of actin was reported to ameliorate
inhibitory postsynaptic currents in the spinal dorsal horn (Lu et al. 2011). In DRG
neurons, NO was found to activate ATP-sensitive potassium channels by
S-nitrosylation of cysteine residues in the SURI subunit, and this effect was not
blocked by inhibitors of NO-GC or ¢GKI (Kawano et al. 2009). Furthermore, NO
directly activated TRPV1 and TRPA1 channels in isolated inside-out patch
recordings (Miyamoto et al. 2009), and it seems likely that this effect is also
mediated by S-nitrosylation (Yoshida et al. 2006). In a recent proteomic approach
using two-dimensional S-nitrosothiol difference gel electrophoresis and S-
nitrosylation-site identification in spinal cord extracts, more than 50 proteins with
modified S-nitrosylation in response to peripheral nerve injury were detected. The
modified proteins are involved in synaptic signaling, protein folding and transport,
mitochondrial function, and redox control (Scheving et al. 2012). The functional
contribution of most of these proteins to pain processing is currently unknown;
however, it seems very likely that S-nitrosylation essentially contributes to cGMP-
independent NO signaling in the nociceptive system.

34 Peroxynitrite Formation

Another mechanism of cGMP-independent NO signaling is the reaction of NO with
the reactive oxygen species superoxide (O, ) to form peroxynitrite (ONOO™)
(Beckman et al. 1990). There are numerous potential sources of superoxide within
cells, including mitochondria, xanthine oxidase, cyclooxygenases, cytochrome
P450 monooxygenases, lipoxygenases, uncoupled endothelial NOS, and nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidases. The latter comprise a
family of enzymes that rely on NADPH for their activity and are increasingly
recognized as important sources of reactive oxygen species in the nociceptive
system (Ibi et al. 2008; Kim et al. 2010; Kallenborn-Gerhardt et al. 2012, 2013;
Lim et al. 2013). Recent studies suggest that peroxynitrite is produced during pain
processing and has mainly pronociceptive properties (for review, see Salvemini
et al. 2011). Accordingly, peroxynitrite decomposition catalysts attenuated
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inflammatory and neuropathic pain behaviors in rodents (Ndengele et al. 2008;
Chen et al. 2010; Doyle et al. 2012). So far identified targets of peroxynitrite in the
spinal cord include cyclooxygenases (Ndengele et al. 2008), cytokines (TNF-a and
interleukin 1B, 4, and 10), and glia-derived proteins involved in glutamatergic
neurotransmission (glutamate transporters and glutamine synthetase) (Chen
et al. 2010; Doyle et al. 2012). Hence, peroxynitrite formation seems to be an
additional factor that contributes to the multiple pain-relevant effects of NO in the
spinal cord.

4 Conclusion

The processing of persistent inflammatory and neuropathic pain is associated with
production of NO in the spinal cord. Over the past decade, our knowledge about the
downstream signaling pathways has significantly increased. NO leads to cGMP
formation in distinct cells of the nociceptive system and to activation of down-
stream targets including CNG channels. In addition, NO may signal in a cGMP-
independent manner by S-nitrosylation of target proteins and by formation of
peroxynitrite. There is strong evidence that inhibition of NO production leads to a
profound reduction of inflammatory and neuropathic pain. On the other hand, NO
production can also reduce pain under several conditions, because NO activates
both pro- and antinociceptive mechanisms. Specific targeting of NO-dependent
signaling mechanisms might offer new avenues for the treatment of pain.
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Abstract

Preparations of the Cannabis sativa plant have been used to analgesic effect for
millenia, but only in recent decades has the endogenous system responsible for
these effects been described. The endocannabinoid (EC) system is now known to
be one of the key endogenous systems regulating pain sensation, with modula-
tory actions at all stages of pain processing pathways. The EC system is
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composed of two main cannabinoid receptors (CB; and CB,) and two main
classes of endogenous ligands or endocannabinoids (ECs). The receptors have
distinct expression profiles, with CB; receptors found at presynaptic sites
throughout the peripheral and central nervous systems (PNS and CNS, respec-
tively), whilst CB, receptor is found principally (but not exclusively) on immune
cells. The endocannabinoid ligands are lipid neurotransmitters belonging to
either the N-acyl ethanolamine (NAEs) class, e.g. anandamide (AEA), or the
monoacylglycerol class, e.g. 2-arachidonoyl glycerol (2-AG). Both classes are
short-acting transmitter substances, being synthesised on demand and with
signalling rapidly terminated by specific enzymes. ECs acting at CB negatively
regulate neurotransmission throughout the nervous system, whilst those acting at
CB, regulate the activity of CNS immune cells. Signalling through both of these
receptor subtypes has a role in normal nociceptive processing and also in the
development resolution of acute pain states. In this chapter, we describe the
general features of the EC system as related to pain and nociception and discuss
the wealth of preclinical and clinical data involving targeting the EC system with
focus on two areas of particular promise: modulation of 2-AG signalling via
specific enzyme inhibitors and the role of spinal CB, in chronic pain states.
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Abbreviations

2-AG 2-Arachidonoyl glycerol

A°-THC A°-Tetrahydrocannabinol

ABHD6 af-Hydrolase domain 6

ABHDI12 af-Hydrolase domain 12

ACC Anterior cingulate cortex

AEA Anandamide

AM?251 A CB; selective receptor inverse agonist/antagonist
CB, Cannabinoid type 1 receptor

CB, Cannabinoid type 2 receptor

CCI Chronic constriction injury (neuropathic pain model)
CNS Central nervous system

DAGLa« Diacylglycerol lipase-o

DRG Dorsal root ganglia

EC Endocannabinoid

FAAH Fatty acid amide hydrolase

fMRI Functional magnetic resonance imaging
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GPCR G protein-coupled receptor

MAG Monoacylglycerol

MAGL Monoacylglycerol lipase

NAE N-acylethanolamine

NAPE-PLD  N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D
PAG Periaqueductal grey matter

PKC Protein kinase C

PNS Peripheral nervous system

RVM Rostral ventromedial medulla

SR144528 A CB, selective receptor antagonist

TRPV1 Transient receptor potential vanilloid 1

WDR Wide dynamic range neuron; a class of spinal neuron with key

involvement in the transduction of nociceptive input

1 Cannabinoids and the Endocannabinoid System

The Cannabis sativa plant contains over 100 bioactive lipid compounds, known as
cannabinoids, which produce a plethora of physiological effects in humans including
profound analgesia. However, due to the abuse potential and numerous additional
undesirable effects, such as hypomotility (Adams and Martin 1996), deficits in
executive function (Pattij et al. 2008), and memory consolidation (Hall and Solowij
1998), the use of cannabis for medicinal purposes has been restricted until recent
times. During the 1960s, the major psychoactive component A°-tetrahydrocannabi-
nol (A°-THC) was isolated (Mechoulam and Gaoni 1967), and study of its pharma-
cology began in earnest. Many years later, a membrane-bound, cannabinoid-
sensitive receptor with high expression levels in the nervous system was isolated
(Devane et al. 1988; Herkenham et al. 1991). This receptor is now known to form
the basis of a key signalling pathway regulating neurotransmission throughout the
nervous system, the endocannabinoid (EC) system. The EC system is composed of
two G protein-coupled receptors (GPCRs) known as cannabinoid receptors 1 and
2 (CB; and CB,), two families of lipids constituting the EC ligands, and the
synthetic and metabolic enzymes which initiate and terminate EC signalling.

In comparison to classical neurotransmitter systems, the EC system possesses
several unusual properties from which its key role in control of nociception is
derived. Perhaps the most important of these features is the positioning of the EC
signalling machinery at neuronal synapses in pain processing pathways (see Fig. 1).
ECs are predominantly retrograde neurotransmitters, synthesised in the postsynap-
tic cell and released into the synapse to travel across and interact with receptors on
the presynaptic cell (Katona et al. 1999; Egertova and Elphick 2000), resulting in an
inhibition of neurotransmitter release (Freund et al. 2003). Since ECs are not stored
in vesicles prior to release, but instead are produced through activity-driven “on-
demand” synthesis following strong neuronal activation (Ohno-Shosaku et al. 2001;
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Fig. 1 Endocannabinoid signalling at a notional neuronal synapse. The major synthetic, signal-
ling, and catabolic pathways for AEA and 2-AG are shown. Other GPCRs may be involved in
endocannabinoid signalling alongside CB; and CB,. FLAT-1, a truncated form of FAAH, and
ECT are the putative EC transporters. The listed compounds are recognised enzyme inhibitors/
receptor antagonists which can modulate EC signalling. It should be noted that the synthetic
pathway responsible for AEA production in vivo has not been conclusively determined and that
some evidence suggests AEA may act as an anterograde transmitter, being synthesised presynap-
tically and acting at postsynaptic TRPV1 receptors in some CNS regions (Aguiar et al. 2014).
Figure adapted from Burston et al. (2013)

Wilson and Nicoll 2001) and/or activation of Gqg-protein-coupled receptors (Katona
and Freund 2012), their signalling is uniquely positioned to act as a brake on
neuronal signalling in response to high activity. In pain pathways, this manifests
as antinociception or analgesia. Additionally, in contrast to the single ligand-
multiple receptor paradigm present in most classical neurotransmitter systems
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(e.g. glutamate, GABA, 5-HT, etc., Di Marzo and De Petrocellis 2012), the EC
system possesses multiple ligands acting at just two major receptors, although the
metabolites of these ECs seem to target multiple receptors (Sagar et al. 2012).
Given that the tissue concentration of ECs, the size of the metabolic enzyme pool,
and the expression levels of EC-sensitive receptors can all vary with changes in
physiological and pathophysiological state, this property produces a dynamic lipid
network capable of exquisite fine-tuning of cellular signalling (Alexander and
Kendall 2007).

2 The Cannabinoid Receptors

The two known cannabinoid receptors have distinct expression patterns, which
underlie their separate physiological roles. The CB; receptor is found both in the
periphery and central nervous system (CNS), although expression in the CNS is far
greater. CB,, in contrast, is typically expressed predominantly by cells of the
immune system, including glial cells of the CNS. However, more recent studies
have demonstrated functional effects of CB, receptor activity on neurones (Racz
et al. 2008b; Burston et al. 2013).

The CB; receptor is considered to be the most abundant GPCR in the CNS and is
highly expressed in the neocortex, cerebellum, and limbic regions (Herkenham
et al. 1990, 1991), but is also expressed in the peripheral nervous system (PNS). At
peripheral and central terminals of nociceptive sensory nerves, CB; gates the trans-
duction of peripheral noxious stimuli into central neuronal pain signals (Guindon and
Beaulieu 2006); at the level of the spinal cord, CB, receptors can act to reduce or
enhance propagation of pain signals to the brain (Sagar et al. 2010a, b; Pernia-
Andrade et al. 2009; Woodhams et al. 2012), and those in nociception-associated
higher brain regions, such as the periaqueductal grey matter (PAG) and the rostral
ventromedial medulla (RVM), can initiate descending inhibition, or block descending
facilitation, to the spinal cord nociceptive circuitry (Herkenham et al. 1991; Burns
et al. 2007; Rea et al. 2007; Petrosino et al. 2007; Nadal et al. 2013; Martin
et al. 1999). Interestingly, and of growing importance in pain research, CB; is also
highly expressed in the frontal-limbic brain circuits which are central to the affective/
emotional aspects of pain in humans (Burns et al. 2007; Lee et al. 2013).

In line with its role in retrograde neurotransmission, CB; is generally expressed
presynaptically on axon terminals (Katona et al. 1999), where it is enriched in the
perisynaptic zone (Nyiri et al. 2005), perfectly positioned to modulate the activity
of the N- and P-/Q-type calcium channels which mediate neurotransmitter release.
CB, is negatively coupled to adenylate cyclase via Gj, proteins, and thus its
activation leads to inhibition of calcium channels, activation of potassium channels,
and ultimately the reduction of neurotransmitter release (Pertwee 1997). At the
circuit level, the net result of CB; activity can be excitatory or inhibitory depending
on the identity of the presynaptic cell and its location within the neural network. In
addition to neuronal CBy, there is evidence of expression in B cells of the immune
system (Graham et al. 2010; Pacher and Mechoulam 2011; Kaplan 2013) and also
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on glial cells of the CNS (Salio et al. 2002; Stella 2004, 2009; Navarrete and Araque
2008). Indeed, astroglial CB; appears to have a pivotal role in both cannabinoid-
mediated behaviour (Han et al. 2012) and EC-mediated plasticity (Min and Nevian
2012).

In contrast to the almost ubiquitous expression of CB; in the nervous system,
CB, expression is thought to be confined to immune cells such as macrophages
(Han et al. 2009), lymphocytes (Cencioni et al. 2010), and mast cells (Samson
et al. 2003) in the periphery and astrocytes and microglia in the CNS (Alkaitis
et al. 2010; Salio et al. 2002; Stella 2010). Activation of CB, is inhibitory via Gy,
proteins, mediating the well-characterised anti-inflammatory effects of the ECs as
well as having a role in anti-hyperalgesia in inflammatory pain states (Quartilho
et al. 2003; Cabral and Griffin-Thomas 2009; Cabral et al. 2008; Khasabova
et al. 2011; Ibrahim et al. 2006). There is a growing debate about the presence of
functional CB, receptors on some populations of neurons in the CNS (see com-
mentary by Atwood and Mackie 2010), although at present this evidence remains
controversial. Despite this restricted expression profile, CB, plays an important role
in pain signalling and may be of particular importance in the development of
chronic pain states. This is discussed in more detail later in this chapter.

3 Endogenous Ligands: The Endocannabinoids

The ECs are lipid signalling molecules formed of two major groups: the N-
acylethanolamines (NAEs) and the monoacylglycerols (MAGs). The most widely
investigated are anandamide (AEA) and 2-arachidonoyl glycerol (2-AG), respec-
tively (structures shown in Fig. 1). Although AEA was discovered first (Devane
et al. 1992), 2-AG is now thought to be the major synaptic EC ligand in nervous
tissue, acting as a full agonist at both CB; and CB, (Sugiura et al. 2000), and present
at far higher levels than AEA in brain tissue (Stella et al. 1997). In contrast, AEA is
a partial agonist at both cannabinoid receptors, with a slight selectivity for CB; over
CB,, but also acts as a full agonist at the ion channel receptor transient receptor
potential vanilloid 1 (TRPV1) at higher concentrations (Zygmunt et al. 1999; Ross
2003). As such, AEA can be considered an endocannabinoid/endovanilloid sub-
stance and may have a dual role in nociception, being antinociceptive at cannabi-
noid receptors and pronociceptive at TRPV1 (see Starowicz and Przewlocka 2012
for review).

4 Endocannabinoid Synthesis and Degradation

The major ECs have distinct synthetic and degradative pathways, with the
localisation of the enzymatic machinery for each ligand determining its physiologi-
cal effects. Importantly, both classes of ECs are enzymatically synthesised de novo
from membrane phospholipid precursors and are rapidly metabolised by specific
enzymes, providing clear targets for the pharmaceutical modulation of EC
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signalling. A schematic diagram of the actions of ECs at a generic neuronal synapse
can be seen in Fig. 1. Synthesis of ECs is initiated either via sustained increases in
intracellular calcium following intense stimulation of the cell or through the
activation of several classes of GPCRs (Hu et al. 2014). Of particular note is the
group 1 metabotropic glutamate receptor mGluRS, which is often located in the
perisynaptic zone (Lujan et al. 1996), and has an established role in nociception
(Radulovic and Tronson 2012; Hu et al. 2012).

2-AG synthesis proceeds via the production of diacylglycerol (DAG) species
from membrane phospholipids by PLCp; these are then metabolised by the enzymes
diacylglycerol lipase-a and f (DAGLa and f) to form 2-AG (Bisogno et al. 2003).
Notably, DAG acts as a signalling molecule in its own right, activating protein
kinase C (PKC) (Stella et al. 1997)—an enzyme with well-established
pronociceptive effects in pain pathways (Velazquez et al. 2007). Synthesis of
2-AG therefore also terminates DAG signalling. Monoacylglycerol lipase
(MAGL) is the major metabolic enzyme for 2-AG (Dinh et al. 2002), responsible
for 85 % of brain 2-AG hydrolysis, with minor contributions from off hydrolase
domains 6 and 12 (ABHD6 and ABHD12) (Blankman et al. 2007). ABHD12 is
highly expressed in microglia, whilst ABHDG6 is postsynaptic and may therefore
regulate the release of 2-AG (Savinainen et al. 2011).

Originally, a shared synthetic pathway for AEA and its congener lipids
palmitoylethanolamine (PEA) and oleoylethanolamine (OEA) via the enzyme N-
acyl-phosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD) was
described (Di Marzo et al. 1994; Okamoto et al. 2004). However, NAPE-PLD
null mice have normal brain levels of AEA (Leung et al. 2006), and additional
synthetic pathways have since been identified (Simon and Cravatt 2006, 2008),
calling into question the predominance of this pathway in vivo. At present, the
mechanism responsible for the production of AEA in pain pathways has not been
conclusively determined. The NAEs PEA and OEA do not directly interact with
cannabinoid receptors and are thus not considered to be true ECs. PEA, however,
does have antinociceptive and anti-inflammatory properties via interactions with
members of the peroxisome proliferator-activated receptor family (D’Agostino
et al. 2009; Lo Verme et al. 2005). The metabolism of AEA occurs predominantly
via the enzyme fatty acid amide hydrolase (FAAH), although other metabolic
pathways have been identified (reviewed in Ueda et al. 2013), and these alterative
pathways may have physiological relevance under certain conditions. Of particular
relevance is the hydrolysis of both AEA and 2-AG by cyclooxygenase 2 (COX2)
(Glaser and Kaczocha 2010), a key enzyme in pain processing, which can produce
pronociceptive prostamide EC metabolites (Sang et al. 2006, 2007).

5 The Endocannabinoid System and Pain

Systemic administration of cannabinoid receptor ligands is well known to produce
analgesia in animal models of acute and chronic pain (Walker and Huang 2002).
Despite the recent increase in use of medicinal marijuana, and the development of
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licensed cannabinoid drugs such as Sativex for multiple sclerosis (Garcia-Merino
2013), concerns remain over dependence, tolerance, and the cognitive side effects
produced by these medications. The undesirable effects of cannabinoids are caused
by the global activation of CNS CB; receptors, and as a result research has focussed
on presumed site-specific modulation of endogenous ligand activity or on effects at
the non-psychotropic CB, receptor. In the next sections, we will describe the
differing contributions of ECs to acute nociception and the development of patho-
physiological pain states in each physiological compartment: at the periphery, in
the spinal cord, and in supraspinal regions. Particular emphasis will be placed on
two promising areas of EC research, namely, the modulation of 2-AG signalling
and the novel role of spinal CB, receptors in chronic pain states.

5.1 The EC System and Peripheral Pain Processing

In the periphery, CB; receptors localised on sensory afferent terminals gate the
transduction of pain signals from noxious stimuli (Stander et al. 2005). These
receptors have a significant contribution to cannabinoid-mediated analgesia, since
their selective deletion in mice greatly reduces the efficacy of both locally and
systemically administered cannabinoids in models of acute and chronic pain
(Agarwal et al. 2007). Numerous studies have demonstrated antinociceptive effi-
cacy of local administrations of both AEA (Guindon et al. 2006; Guindon and
Beaulieu 2006) and 2-AG (Desroches et al. 2008; Guindon et al. 2007), and
elevated peripheral tissue levels of both ECs have been detected in numerous
preclinical models of inflammatory pain (Beaulieu et al. 2000; Maione
et al. 2007), suggesting endogenous activity of the EC system. These effects are
not solely mediated via neuronal CB;, since blocking CB; and/or CB, receptors
prior to formalin administration increases nociceptive responses (Guindon
et al. 2007). In fact, the antinociceptive effect of peripherally administered 2-AG
on inflammatory pain has been described as mainly CB, mediated (Guindon
et al. 2007). The mechanism is likely multifaceted, involving inhibition of the
production and release of proinflammatory and pronociceptive mediators such as
reactive oxygen species (Hao et al. 2010) and cytokines (Cencioni et al. 2010) by
peripheral immune cells and also the peripheral release of endogenous opioids
(Ibrahim et al. 2005; Desroches et al. 2014a).

Since ECs are rapidly degraded in vivo, their effects are short-lived, and they are
thus unsuitable for use as analgesics. However, the recent development of specific
inhibitors of the major catabolic enzymes (MAGL and FAAH) has enabled
researchers to prolong the effect of endogenously generated ECs. This is a very
promising analgesic strategy, since ECs are specifically generated at sites of
nociceptive activity, and such an approach may avoid the unwanted effects of
global CB; receptor agonism. Systemic administration of either MAGL inhibitors
(Long et al. 2009a; Ignatowska-Jankowska et al. 2014; Kinsey et al. 2009, 2013;
Bisogno et al. 2009) or FAAH inhibitors (Jayamanne et al. 2006; Chang et al. 2006;
Lichtman et al. 2004; Kathuria et al. 2003; Fegley et al. 2005; Russo et al. 2007) has



The Role of the Endocannabinoid System in Pain 127

been shown to be antinociceptive in models of acute and chronic pain. Local effects
of MAGL and FAAH inhibition are best studied in rodent models of inflammatory
pain, in which peripheral administration of an irritant produces oedema and pain
behaviour. The MAGL inhibitor JZL184 (Long et al. 2009a) effectively blocks the
pain behaviour and thermal hypersensitivity induced by intra-plantar capsaicin
administration (Spradley et al. 2010). Intra-plantar JZL.184 administration also
inhibits local MAGL activity, increases 2-AG tissue levels, and blocks pain
behaviour in the formalin model through mechanisms involving both CB; and
CB; (Guindon et al. 2011). Peripheral FAAH inhibition via intra-plantar URB597
reduced carrageenan-induced hyperalgesia (Jhaveri et al. 2008) and also
ameliorates an electrophysiological marker of central sensitisation in rat spinal
cord (Sagar et al. 2008). Unlike the actions of 2-AG, peripheral effects of AEA
may not involve CB,. URB937, a peripherally restricted FAAH inhibitor which
cannot cross the blood-brain barrier, blocks the hypersensitivity induced by both
inflammation and peripheral nerve injury via a CB; receptor-mediated mechanism
(Clapper et al. 2010). Enhancing peripheral EC signalling also has potential in the
relief of chronic pain states, since inhibition of MAGL or FAAH is antinociceptive
via CB; and CB, in a rodent model of neuropathic pain (Desroches et al. 2014b).

5.2 The Spinal Endocannabinoid System and Acute Pain
Processing

The dorsal horn of the spinal cord is a key region in the pain processing pathway,
receiving and encoding sensory input from the periphery and integrating the
descending modulatory signals from higher brain regions. Intrathecal administra-
tion of cannabinoids is antinociceptive (Welch and Stevens 1992), whilst blocking
spinal CB; receptors produces hyperalgesia in mice (Richardson et al. 1997) and
enhances nociception-evoked firing of wide dynamic range (WDR) neurones
(Chapman 1999). These data suggest a powerful regulatory role of EC signalling
at this level of the pain pathway.

Although the nociceptive circuitry of the dorsal horn has yet to be fully described
(Todd 2010), the expression pattern of the EC system within some of its key
components has been mapped. CB, receptors are highly expressed presynaptically
on the central terminals of nociceptive primary afferents and on populations of
excitatory interneurons within the dorsal horn (Hegyi et al. 2009). At these
synapses, the 2-AG signalling machinery has a complementary expression pattern,
with DAGLa present postsynaptically (Nyilas et al. 2009) and MAGL localised
within presynaptic terminals (Horvath et al. 2014). In contrast, the localisation of
AEA-related machinery in the nociceptive circuitry remains unclear (Hegyi
et al. 2012).

The simplest picture arising from these data is that spinal 2-AG signalling
initiated by excessive nociceptive activity negatively modulates nociceptive signal-
ling via inhibiting the release of pronociceptive neurotransmitters from primary
afferent terminals. Indeed, under naive conditions, spinal administration of the
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MAGTL inhibitor JZL184 selectively inhibits acute mechanically evoked nocicep-
tive neurotransmission in a CB;-receptor-mediated manner in rats (Woodhams
et al. 2012), whilst FAAH inhibition is ineffective (unpublished data from our
group). However, CB; is also expressed on inhibitory interneurons and glial cells
(Hegyi et al. 2009), and spinal levels of both AEA and 2-AG are elevated in animal
models of acute and chronic pain (Sagar et al. 2010a, b, 2012). Spinal administra-
tion of AEA (Welch et al. 1995) or elevation of spinal AEA via the FAAH inhibitor
URBS597 (Jhaveri et al. 2000) is also antinociceptive, suggesting AEA signalling is
also important. Furthermore, pronociceptive actions of CB; agonism on inhibitory
interneurons have been described following severe noxious stimulation (Pernia-
Andrade et al. 2009), suggesting that the effects of EC signalling vary depending
upon the physiological context.

During sustained noxious stimulation, spinal 2-AG and AEA signalling is
temporally segregated. Assessing spinal levels of ECs in the surgical incision
model of a resolving pain state in rats has revealed a time course of changes
(Alkaitis et al. 2010). In the hours following a peripheral surgical incision, no
changes in spinal 2-AG are observed, but there was a marked decrease in AEA
levels corresponding to maximal mechanical hypersensitivity, which returns to
baseline as nociceptive behaviour subsides. In contrast, 2-AG levels increase at
later time points, corresponding with glial cell activation, upregulation of CB,
receptors, and resolution of the pain state. These data suggest that reduced AEA
signalling may be involved in the onset of a pain state, whilst enhanced 2-AG
signalling may be involved in pain resolution. Targeting AEA signals during the
onset of pain behaviour may therefore not be an effective analgesic strategy, but it
may instead be possible to block the onset of hypersensitivity by prolonging the
immediate effects of 2-AG. A preliminary report indicates that spinal administra-
tion of JZL184 after carrageenan administration is able to block WDR receptive
field expansion, a correlate of central sensitisation, in rats (Woodhams et al. 2012).

5.3 A Novel Role of Spinal CB, Receptors in Chronic Pain States

In persistent pain states, such as neuropathic pain resulting from peripheral nerve
damage, central sensitisation leads to a reorganisation of spinal nociceptive cir-
cuitry and the development of hypersensitivity. This manifests as both hyperalgesia
(excessive pain following a nociceptive stimulus) and allodynia (perception of a
normally innocuous stimulus as painful), for which current analgesics are largely
ineffective. It is in such chronic pain states that EC research has the greatest
potential. Spinal EC signalling is significantly enhanced in models of neuropathic
pain, with elevations of both cannabinoid receptors (Lim et al. 2003; Zhang
et al. 2003) and ECs reported (Sagar et al. 2012). Given the role of spinal 2-AG
signalling at CB, receptors in resolution of pain states highlighted above (Alkaitis
et al. 2010), targeting CB, in chronic pain states is a novel area of research with
great promise.
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A number of studies have reported upregulation of CB, receptor mRNA and
protein in the spinal cord in models of neuropathic pain (see references in Sagar
et al. 2012), and spinal administration of CB, agonists attenuates both neuronal
(Sagar et al. 2005) and behavioural (Romero-Sandoval et al. 2008a; Yamamoto
et al. 2008) nociceptive responses. Interestingly, and in contrast to both mixed CB;
and CB, agonists and selective CB agonists, activation of spinal CB, receptors was
not effective in control rats. Similarly, CB, agonism alters spinal nociceptive
neuronal activity in a model of osteoarthritic pain, but has no effect in control
animals (Burston et al. 2013). These data suggest a pain state-specific role for this
receptor. Specificity of CB, agonists has been demonstrated by their lack of effect
in CB, knockout mice in these models (Yamamoto et al. 2008). However, there is
some conflicting evidence in the literature, with a recent study reporting no effect of
the CB, agonists GW405833 and JWH-133 on mechanical allodynia in the chronic
constriction injury (CCI) model of neuropathy (Brownjohn and Ashton 2012). This
study also reported no elevation of CB, at either the protein or mRNA level, in
contrast to numerous other studies.

The majority of preclinical studies of neuropathic pain utilise ligation or sever-
ance of peripheral nerves to induce a chronic pain state, but painful neuropathy is
also associated with disease states such as diabetes, or as a result of chemotherapy
treatments (Windebank and Grisold 2008). The few studies modelling these more
clinically relevant conditions have, however, revealed evidence of a role for spinal
CB, receptors in attenuating pain behaviour. In a model of chemotherapy-induced
neuropathy, spinal administration of the pan cannabinoid receptor agonist WINSS,
212-2 reduced mechanical allodynia via CB; and CB, receptors (Rahn et al. 2007).
Likewise, in the rat STZ model of diabetes and diabetic neuropathy, CB; receptor is
downregulated in nociceptive primary afferent fibres (Zhang et al. 2007), but
systemic administration of WINS55, 212-2 is still able to produce significant
antinociceptive effects (Dogrul et al. 2004; Ulugol et al. 2004).

Targeting CB, may also be effective in other chronic pain states, such as
osteoarthritis. Mice over-expressing the CB, receptor develop less severe pain
behaviour following intra-articular injection of monosodium iodoacetate, whilst
mice lacking CB, receptors show enhanced pain responses on the contralateral side,
indicating a role of CB, receptors in this pain state (La Porta et al. 2013). Addition-
ally, we have recently demonstrated that spinal CB, expression is elevated in a rat
model of osteoarthritic pain and that chronic systemic administration of the CB,
agonist JWH-133 can block pain behaviour, whilst acute spinal administration
attenuates mechanically evoked nociceptive neurotransmission (Burston
et al. 2013). Moreover, we found that spinal CB, mRNA expression was negatively
correlated with (macroscopic) knee chondropathy in end-stage OA patients,
suggesting that disease progression may lead to a decrease in CB, receptor expres-
sion and a facilitation of spinal hyperexcitability in human OA.
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5.4 CB, Receptor Modulation of Spinal Inmune Cell Function

CB; is primarily expressed on glial cells of the CNS, and these cells are therefore
most likely to mediate the effects of CB, agonists in models of persistent pain.
Studies of cultured microglial cells have revealed that 2-AG signalling via CB,
receptors inhibits microglial migration (Walter et al. 2003) and that CB, agonists
reduce both the activation and migration of cultured primary microglia challenged
with bacterial lipopolysaccharide (Romero-Sandoval et al. 2009). In a unilateral
spinal nerve transsection model of neuropathic pain, CB, upregulation on spinal
microglia and perivascular cells has been reported (Romero-Sandoval et al. 2008b),
and spinal administration of the CB, receptor agonist JWHO15 reduced both
mechanical hypersensitivity and markers of microglia activation in this model.
CB, receptors are upregulated on both microglia and astrocytes following spared
nerve injury in mice, and chronic systemic administration of the CB, agonist
NESS400 reduces pain behaviour, astrogliosis, microglial activation, and levels
of proinflammatory cytokines, whilst promoting levels of anti-inflammatory
cytokines (Luongo et al. 2010).

Genetic manipulations in mice have revealed the likely function of upregulated
CB; to be in attenuating the development of central sensitisation. Mice lacking CB,
receptors have enhanced pain responses to sciatic nerve ligation compared to their
wild-type littermates, including the development of hypersensitivity in the contra-
lateral side (Racz et al. 2008b). These behavioural effects are accompanied by large
increases in spinal glial cell activation, which can be significantly attenuated by
over-expression of CB, receptors. Activation of CB, receptors can reduce the
release of proinflammatory cytokines from glial cells, and this appears to be
important in the analgesic mechanism. Neuropathy induces a large IFN-y response
in CB,; knockout mice, whilst deletion of both IFN-y and CB, blocks the develop-
ment of neuropathy-induced pain behaviour (Racz et al. 2008a).

It should be noted that the role of CB, in persistent pain states may not be
restricted to immune cells, as there is some evidence for neuronal CB, expression in
the spinal cords of neuropathic (Racz et al. 2008b) and osteoarthritic animals
(Burston et al. 2013). However, at the present time, a lack of specific tools to
map the expression of this receptor has hampered efforts to conclusively demon-
strate neuronal expression.

5.5 Supraspinal Sites of Action of the Endocannabinoids

At the supraspinal level, the EC system can influence ascending pain signals in the
thalamus, descending modulatory signals in the brainstem, and the affective/emo-
tional aspects of pain sensation through actions in frontal-limbic circuits. In the rat,
direct microinjection of cannabinoid agonists into the thalamus, PAG, dorsal raphe
nucleus, and RVM all produce antinociceptive effects in acute pain tests (Martin
et al. 1995, 1996, 1999), which can be blocked via antagonism of CB; (Lichtman
et al. 1996). The involvement of ECs at these sites has been revealed by the release
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of AEA following electrical stimulation of the PAG or after peripheral inflamma-
tory insult (Walker et al. 1999). PAG levels of AEA and 2-AG are also elevated in
animal models of neuropathic pain (Petrosino et al. 2007), highlighting this area as
a key region in the pain matrix. Prolonging AEA action in the PAG via inhibition of
FAAH is antinociceptive in acute pain tests, although a biphasic effect suggests
higher AEA concentrations can result in pronociceptive via actions at TRPV1
(Maione et al. 2006). The mechanism of action of ECs in the RVM has been
revealed through electrophysiological studies. In vivo recordings from the RVM
in rats demonstrated that cannabinoids inhibit the firing of ON cells, whilst promot-
ing the firing of OFF cells (Meng and Johansen 2004). As their names suggest, these
two cell types have opposing effects, with ON cells facilitating and OFF cells
inhibiting nociceptive activity.

The PAG has excitatory projections to the RVM, and the action of AEA in this
region is thought to be via disinhibition of PAG neurons, leading to activation of
OFF cells in the RVM, and induction of descending inhibitory GABAergic signal-
ling to the spinal cord (Vaughan et al. 1999, 2000). EC signalling in the PAG also
mediates stress-induced analgesia (SIA), the well-characterised reduction in noci-
ceptive responses observed following the presentation of an external environmental
stressor. In animal studies, mice or rats exposed to mild electrical foot shock show
reduced pain behaviour in a subsequent test of acute nociception (Hohmann
et al. 2005). This effect is mediated by CB; and accompanied by the release of
both AEA and 2-AG in the PAG. The effect size of SIA can be augmented through
the use of either FAAH or MAGL inhibitors (Suplita et al. 2005, 2006), though it
should be noted the MAGL inhibitor utilised in this study has low efficacy and
selectivity (Vandevoorde et al. 2007). More recent evidence suggests that the
involvement of 2-AG in the dorsolateral PAG is critical and suggests a mechanism
involving the activation of descending inhibitory pathways (Gregg et al. 2012). The
link between stress and pain in humans is far more complex than in animal models,
but recent clinical studies suggest it is no less important (Vachon-Presseau
et al. 2013). Since the EC system is also strongly linked to anxiety/anxiolysis
(reviewed in Mechoulam and Parker 2013), it seems highly likely that EC signal-
ling will be involved in this interaction. Indeed, a recent report has demonstrated
that impaired endocannabinoid signalling in the RVM underpins hyperresponsivity
to noxious stimuli in the Wistar Kyoto rat, a strain with a heightened stress/anxiety
profile (Rea et al. 2014).

One of the major unresolved issues in pain research is how to match the
objectively measurable neuronal and behavioural nociceptive output of nociceptive
responses, with the subjective, integrative experience of pain. Since non-human
animals cannot report their internal states, and invasive electrophysiological
recordings cannot be performed in humans, it has long seemed that this was a gap
which could not be bridged. However, the advent of imaging techniques such as
functional magnetic resonance imaging (fMRI) has allowed researchers to begin to
address this. Cannabinoids alter affective or emotional states in humans via effects
on the frontal-limbic circuitry, and this likely contributes to their analgesic effects.
Dissociating the affective component from the somatosensory is complex, but a
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recent neuroimaging study has attempted to do so. Subjects were asked to rate the
intensity of mechanically evoked allodynic responses following cutaneous capsai-
cin treatment, in the presence and absence of systemically administered A°-THC,
whilst brain activity was monitored via fMRI (Lee et al. 2013). The cannabinoid
treatment had no significant effect on scores of pain intensity, but reportedly
reduced the unpleasantness of the pain sensation. This effect was accompanied by
reduced activity in the anterior cingulate cortex (ACC) and enhanced activity in the
amygdala. The ability of EC-directed perturbations to mimic this affective compo-
nent of cannabinoid analgesia has not yet been tested, but this study indicates that
this will be an important question to answer. Some recent preclinical data mirror
these fMRI findings and further highlight the ACC as an important area in the
aversive component of pain (Lu et al. 2011; Chen et al. 2012). Astrocyte activity in
the ACC correlates with the maintenance of pain aversion behaviour, and ablation
of these astrocytes reverses the behavioural phenotype. Since astrocyte activity is
regulated by cannabinoid receptors, it seems logical to assume that altering EC tone
within the ACC could prove a useful strategy for treating the affective component
of chronic pain states.

5.6 Enhancing EC Signalling: Problems of Plasticity

The antinociceptive efficacy of 2-AG elevation via MAGL inhibition in preclinical
models is well established, presenting a very promising area for therapeutic
research. Systemic administration of the MAGL inhibitor JZL184 (Long
et al. 2009a) elevates levels of 2-AG in brain and peripheral tissues (Long
et al. 2009b) and increases acute pain thresholds in mice. Robust antinociceptive
effects have also been demonstrated in models of peripheral inflammatory pain
(Ghosh et al. 2013), gastrointestinal pain (Busquets-Garcia et al. 2011; Kinsey
et al. 2011), neuropathic pain (Kinsey et al. 2009, 2010), chemotherapy-induced
neuropathy (Guindon et al. 2013), and bone cancer pain (Khasabova et al. 2011).
Many of these conditions are refractory to standard analgesics, and thus targeting
MAGL/2-AG has great potential. However, some recent evidence suggests that
there may be a problem with using MAGL inhibitors. High doses of JZL 184 induce
some cannabinoid-like behaviours (Long et al. 2009a), suggesting that this
approach may not entirely avoid the unwanted side effects of cannabinoids.
Worse still, sustained global elevation of 2-AG via genetic deletion of MAGL or
persistent blockade of MAGL activity with JZL184 produces functional antago-
nism of the brain EC system, resulting in profound downregulation and
desensitisation of CB; receptors in nociception-associated regions and a loss of
analgesic phenotype (Chanda et al. 2010; Schlosburg et al. 2010). Chronic JZL184
administration may also result in physical dependence since repeated high dose
JZL184 treatment produces behavioural symptoms of withdrawal when
precipitated with a CB; antagonist (Schlosburg et al. 2009).

However, these may not be insurmountable problems. Chronic partial inhibition
of MAGL produces sustained analgesia in the absence of cannabinoid side effects
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in mice (Busquets-Garcia et al. 2011; Kinsey et al. 2011). Furthermore, a novel
inhibitor, KML129, with a more attractive therapeutic profile has been developed
(Ignatowska-Jankowska et al. 2014). This compound has greater selectivity for
MAGL over FAAH than JZL184 and produces antinociceptive, but not
cannabimimetic, effects in mouse models of acute and chronic pain. It remains to
be seen whether this compound will also avoid functional antagonism of the EC
system upon chronic administration.

FAAH inhibitors are also robustly antinociceptive in models of acute and
chronic pain (Jayamanne et al. 2006; Chang et al. 2006; Lichtman et al. 2004;
Kathuria et al. 2003; Fegley et al. 2005; Russo et al. 2007) and appear to lack the
cannabimimetic effects associated with MAGL inhibition (Schlosburg et al. 2010;
Busquets-Garcia et al. 2011). Although there is a wealth of preclinical data to
support the use of EC-targeted compounds in clinical pain trials, the only major
attempt to date was a failure. Pfizer investigated the ability of a highly selective
FAAH inhibitor, PF-04457845, to produce analgesia in an osteoarthritic patient
population (Huggins et al. 2012). The drug treatment was well tolerated and
produced significant elevations in circulating AEA, but no analgesic effect was
observed. Some preclinical evidence suggests a loss of antinociceptive activity with
chronic administration of a FAAH inhibitor (Okine et al. 2012), but it is also
possible that the major analgesic effect of cannabinoids in humans is dissociative,
rather than sensory (Lee et al. 2013), an effect which has not been demonstrated
with FAAH or MAGL inhibitors. This perhaps highlights a limitation of current
clinical trials of analgesics, which focus on the sensory analgesic profiles of novel
compounds without assessing effects on the affective/emotional aspects of pain.
Based on this rather disappointing failure of PF-04457845, it remains to be seen
whether the highly promising findings from animal studies can be translated into the
clinic.

6 Summary

The EC system is a critical regulator of nociceptive function, active at all levels of
the pain processing pathways. It is also a highly plastic system, with altered
expression and function occurring with switches in physiological state. A wealth
of preclinical data suggests that pharmacological modulation of EC function via the
use of specific enzyme inhibitors is an efficacious analgesic approach and may be of
particular importance in chronic, refractory pain states. However, clinical research
in this area is still at an early stage, and some initial setbacks introduce a note of
caution.
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Abstract

Chronic pain, both inflammatory and neuropathic, is a debilitating condition in
which the pain experience persists after the painful stimulus has resolved. The
efficacy of current treatment strategies using opioids, NSAIDS and
anticonvulsants is limited by the extensive side effects observed in patients,
underlining the necessity for novel therapeutic targets. Preclinical models of
chronic pain have recently provided evidence for a critical role played by glial
cells in the mechanisms underlying the chronicity of pain, both at the site of
damage in the periphery and in the dorsal horn of the spinal cord. Here microglia
and astrocytes respond to the increased input from the periphery and change
morphology, increase in number and release pro-nociceptive mediators such as
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ATP, cytokines and chemokines. These gliotransmitters can sensitise neurons by
activation of their cognate receptors thereby contributing to central sensitization
which is fundamental for the generation of allodynia, hyperalgesia and
spontaneous pain.

Keywords
Glia « Microglia « Astrocytes « Neuropathic pain ¢ Inflammatory pain ¢ Spinal
cord « CX3CL1/R1 « IL-1f « TNF ¢ Rheumatoid arthritis

1 Origin and Function of Glia

The term neuroglia was coined to describe the interstitial substance surrounding
neurons of the CNS (central nervous system) and was later determined to consist of
distinct neuroglial cells. The name astrocyte was introduced to describe ‘star-
shaped’ neuroglial cells which were observed to form the supportive system of
the CNS. A third cellular element of the CNS was acknowledged in 1913 when
improved staining techniques for neuroglial cells led to the recognition of
non-neuronal cells that were distinct from astrocytes. During the 1920s del
Rio-Hortega employed silver carbon staining and light microscopy to visualise a
population of cells that appeared different from the macroglia (oligodendrocytes
and astrocytes) that had previously been described in the CNS. These cells, termed
microglia, were thought to arise either from CNS invasion of blood mononuclear
(monocytic) cells or mesodermal pial elements (Del Rio-Hortega 1932, 2012a, b;
Kettenmann et al. 2011; Prinz and Mildner 2011). Whilst alternatives for the origin
of microglia have been hypothesised, evidence to support the hypothesis that these
cells are of monocytic lineage was later strengthened using autoradiography.
Leblond and colleagues demonstrated that microglia possess specific monocytic
characteristics, specifically the ability to transform from an amoeboid to a ramified
cell (Imamoto and Leblond 1978; Ling et al. 1980). The monocytic/myeloid origins
of microglia has now been confirmed conclusively by the absence of microglia from
the CNS of a genetically altered mouse strain that lack PU.1, a key transcription
factor in the control of myeloid cell differentiation (McKercher et al. 1996; Beers
et al. 2006).

Microglia appear at an early stage during embryogenesis where they originate
from macrophages in the foetal yolk sac that migrate into the CNS (Saijo and Glass
2011); evidence from postnatal fluorescently labelled cells demonstrates that in this
phase of development, microglia are capable of differentiating from monocytes
entering the CNS from the circulation (Perry et al. 1985). Conversely, in adult
rodents, circulating monocytes only enter the CNS under conditions where there is
disruption to the blood-brain barrier (BBB) (King et al. 2009); however, as
demonstrated by the use of immune-irradiated mice, the CNS colonisation by
these cells is transient and does not contribute to the resident microglial cell pool
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(Ajami et al. 2011). Rather the microglial population is maintained locally and
independently of circulating monocytes via the proliferation of existing cells
(Lawson et al. 1992; Ginhoux et al. 2010).

Microglia are specialised phagocytes of the CNS and constitute 5-20 % of the
total glial cell population (Saijo and Glass 2011). Under physiological conditions
microglia exist in a ‘resting’ or ‘quiescent’ state; these cells can be distinguished
morphologically by their small soma and ramified process that perform immune
surveillance of the surrounding area. Additionally they express receptors for com-
plement components (Fcy receptor of IgG) and exhibit low expression of cell
surface antigens (Nimmerjahn et al. 2005). Several mechanisms by which these
cells maintain a quiescent state have been proposed, including interaction of
microglial CX3CR1 receptor with its neuronal ligand the chemokine CX3CLI1
and inhibitory signalling through the microglial cell surface proteins CD172,
CD200R and CD45 with their neuronal ligands CD47, CD200 and CD22, respec-
tively (Ransohoff and Perry 2009; Ransohoff and Cardona 2010; Cardona
et al. 2006; Saijo and Glass 2011).

Within the healthy CNS, microglia have a number of key roles in addition to
their function as immune surveyors. As well as monitoring extrasynaptic regions,
microglial processes transiently contact synapses, including presynaptic terminals
and perisynaptic clefts (Tremblay et al. 2010). Additionally these cells possess a
number of neurotransmitter receptors; combined these attributes allow microglia to
monitor synaptic function (Salter and Beggs 2014). Microglial cells are present in
the CNS from the early stages of development and due to their phagocytic capacity
are able to contribute to the elimination of excess neurons that form as part of
normal development (Marin-Teva et al. 2011). However, rather than simply remov-
ing waste, microglia can initiate apoptosis of cells via the release of several factors
including superoxide ions and TNF (Marin-Teva et al. 2004; Sedel et al. 2004;
Salter and Beggs 2014). Additionally, a number of inappropriate synaptic
connections are made between neurons during development, and microglia play
an important role in the regulation of these contacts via the process of synaptic
pruning—the phagocytosis of both pre- and postsynaptic elements in a complement
cascade-dependent manner (Salter and Beggs 2014; Stevens et al. 2007; Schafer
et al. 2012). Microglia contribute to the maturation of established synapses; the
functional properties of synapses develop abnormally in mice deficient in several
microglial proteins, including CX3CR1, for example, the absence of which results
in increased excitatory neurotransmission (Paolicelli et al. 2011; Salter and Beggs
2014). The involvement of microglia to the maintenance of synaptic plasticity has
also been investigated in the adult CNS, where they contribute to both homeostatic
and activity-triggered plasticity by releasing a number of mediators such as TNF
and TGFp (Butovsky et al. 2014; Koeglsperger et al. 2013).

Of all of the glial cell populations within the CNS, astrocytes are by far the most
abundant. In mammals astrocytogenesis begins in late embryogenesis and
continues into the postnatal phase. The origin of astrocytes is likely diverse, varying
throughout the stages of development. For example, within the cerebral cortex,
astrocytes develop from two distinct sources: from radial glia in the ventricular
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zone during embryogenesis and from subventricular zone (SVZ) progenitors during
the postnatal period (Wang and Bordey 2008). Additionally, studies using in vivo
retroviral gene transfer have demonstrated that SVZ progenitors can generate both
grey and white matter astrocytes as well as oligodendrocytes (Levison and
Goldman 1993, 1997; Levison et al. 1993).

The typical image of an astrocyte is that of a stellate cell; however, astrocytes
have a complex and heterogeneous morphology (Wang and Bordey 2008). Whilst
the nomenclature is considered outdated by some, astrocytes are typically classified
into one of two subtypes, protoplasmic and fibrous, where the former are found
throughout the grey matter and possess branches that give rise to uniformly
distributed processes and the latter are distributed within the white matter and
exhibit long fibrelike processes (Sofroniew and Vinters 2010). Furthermore, the
branching processes of protoplasmic astrocytes envelop synapses and have endfeet
that encase blood vessels, whilst the endfeet of the unbranched processes of fibrous
astrocytes envelop nodes of Ranvier (Wang and Bordey 2008). Immunohisto-
chemically astrocytes are commonly identified by the presence of glial fibrils, the
major component of which is glial fibrillary acidic protein (GFAP). Antibodies
against S100B, a member of the S100 family of EF-band calcium binding proteins,
are also used to identify astrocytes; however, this antigen is only expressed by a
subset of mature astrocytes. Thus, its expression is not representative of the
astrocyte population as a whole (Baudier et al. 1986; Deloulme et al. 2004; Hachem
et al. 2005).

Due to the absence of several biophysical properties such as the ability to
generate action potentials under physiological conditions, astrocytes were once
described as passive (Steinhauser et al. 1992); however, this term is now rarely
used. Whilst the initial function of astrocytes was understood to be as little more
than an inert scaffold to neurons, it is now widely accepted that they play a critical
role in a vast number of processes within the CNS (Volterra and Meldolesi 2005).
The close association of astrocytes with many neuronal elements allows astrocytes
to regulate the extraneuronal environment around synapses and provide support and
nourishment to these cells (Gao and Ji 2010), for example, by buffering extracellu-
lar potassium and glutamate. Additionally astrocytes have been demonstrated to
significantly contribute to neuronal survival and maturation (via the synthesis and
release of growth and trophic factors such as NGF), synapse formation and the
regulation of angiogenesis and are a major source of adhesion and extracellular
matrix proteins within the CNS that can both promote and inhibit neurite growth
(Wang and Bordey 2008).

2 Acute and Chronic Pain

Pain is a subjective sensory experience associated with actual or potential tissue
damage (www.iasp.org). It is always unpleasant and therefore an emotional experi-
ence. Acute pain is mediated by multi-synaptic pathways beginning with
specialised primary afferent fibres (nociceptors) in the periphery, whose cell bodies
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lie in the dorsal root ganglia (DRG), via the dorsal horn of the spinal cord to
supraspinal sites such as the parabrachial area (PBA), periaqueductal grey (PAG),
thalamus and cortex. The nociceptors convert the energy of noxious stimuli into
electrical impulses which are transmitted to the dorsal horn of the spinal cord.
Within the spinal cord, nociceptive transmission is mediated predominately by
glutamate acting upon postsynaptic ionotropic receptors; however, the co-release
of substance P and calcitonin gene-related peptide (CGRP) and the subsequent
activation of their respective NK1 and CGRP receptors postsynaptically modulates
glutamatergic transmission (Go and Yaksh 1987; Cheunsuang and Morris 2000;
Malcangio and Bowery 1994; Lever et al. 2003; Oku et al. 1987; Seybold
et al. 2003). Modulatory control of acute pain is provided by descending inhibitory
and facilitatory pathways from the brain and from inhibitory and excitatory
interneurons within the spinal cord (Todd 2010; D’Mello and Dickenson 2008).

Acute pain is a vital protective mechanism that persists only for the duration of
tissue damage or the presence of a noxious stimulus. Evidence for the importance of
acute pain is provided by individuals expressing the rare phenotype of insensitivity
to pain; these patients experience regular inadvertent self-mutilation through injury
and have a significantly lower than average life expectancy (Cox et al. 2006;
Verpoorten et al. 2006).

Commonly pain outlives its usefulness and becomes chronic pain, which is
profoundly different from acute pain, as it is the result of plastic changes within the
pain pathways. Chronic pain is a debilitating condition lasting longer than 3 months
from the noxious stimuli and causes pain to be perceived as out of proportion to the
initial inciting injury. Chronic pain can be classified into different types depending on
its cause: inflammatory pain is commonly due to tissue inflammation as observed in
arthritis, and neuropathic pain arises upon injury to the nervous system.

2.1 Inflammatory and Neuropathic Pain

In both cases a combination of mechanisms results in augmented nociceptive
transmission due to peripheral and central sensitisation. Neuropathic pain is that
arising from a lesion to the PNS (peripheral nervous system) or CNS as a conse-
quence of physical trauma or disease pathogenesis. Chronic inflammatory pain is
typically associated with inflammatory diseases such as arthritis, where the pres-
ence of algogenic mediators results in nociceptor sensitisation in the affected tissue,
such as the joints in the case of arthritis. Chronic pain is characterised by the
presence of a range of symptoms including hyperalgesia (increased sensitivity to
noxious stimuli), allodnyia (a painful response to a previously innocuous stimuli)
and spontaneous pain (Woolf and Mannion 1999). The treatment of chronic pain is
a substantial problem within the clinic as many patients do not respond adequately
to available analgesics. The difficulty in treating chronic pain conditions is thought
to be a consequence of the heterogeneity of the molecular mechanisms underlying
the development and maintenance of chronic pain, many of which are not well
understood.
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The mechanisms by which these maladaptive pain states arise can be categorised
into peripheral sensitisation (changes in peripheral nerves) and central sensitisation
(including immune responses in the spinal cord). Peripheral sensitisation due to
injury to a localised area leads to primary hyperalgesia and results in increased
nociceptive transmission from the periphery which causes changes in dorsal horn
neuron activation. Dorsal horn neurons exhibit reduced thresholds to noxious
stimuli applied to the periphery, de novo excitation by previously innocuous
stimuli, expansion of their receptive fields and increased spontaneous activity.
These changes increase excitability of CNS neurons and result in central
sensitisation, which is fundamental for the generation of allodynia, secondary
hyperalgesia and spontaneous pain (Kuner 2010; Latremoliere and Woolf 2009;
Sandkuhler 2009). The resulting increase in glutamate released from central
terminals of sensitised neurons trigger phosphorylation of NMDA receptors and
post-translational modifications of neuronal proteins. Glial cells within the spinal
cord respond to the enhanced nociceptive input by proliferating and switching to a
responsive state whereby they release mediators which contribute to dorsal horn
mechanisms of chronic pain (Clark and Malcangio 2012; Old and Malcangio 2012).
Enhanced activity within the spinal cord triggers cortical and subcortical structures
to facilitate excitation and signalling and constitutes higher centre modulation
(D’Mello and Dickenson 2008).

Here we will describe and define some of the key mechanisms by which
microglia and astrocyte responses in the dorsal horn contribute to the development
and maintenance of chronic neuropathic and inflammatory pain states, with a
specific focus on chemokine/cytokine signalling and second messenger activation.

3 Spinal Glia Changes in Models of Neuropathic Pain
3.1 Microglial Responses to Injury or Insult

Microglia are the resident immune cells of the CNS and as such respond to
pathological insult or tissue injury and subsequent release of mediators from
damaged cells. These cells respond to a number of mediators that are increased in
the dorsal horn following peripheral injury. They express receptors for the
neurotransmitters released from the central terminals of primary afferents: gluta-
mate NMDA and AMPA receptors, the SP receptor NK1 and the CGRP receptor,
TrkB receptors for brain derived neurotrophic factor (BDNF) and purinergic
receptors including P2X7 and P2X4, many of which are upregulated following
injury to the periphery (Rasley et al. 2002; Pezet et al. 2002; McMahon and
Malcangio 2009; Ransohoff and Perry 2009).

Microglia respond quickly to an insult by proliferating to expand their popula-
tion; this process is often termed microgliosis. An insult need not be central in
nature, for example it could be the result of a CNS infection or spinal cord injury. In
rodent peripheral nerve injury models of neuropathic pain, microglia within the
dorsal horn of the spinal cord respond swiftly to augmented primary afferent fibre
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input. This phenotypic shift is often referred to as the ‘activation’ of microglia.
Input from the periphery is vital for this process; blockade of peripheral nerve
conduction by the application of a local anaesthetic prevents nerve injury-induced
microglial response (Wen et al. 2007; Hathway et al. 2009; Suter et al. 2009). In the
region of the dorsal horn in which the injured primary afferents terminate, microglia
increase in their numbers and appear more amoeboid, with a hypertrophied soma
and thick retracted processes. Additionally they alter their expression of cell surface
antigens that play a critical role in immune responses; for example, MHC class II
is increased allowing the presentation of antigens by microglia (McMahon and
Malcangio 2009). Activated microglia also synthesise and release a variety of
pro-nociceptive mediators into the extracellular environment, including cytokines
(e.g. TNF and IL-1p), chemokines (e.g. CCL2), reactive oxygen species (ROS) and
nitric oxide (NO). Prominent signalling pathways in the development of neuro-
pathic pain are the CX3CR1/L1 loop (discussed below) and the purinergic pathway
of microglial activation and subsequent BDNF release. ATP is known to stimulate
microglia both in vivo and in vitro via purinergic receptors on the surface mem-
brane of the cells (Honda et al. 2001; Tsuda et al. 2003, 2012; Davalos et al. 2005).
Microglial P2X4 is of particular importance for the development of neuropathic
pain; it is upregulated in microglia as early as 24 hours after peripheral nerve injury,
and the pharmacological inhibition of this receptor transiently attenuates mechani-
cal allodynia in rodents. Furthermore, the intrathecal administration of ATP-treated
microglia in naive mice results in the development of mechanical hypersensitivity
(Tsuda et al. 2003; Coull et al. 2005). Current evidence indicated that downstream
effects of the activation of microglial purinergic receptors are mediated by the
release of BDNF via the phosphorylation of p38 MAPK; the administration of an
inhibitor of the BDNF receptor, TrkB, prevents the behavioural changes observed
following the administration of activated microglia (Coull et al. 2005), and a p38
MAPK inhibitor is able to prevent release of BDNF from microglia (Trang
et al. 2009).

The temporal profile of microglial activation within the spinal cord is well
documented in models of neuropathic pain. Real-time PCR of spinal cord tissue
extracts demonstrates alterations in the levels of microglia-specific mRNA
transcripts (e.g. TLR4 and CD14) within hours of injury (Tanga et al. 2004), and
the phosphorylation of the microglial MAPK p38 is evident within minutes from
peripheral nerve injury (Svensson et al. 2005b; Clark et al. 2007b). Morphological
changes (the presence of amoeboid cells and increased immunoreactivity for the
microglial marker Ox42) have been observed immunohistochemically as early as
3 days after nerve injury and are maintained for at least 50 days post-surgery (Clark
et al. 2007a). Furthermore, the temporal profile of microglial activation is concom-
itant to the development of behavioural hypersensitivity (Clark et al. 2007b; Zhang
et al. 2007; Peters et al. 2007) and the intrathecal administration of compounds that
inhibit glial activation to neuropathic rodents is able to attenuate pain behaviours
(Clark et al. 2007a; Tawfik et al. 2007), demonstrating that the activation of these
cells does indeed contribute to aberrant pain signalling.
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3.2 Astrocytic Responses to Injury or Insult

Due to their many functions in the maintenance of CNS homeostasis, under
physiological conditions astrocytes are often referred to as ‘active’. Following a
change in their environment, such as that occurring in the spinal cord in models of
chronic pain, these cells shift to a ‘reactive’ phenotype; astrocytes undergo hyper-
trophy and increase their expression of a number of cellular proteins including
GFAP, S100f and vimentin, which are consequently often used as markers of
astrocyte reactivity (Ridet et al. 1997; Pekny and Nilsson 2005). This process is
referred to as astrogliosis and has been demonstrated in a number of surgical
models of neuropathic pain (Garrison et al. 1991; Colburn et al. 1999; Sweitzer
et al. 1999). Astrocyte reactivity can occur through the activation of several
pathways; these cells express the receptors for the neurotransmitters NMDA, SP
and CGRP (Porter and McCarthy 1997) and thus respond to increased transmitter
release in the dorsal horn of the spinal cord subsequent to peripheral nerve injury. In
addition, astrocytes possess a variety of cytokine and chemokine receptors that can
be activated by their ligands released from microglia; key examples include IL-18/
IL-18R, TNF/TNFR and CCL2/CCR2 (Miyoshi et al. 2008; Gao et al. 2009,
2010b). One of the astrocytic changes most likely to be responsible for the contri-
bution of these cells to the maintenance of pain is a decrease in the glutamate
transporters GLT1 and GLAST. These transporters function to regulate extracellu-
lar glutamate concentrations at non-toxic levels. A decrease in their expression or
function results in an elevation in the concentration of spinal extracellular gluta-
mate which can elicit nociceptive hypersensitivity via the activation of NMDA and
AMPA receptors (Liaw et al. 2005; Weng et al. 2006). Recent evidence indicates
that astrocytes, like microglia, play a critical role in aberrant pain signalling, as the
administration of glial inhibitors, such as fluorocitrate, attenuates pain behaviours
in rodents (Milligan et al. 2003; Watkins et al. 1997; Okada-Ogawa et al. 2009).
Interestingly, the intrathecal administration of reactive astrocytes, briefly incubated
with TNF, induces the development of mechanical allodynia in uninjured mice
(Gao et al. 2010b). As with microglia, the temporal profile of astrocyte activation
has been assessed; astrogliosis becomes apparent after the microglial response,
several days after peripheral nerve injury, and lasts for over 4 weeks post-injury
(Colburn et al. 1999; Tanga et al. 2004; Romero-Sandoval et al. 2008). Additionally
genetically altered mice that are deficient in GFAP develop a shorter lasting
mechanical allodynia than their wild-type counterparts. Finally the administration
of a GFAP antisense mRNA that prevents translation of GFAP reverses established
mechanical allodynia when administered to rats 6 weeks following a peripheral
nerve injury (Kim et al. 2009). Together these data demonstrate a role for astrocytes
in the maintenance of neuropathic pain.
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3.3 CX3CL1, CX3CR1 and Cathepsin S

CX3CL1, also known as fractalkine, is the only member of the CX3C family of
cytokines. The cx3cll gene was originally described as abundant in the brain and
heart but present in all tissues assessed, except peripheral blood leukocytes (Pan
et al. 1997). Recent evidence obtained from a series of in situ hybridisation and
immunohistochemical studies has determined that neurons are the principle source
of CX3CL1 in the CNS (Hughes et al. 2002; Nishiyori et al. 1998; Tarozzo
et al. 2003). Additionally, the development of a transgenic mouse expressing a
red fluorescent reporter under the control of the CX3CL1 promoter has
demonstrated that within the spinal cord CX3CL1 is expressed in dorsal horn
neurons (Kim et al. 2011). Both the CX3CL1 protein and mRNA are expressed
here, but the protein is not upregulated following peripheral nerve injury (Verge
et al. 2004; Clark et al. 2009; Lindia et al. 2005). Furthermore, it has been
demonstrated that cytoplasmic glutamate-containing vesicles are present within
CX3CL1-positive neurons, indicating that CX3CL1 is expressed within excitatory
neurons (Tong et al. 2000).

First described as a potent chemoattractant of T-cells and monocytes in the late
1990s (Bazan et al. 1997; Pan et al. 1997), CX3CL1 exists in two forms. As a
membrane-tethered protein it plays a critical role in the firm adhesion of leukocytes
to the endothelium to facilitate transmigration (Imai et al. 1997; Fong et al. 1998;
Corcione et al. 2009). Soluble CX3CL1 is produced by metalloproteases
(ADAM10/17) or protease (Cathepsin S) -mediated cleavage of membrane-bound
CX3CL1. Whilst ADAM 10 is responsible for constitutive shedding of CX3CL1,
ADAM 17 facilitates inducible shedding of this protein (Bazan et al. 1997;
Hundhausen et al. 2003, 2007; Clark et al. 2011). Cathepsin S, on the other hand,
is expressed by antigen-presenting cells such as microglia where its release is
dependent on the activation of the purinergic receptor P2X7 (Clark et al. 2010)
and is enhanced by pro-inflammatory mediators (Liuzzo et al. 1999a, b). CX3CL1
exerts its biological effects by binding to CX3CR1 for which it is the only ligand.
Expression analysis of CX3CR1 has demonstrated its mRNA to be abundant in the
spleen and peripheral blood leukocytes as well as the brain. Furthermore, the
expression of CX3CR1 mRNA is tenfold higher in cultured microglial than
whole brain samples, suggesting the receptor is of microglial origin. FACS analysis
and calcium imaging of microglia have demonstrated that these cells possess the
functional CX3CR1 protein as well as the mRNA (Harrison et al. 1998). This
expression profile of CX3CR1 has been confirmed conclusively by the develop-
ment of a transgenic mouse in which the CX3CR1 contains a green fluorescent
protein reporter allowing visualisation of the transcribed protein; here, in the
mouse, CX3CR1 protein was observed in microglia throughout the CNS but was
not present in astrocytes or oligodendrocytes (Jung et al. 2000).

Within the CNS the CX3CL1-CX3CR1 interaction contributes the maintenance
of a quiescent phenotype in microglia and suppresses the release of
pro-inflammatory mediators (Mizuno et al. 2003; Lyons et al. 2009). As such,
under these conditions, this protein—protein relationship is thought to be
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neuroprotective. In the context of chronic pain, several observations support a
pro-nociceptive role of CX3CL1. The administration of the soluble chemokine
domain of CX3CL1 into the intrathecal space at the lumbar level is
pro-nociceptive and causes otherwise naive animals to exhibit nocifensive
behaviours (Zhuang et al. 2007; Clark et al. 2007b; Milligan et al. 2004, 2005a).
Consistently, the intrathecal administration of anti-CX3CL1 antibodies to neuro-
pathic rodents attenuates pain-related behaviour (Clark et al. 2007b). Interestingly,
the CSF levels of CX3CL1 increase in neuropathic animals compared to sham
controls (Clark et al. 2007b, 2009). CX3CR1 exhibits similar pro-nociceptive
attributes under aberrant pain conditions. Enhanced expression of the protein within
the dorsal horn of the spinal cord is associated with microgliosis following periph-
eral nerve injury (Zhuang et al. 2007; Staniland et al. 2010). One mechanism
described is IL-6 dependent; IL-6 mRNA and protein expression is induced in
neurons following the peripheral nerve injury (Arruda et al. 1998; Lee et al. 2009),
and prophylactic treatment with an IL-6 neutralising antibody prevents increased
CX3CRI1 expression, whilst, conversely, the administration of recombinant IL-6
significantly augments CX3CR1 expression (Lee et al. 2010). Supporting a
pro-nociceptive role of CX3CR1 and a critical role for CX3CL1-CX3CRI interac-
tion in the development of pathological pain responses, CX3CR1-deficient mice do
not develop hyperalgesia and/or allodynia in models of nerve injury and exhibit
reduced microgliosis when compared to their wild-type littermate controls
(Staniland et al. 2010). Similarly, the intrathecal administration of an anti-
CX3CRI1 antibody attenuates both the behavioural and microglial responses to
injury (Zhuang et al. 2007; Milligan et al. 2004, 2005a). Within spinal cord
microglia activation of CX3CR1 by CX3CL1 results in increased intracellular
calcium concentrations (Harrison et al. 1998), the phosphorylation of p38 MAPK
and subsequent release of pro-nociceptive molecules such as IL-6, NO and IL-1§
(Zhuang et al. 2007; Clark et al. 2007b).

3.4 TNF and TNFR

TNF, previously known as TNFa, is a small pro-inflammatory cytokine first
described in activated macrophages as a molecule with tumour-regression activity
(Carswell et al. 1975). TNF belongs to a superfamily of ligand/receptor proteins
that share a structural motif — the TNF homology domain. The TNF receptors are
the other members of this family of proteins; two have been identified and are either
constitutively expressed (TNFR1/p55-R) or inducible (TNFR2/p75-R) (Bodmer
et al. 2002; Leung and Cahill 2010). Under physiological conditions TNF is
expressed at very low levels in the spinal cord; however, it is rapidly upregulated
in both microglia and astrocytes (glia) and neurons following peripheral injury
(DeLeo et al. 1997; Ohtori et al. 2004; Hao et al. 2007; Youn et al. 2008). Similarly
both TNFR1 and TNFR2 are expressed within glia and neurons in the spinal cord
(Gruber-Schoffnegger et al. 2013; Ohtori et al. 2004; Hao et al. 2007). The use of
receptor-specific protein ligands has demonstrated that it is TNFR1 activation in the
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spinal cord that is responsible for the pro-nociceptive effects of TNF under steady-
state conditions; TNFR2, on the other hand, contributes to the pro-nociceptive
effects of TNF under chronic pain states following its upregulation after nerve
injury (Liu et al. 2007; Clark et al. 2013).

In the context of peripheral nerve injury models of neuropathic pain, TNF is
detectable in the periphery at the site of injury where it is upregulated and exerts
pro-nociceptive functions (George et al. 1999; Shubayev and Myers 2000; Sommer
and Schafers 1998; Leung and Cahill 2010). Within the spinal cord TNF exerts its
pro-nociceptive effects via actions on both neurons and glia. The spinal adminis-
tration of TNF is associated with the development of mechanical allodynia and
thermal hypersensitivity (Youn et al. 2008; Zhang et al. 2011). Additionally the
application of exogenous TNF to spinal cord slices induces rapid modulation of Ad-
and C-fibre (nociceptive-fibre)-mediated neurotransmission (Youn et al. 2008),
enhances dorsal horn neuronal responses to C-fibre stimulation (Reeve
et al. 2000) and augments excitatory neurotransmission in lamina II neurons in a
predominantly TNFR1-dependent manner (Zhang et al. 2011). Additionally long-
term potentiation (LTP) induced by stimulation of the sciatic nerve is attenuated in
TNFR knock-out mice (Park et al. 2011). These effects may not be mediated
directly by the activation of neuronal TNF receptors, but rather indirectly by the
activation of receptors located on glial cells within the dorsal horn (Gruber-
Schoffnegger et al. 2013). Indeed, TNF is also able to modulate glial cell activation
within the spinal cord as blockade of TNF signalling is associated with a reduction
in glial cell activity in models of peripheral nerve injury (Svensson et al. 2005b;
Nadeau et al. 2011). Via P2X7 signalling ATP is able to induce TNF production in
microglia by a P38 MAPK-dependent pathway (Suzuki et al. 2004; Lister
et al. 2007); in rats with a peripheral nerve injury, concomitant increases of TNF
and p-P38 are observed in the spinal cord, and blockade of TNF suppresses P38
phosphorylation and microgliosis (Schafers et al. 2003; Marchand et al. 2009).
Evidence from cultured astrocytes demonstrates that TNF transiently activates JNK
(Gao et al. 2009), a mitogen-activated kinase (MAPK) associated with the synthesis
and release of pro-nociceptive mediators (Ji et al. 2009). In particular this pathway
is associated with the upregulation of astrocytic CCL2; CCL2 upregulation by TNF
is dose dependently inhibited by a JNK inhibitor (Gao et al. 2009). Similarly, the
spinal injection of TNF produces JNK-dependent behavioural hypersensitivity,
whilst the administration of a JNK inhibitor to nerve-injured animals suppresses
pain-associated behaviour (Gao et al. 2009). Peripheral nerve injury induces a slow
but persistent activation of JNK MAPK particularly within astrocytes in the spinal
cord. Whilst the administration of a specific JINK inhibitor has no effect on acute
pain responses, it potently prevents and reverses nerve injury-induced mechanical
allodynia in rodents (Zhuang et al. 2006).
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3.5 IL-13 and IL-1R

Interleukin-1p (IL-1p) is a small pro-inflammatory cytokine first described as a
pyrogenic factor released from leukocytes (Dinarello 2007), and was one of the first
cytokines to be implicated in the mechanisms underlying enhanced nociception in
rodents following peripheral nerve injury (Clark et al. 2013). IL-1$, a 17.5 kDa
protein, is part of the well-characterised IL-1 family of proteins that also includes
IL-1a, the IL-1 receptor (IL-1R1), a decoy receptor (IL-1R2) and the endogenous
receptor antagonist (IL-1ra). IL-1ra is structurally similar to IL-1p and binds to
IL-1R1 with similar affinity; however, it lacks the ability to activate the receptor
and stimulate downstream signalling. Similarly, IL-1R2 is able to bind IL-1f with
comparable affinity to IL-1R1 but lacks the appropriate cytosolic region to activate
downstream signalling proteins (Weber et al. 2010; Dunn et al. 2001). Within the
CNS IL-1p is expressed at low levels by both neurons and glial cells (Ren and
Torres 2009; Clark et al. 2006; Copray et al. 2001; Guo et al. 2007; Sommer and
Kress 2004), and the expression of IL-1R1 is equally widespread within the spinal
cord (Zhang et al. 2008; Sweitzer et al. 1999; Gruber-Schoffnegger et al. 2013).

Under physiological conditions IL-1p has a number of homeostatic functions
such as regulation of sleep and temperature (Dinarello 1996). More importantly,
IL-1p is a key regulator of pro-inflammatory responses and the control of innate
immune responses to pathogen-associated danger signals [pathogen-associated
molecular patterns (PAMPS) and danger-associated molecular patterns
(DAMPS)], such as lipopolysaccharide (LPS) and bacterial DNA. The mechanism
by which IL-1p is secreted from cells differs from the classical ER-Golgi route of
protein secretion due to a lack of a leader sequence (Rubartelli et al. 1990). Rather,
IL-1p is synthesised as a larger precursor protein and is cleaved into a mature form;
the mechanism behind this has now been elucidated and involves caspase-1, which
cleaves IL-1p, and a series of accessory proteins that form a complex known as the
inflammasome that provides a platform for the activation of caspase (Martinon
et al. 2002; Schroder and Tschopp 2010).

Similarly to TNF, IL-1p is pro-nociceptive when administered centrally; the
intrathecal administration of exogenous IL-1f results in thermal and mechanical
hypersensitivity (Gruber-Schoffnegger et al. 2013; Reeve et al. 2000; Sung
et al. 2004; Kawasaki et al. 2008). Further evidence for a pro-nociceptive effect
of IL-1B comes from rodents lacking this protein which exhibit attenuated
behavioural responses to peripheral nerve injury (Wolf et al. 2006). Furthermore
it has been observed that human patients with a range of painful neuropathies
exhibit enhanced CSF levels of IL-1p (Alexander et al. 2005; Backonja
et al. 2008). Following peripheral nerve injury, IL-1f is upregulated in the spinal
cord where it is expressed primarily by glial cells but also by neurons (Clark
et al. 2013). Inhibition of normal IL-1f signalling is anti-nociceptive in animal
models of neuropathic pain; intrathecal administration of IL-1ra can both prevent
and reverse (Milligan et al. 2005b, 2006) nocifensive behaviours in these animals,
as can inhibition of caspase-1 which prevents the proteolytic activation of IL-1p,
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resulting in decreased secretion of the mature form from microglia (Clark
et al. 2006).

IL-1P released from glial cells is able to modulate neuronal activity. This
cytokine can facilitate glutamatergic transmission via the phosphorylation of the
NMDA receptor (Gruber-Schoffnegger et al. 2013) which enhances behavioural
hypersensitivity; treatment with IL-1ra attenuates both the behavioural phenotype
and receptor phosphorylation. The mechanism underlying this modulation is com-
plex and calcium dependent (Viviani et al. 2003), and involves several intracellular
signalling proteins including PKC, IP3, PLC, PLA2 and src kinases. Inhibitors of
these proteins are able to block IL-1f-induced phosphorylation of either the NR1
subunit or NR2A/B subunit of the NMDA receptor in vitro similarly to IL-1ra
(Viviani et al. 2003). The application of exogenous IL-1p to spinal cord slices is
able to increase AMPA-mediated currents in lamina II neurons (Kawasaki
et al. 2008) and induce LTP within lamina I neurons (Gruber-Schoffnegger
et al. 2013). Patch clamp studies of IL-1p-treated spinal cord slices demonstrate
that IL-1p enhances excitatory neurotransmission whilst attenuating inhibitory
neurotransmission (Kawasaki et al. 2008). Overall these data indicate that IL-1p
contributes to a potentiation of excitatory transmission and a suppression of inhibi-
tory transmission, which together correlate with the facilitation of behavioural
hypersensitivity.

As with many other cytokines, as well as a neuronal effect, IL-1f is thought to
contribute to a pro-nociceptive state via the activation of glia. Additionally glia may
contribute to the effects of IL-1p on neuronal excitability as these are absent
following the inhibition of glial cell function (Gruber-Schoffnegger et al. 2013;
Liu et al. 2013).

4 Spinal Glia During Inflammatory Pain

Inflammation is a critical protective mechanism occurring in response to injury,
infection or irritation. It is characterised by five defining components: redness, heat,
swelling, loss of function and pain. Under physiological conditions inflammation
allows removal or repair of damaged tissue following an injury to the organism.
Under these circumstances the role of inflammatory pain is protective, limiting the
use of the affected area and preventing further damage during the healing process.
However, in patients with chronic inflammatory conditions, such as arthritis (see
section below), chronic pain hypersensitivity is a common complaint (Walsh and
McWilliams 2014). The continued presence of algogenic mediators results in the
sensitisation of the peripheral tissues (Schaible et al. 2009). Commonly models
which involve the direct administration of an exogenous algogenic substance into
the hind-paw of the rodent have been utilised in order to investigate how spinal glial
mechanisms contribute to inflammatory pain. However, increasing spinal glial
mechanisms are being studied in more clinically relevant models of inflammatory
pain, such as arthritis.
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An extensive body of evidence supports a role for spinal microglia and
astrocytes (glia) in inflammatory pain mechanisms. Peripheral inflammation results
in sensitization of spinal neurons (Vazquez et al. 2012; Konig et al. 2014) and glial
cell reactivity within the dorsal horn of the spinal cord. Spinal astrogliosis and/or
microgliosis have been reported in many inflammatory pain models (Watkins
et al. 1997; Sweitzer et al. 1999; Clark et al. 2007a; Raghavendra et al. 2004).
Critically, inhibition of glial cell activity during peripheral inflammation reduces
pain behaviours substantially (Meller et al. 1994; Watkins et al. 1997; Clark
et al. 2007a), suggesting that the activity of these cells in the spinal cord is vital
for the full development of inflammatory pain.

A number of the spinal glia mechanisms that have to identified to contribute to
neuropathic pain may also play a role in pain that occurs as result of peripheral
inflammation. The cytokine/chemokine glial mechanisms described in relation to
neuropathic pain above also play a role in inflammatory pain. One such astrocytic
mechanism is inflammation-induced phosphorylation of JNK in spinal astrocytes
(Gao et al. 2010a). Intraplantar injection of CFA (Gao et al. 2010a) or carrageenan
(Bas et al. 2015) induces JNK phosphorylation, and JNK inhibition attenuates
inflammatory pain behaviours (Gao et al. 2010a; Bas et al. 2015). This
inflammation-induced JNK phosphorylation is regulated by spinal TNF secretion
(Bas et al. 2015) as is the case during neuropathic pain (Gao et al. 2010a). One
spinal microglial mechanism that regulates inflammatory pain is the phosphoryla-
tion of p38 MAPK. Peripheral inflammation induces extensive p38 phosphorylation
which is restricted to microglial cells (Svensson et al. 2003a, 2005a). Inhibition of
p38 in inflammatory pain models results in attenuation of pain behaviours
(Svensson et al. 2003b, 2005a). The activation of many microglial receptors results
in intracellular p38 phosphorylation, suggesting that this is a key intracellular
signalling pathway during both inflammatory and neuropathic pain. Indeed, it has
previously been demonstrated that the microglial CX3CR1 receptor leads to p38
phosphorylation (Clark et al. 2007b) and is critical for the full expression of
inflammatory pain (Staniland et al. 2010), as well as neuropathic pain (see above
section).

5 Spinal Glia During Rheumatoid Arthritis Pain

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterised by
synovial inflammation and joint destruction. The disease aetiology remains unclear
but is thought to comprise a complex interplay between environmental and genetic
factors. The clinical signs of RA are accompanied by chronic pain, representing a
major unmet clinical need. Despite the availability of disease-modifying agents that
reduce the clinical signs of RA, the treatment of chronic pain remains inadequate at
present (Kidd et al. 2007; Sokka et al. 2007; Dray 2008; Walsh and McWilliams
2014). The mechanisms of RA pathology have been studied extensively using
rodent models. Although pain is common in RA patients, it is only relatively
recently that pain has been studied in rodent models that replicate the complex
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mechanisms of this inflammatory disorder. Whilst inflammatory pain states
associated with models of mono-arthritis have been extensively characterised,
pain that occurs as a result of more clinically relevant poly-arthritic models has
only recently been examined.

A number of poly-arthritic rodent models, all of which mimic some aspect of
human RA (Williams 1998; Vincent et al. 2012), have been studied in the context of
pain. Critically the activation of glial cells within the spinal cord represents a
commonality between these models. Collagen-induced arthritis (CIA) represents
the rodent model of RA that is most widely used for pathogenesis studies. In CIA
immunisation with type II collagen results in an immune response directed against
the joints, which closely resembles many aspects of human RA (Trentham 1982;
Williams 2004). In addition, passive transfer of collagen antibody cocktails (colla-
gen antibody-induced arthritis; CAIA) or of serum from the spontaneous arthritic
KxB/N mouse is also commonly used to model RA.

The models detailed above have all been identified as inducing pain behaviours
in the rodent hind-paw. In the CIA model, DBA/1 mice develop mechanical and
thermal hypersensitivity from the onset of arthritis (Inglis et al. 2007). In the rat,
CIA-induced mechanical hypersensitivity is present before the onset of inflamma-
tion (Clark et al. 2012), mirroring the sensory changes reported in models of other
autoimmune disorders such as multiple sclerosis, in which hypersensitivity is
present before the onset of clinical scores (Olechowski et al. 2009; Clark and
Malcangio 2012). Furthermore, pain associated with the CAIA and K/BxN serum
transfer models of experimental arthritis in mice has been recently characterised
(Christianson et al. 2010, 2011; Bas et al. 2012). In both models joint inflammation
is transient, whereas mechanical hypersensitivity is long-lasting, persisting long
after joint inflammation has subsided. Importantly, arthritis-induced hypersensitiv-
ity is attenuated by analgesic agents used clinically for the treatment of RA, such as
anti-TNF agents and NSAIDs (Inglis et al. 2007; Christianson et al. 2010; Bas
et al. 2012; Boettger et al. 2010), suggesting good correlation between the inflam-
matory pain in these models and pain in RA patients. Interestingly in both the CAIA
and K/BxN models, mechanical hypersensitivity after the resolution of joint inflam-
mation is NSAID insensitive, suggesting that the early inflammatory stage of these
models is followed by a late phase which is non-inflammatory (Christianson
et al. 2010; Bas et al. 2012).

The contribution of CNS changes in these RA models is not fully understood,
however, spinal glial cell reactivity has been reported. Astrogliosis is observed in the
lumbar dorsal horn of CIA (Inglis et al. 2007; Clark et al. 2012), CAIA (Bas
et al. 2012; Agalave et al. 2014) and K/BxN serum transfer treated animals
(Christianson et al. 2010, 2011). It is evident that glial cells contribute to arthritis-
induced hypersensitivity, as intrathecal administration of the glial inhibitor
pentoxifylline is able to reverse late-stage CAIA-induced hypersensitivity (Bas
et al. 2012). However, it is currently unclear whether this analgesic effect is due to
inhibition of astrocytes and/or microglia cell activity. Intrathecal administration of a
JNK inhibitor is also able to reverse late-phase hypersensitivity in the CAIA model
(Bas et al. 2012). JNK phosphorylation occurs in spinal astrocytes following periph-
eral inflammation (Gao et al. 2010a) and peripheral nerve injury (Zhuang et al. 2006).
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CAIA also enhances spinal JNK phosphorylation, however, the cellular localisation
of p-JNK in arthritis is yet to be determined (Bas et al. 2012). Thus, it remains to be
fully established whether changes in astrocyte activity contribute to arthritis-induced
hypersensitivity.

A role for spinal microglia in arthritis-induced hypersensitivity seems increas-
ingly likely. In the rat CIA model, increased microglial cell activity during mechan-
ical hypersensitivity is observed as phosphorylation of p38 MAPK (p-p38) (Clark
etal. 2012). It has recently been demonstrated that spinal inhibition of the microglia
protease CatS or the chemokine FKN, which constitutes a key neuron-microglial
signalling system during neuropathic pain (see above section), is able to reverse
established mechanical hypersensitivity in CIA and reduce microglial p-p38 (Clark
et al. 2012). This analgesic effect of CatS or FKN inhibition is independent of
alteration in disease progression, with inflammation and clinical score unaffected
by treatment (Clark et al. 2012). Increased microglia p-p38 has also been observed
in adjuvant-induced arthritis (Boyle et al. 2006). Whilst Boyle and colleagues did
not examine pain hypersensitivity in detail in this study, spinal administration of a
p38 inhibitor was significantly more effective at reducing joint inflammation than
systemic administration of the same compound (Boyle et al. 2006). A similar
reduction in inflammation was also evident following intrathecal treatment with
the anti-TNF agent etanercept, which attenuated arthritis-induced p-p38 (Boyle
et al. 2006), suggesting that spinal microglial mechanisms may also regulate
peripheral inflammation under some conditions. Indeed, in RA patients, TNF
neutralisation inhibits pain prior to reducing inflammation in the joint (Hess
et al. 2011), raising the possibility of a spinal microglia contribution. Spinal
TLR-4 also appears to regulate microglial cell activity during both K/BxN serum
transfer arthritis and CAIA. In TLR-4 knock-out mice, the late phase of K/BxN
mechanical hypersensitivity, and spinal gliosis, is attenuated compared to wild-type
mice (Christianson et al. 2011). Interestingly, during CAIA, the damage-associated
molecular pattern (DAMP) molecule, extracellular high-mobility group box-1
protein (HMGB1) acting as a TLR-4 ligand, is critical for arthritis-induced hyper-
sensitivity (Agalave et al. 2014). Thus, a number of microglial targets may contrib-
ute to hypersensitivity in models of RA and may represent promising therapeutic
targets for the treatment of established pain in RA patients.

6 Concluding Remarks

The concept that glial-mediated mechanisms modulate neuronal processing in the
spinal cord and contribute to the facilitation of pain signalling has developed
considerably in recent years. That a substantial number of pre-clinical studies
have flourished in this field reinforces the premise that glial targets may be
exploited as novel approaches to the treatment of chronic pain.
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Abstract
Inhibitory interneurons, which use GABA and/or glycine as their principal
transmitter, have numerous roles in regulating the transmission of sensory
information through the spinal dorsal horn. These roles are likely to be
performed by different populations of interneurons, each with specific locations
in the synaptic circuitry of the region. Peripheral nerve injury frequently leads to
neuropathic pain, and it is thought that loss of function of inhibitory interneurons
in the dorsal horn contributes to this condition. Several mechanisms have been
proposed for this disinhibition, including death of inhibitory interneurons,
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decreased transmitter release, diminished activity of these cells and reduced
effectiveness of GABA and glycine as inhibitory transmitters. However, despite
numerous studies on this important topic, it is still not clear which (if any) of
these mechanisms contributes to neuropathic pain after nerve injury.

Keywords
GABA ¢ Glycine * Neuropathic pain * Inhibitory interneuron

1 General Organisation of Spinal Cord Neurons and Circuits
That Are Involved in Pain Processing

In order to understand plastic changes in spinal cord inhibitory mechanisms that can
occur during chronic pain states, it is helpful to have a basic knowledge of the
circuits that process sensory information in the dorsal horn. Four neuronal
components contribute to these circuits: (1) primary afferent axons, (2) projection
neurons (cells with axons that travel directly to the brain), (3) interneurons (which
can be defined as those neurons with axons that remain within the spinal cord) and
(4) axons that descend from the brain.

This chapter therefore begins with a very brief overview of the neuronal
components and circuits that are involved in pain processing, with particular
emphasis on inhibitory interneurons and their connections. Based on neuronal
size and packing density, the dorsal horn can be divided into a series of 6 parallel
laminae (Rexed 1952). This account is largely restricted to laminae I-III, since we
know considerably more about the neuronal organisation in this region, and it
includes the main termination zone for nociceptive primary afferents.

Loss of inhibition in the dorsal horn is thought to contribute to the symptoms and
signs of the neuropathic pain that follows nerve injury, and the main part of the
chapter will review the various mechanisms that have been proposed to explain this
phenomenon.

1.1 Primary Afferents

Primary afferent axons provide sensory input from peripheral tissues and organs
and respond to a range of stimulus modalities. They are classified according to their
diameter and whether or not they are myelinated. In general, the larger myelinated
(Ap) afferents convey innocuous (tactile and proprioceptive) mechanical informa-
tion, while most fine myelinated (Ad) and unmyelinated (C) fibres function as
thermoreceptors or nociceptors. Their central projections are arranged in a very
specific way, with Ad and C fibres arborising mainly in the superficial dorsal horn
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(laminae I and II of Rexed), while Ap tactile afferents terminate in the deeper
laminae (I1I-V).

Nociceptive unmyelinated afferents can be divided into two broad groups, based
on their neurochemical properties. One group consists of axons that contain
neuropeptides, such as calcitonin gene-related peptide (CGRP), substance P and
galanin. In the rat, CGRP appears to be present in all of these afferents, and since
they are the only source of the peptide in the dorsal horn, CGRP is a convenient
marker for their central terminals. Axons in the other major class lack
neuropeptides and can be identified by their ability to bind the plant lectin IB4
and by their expression of Mas-related G protein-coupled receptor D (Mrgd) (Zylka
et al. 2005; Todd and Koerber 2012). These two classes of afferent differ in both
their central and peripheral terminations. Peptidergic nociceptors innervate most
tissues of the body and project mainly to lamina I and the outer part of lamina II
(o). In contrast, the non-peptidergic (Mrgd*) C fibres innervate the skin and
project to a region that overlaps the inner and outer parts of lamina II.

Two types of myelinated nociceptors have been identified. One group projects to
lamina I, with limited extension into lamina Ilo, and at least some of these can be
identified in anatomical studies by their ability to transport cholera toxin B subunit
(CTb) that has been injected into a peripheral nerve. The other class projects
diffusely to the whole of laminae I-V, and these afferents are not labelled by
transganglionic transport of CTb (Light et al. 1979; Woodbury and Koerber 2003).

1.2 Projection Neurons

Projection neurons are concentrated in lamina I, virtually absent from lamina II and
scattered through the deeper laminae (III-VI). Many of these cells have axons that
cross the midline and ascend in the ventrolateral white matter forming the
anterolateral tract (ALT). The targets of this tract include the thalamus,
periaqueductal grey matter, lateral parabrachial area and several medullary nuclei.
Most (if not all) of these cells have axons that project to more than one of these
regions.

The majority of ALT projection neurons in lamina I, together with a distinctive
population of those in lamina III, express the neurokinin 1 receptor (NK1r), which
is a target for substance P (Todd 2010). Among the lamina I ALT neurons that lack
the NK1r, we have identified a population of giant cells, which can be recognised
because of the very high density of excitatory and inhibitory synapses that coat their
cell bodies and dendrites. While the dendrites of lamina I projection neurons remain
within the lamina, those of the lamina III ALT cells have a more widespread
distribution, and these cells give rise to prominent dorsally directed dendrites that
penetrate the superficial laminae. Virtually all of these projection neurons respond
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to noxious stimulation (Bester et al. 2000; Polgar et al. 2007), and they presumably
provide a major source of nociceptive input to the brain.

1.3 Interneurons

The great majority of the neurons in laminae I-III have axons that remain in the
spinal cord and are therefore defined as interneurons. It is thought that all of these
cells give rise to locally arborising axons, while a significant proportion also have
long intersegmental axonal projections. It is clear that there is a diverse array of
interneuron types, each of which is likely to have specific functions (Graham
et al. 2007; Todd 2010; Zeilhofer et al. 2012). There have therefore been numerous
attempts to classify the interneurons into discrete populations, based on a variety of
morphological, electrophysiological, neurochemical and/or developmental criteria.
A fundamental distinction can be made between inhibitory interneurons, which use
GABA and/or glycine, and excitatory (glutamatergic) interneurons.

1.3.1 Inhibitory Interneurons

The inhibitory cells can be recognised with antibodies against GABA or glycine
and account for around one-third of all neurons in laminae I-II and 40 % of those in
lamina IIT (Polgar et al. 2003, 2013a) (Fig. 1). Since projection neurons in the dorsal
horn are glutamatergic, it is generally assumed that all of these inhibitory cells are
interneurons. Within laminae I-1II, virtually all neurons that show high levels of
glycine are also GABA-immunoreactive, and this suggests that inhibitory
interneurons in this region are all GABAergic, with some using glycine as a
co-transmitter (Todd 2010). However, electrophysiological studies have suggested
that most inhibitory synapses in this region use one or other transmitter, and it is
likely that this results from differential distribution of the corresponding receptors
at these synapses (Zeilhofer et al. 2012).

Interneurons in lamina II have been studied most extensively and have been
divided into four main morphological classes: islet, central, vertical and radial cells
(Grudt and Perl 2002; Yasaka et al. 2007). However, even in this lamina, not all
cells can be assigned to one of these classes, and the relationship between morphol-
ogy and neurotransmitter type is not entirely straightforward. A correlative electro-
physiological and anatomical study of ~60 lamina II neurons showed that all islet
cells (which are defined by their highly elongated rostrocaudal dendritic trees) were
inhibitory but that the remaining inhibitory interneurons did not show any charac-
teristic morphological properties (Yasaka et al. 2010).

An alternative approach to classifying the inhibitory interneurons has been to use
neurochemical markers. In this way, we have identified four nonoverlapping
populations of inhibitory cells in laminae I-III of the rat, based on expression of
neuropeptide Y (NPY), galanin, neuronal nitric oxide synthase (nNOS) or
parvalbumin (Tiong et al. 2011). Between them, these cells account for over half
of the inhibitory interneurons in laminae I-II and a smaller proportion of those in
lamina III. The parvalbumin cells correspond to some of the lamina II islet cells
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ipsilateral contralateral

Fig. 1 Immunostaining for GABA in a semithin (0.5 pm) section from the L4 segment of a rat that
had undergone chronic constriction injury of the left sciatic nerve 2 weeks previously. Panel (a)
shows a low magnification view through the dorsal horn on both sides, while panels (b) and (c)
show higher magnification views of the medial parts of the ipsilateral and contralateral dorsal
horns, respectively. Numerous immunoreactive and non-immunoreactive cell bodies can be seen
in the dorsal horn on each side, and there is no detectable difference between the two sides.
Stereological analysis showed that the proportion of cells in each of laminae I, I and III that were
GABA-immunoreactive did not differ between ipsilateral and contralateral sides and did not differ
from that seen in naive or sham-operated animals. Scale bars: a=200 pm; b, ¢=50 pm.
Reproduced with permission from Polgar et al. (2003)

(and have similar morphology in lamina III), while the other three neurochemical
types are not islet cells and are morphologically heterogeneous (AJ Todd, N
Iwagaki and RP Ganley, unpublished data).

There are several mouse lines in which subsets of inhibitory interneurons
express green fluorescent protein (GFP), and these have been used to investigate
the functions of these cells. These include the GIN mouse (Oliva et al. 2000), in
which around one-third of GABAergic neurons in lamina II express GFP; the
PrP-GFP mouse (Hantman et al. 2004), in which GFP labels a subset of the
nNOS- and galanin-containing GABAergic neurons (Iwagaki et al. 2013); and the
GlyT2-EGFP mouse, in which glycinergic neurons are labelled.

1.3.2 Excitatory Interneurons
All of the neurons that are not projection cells and lack GABA and glycine-
immunoreactivity are thought to be glutamatergic (excitatory) interneurons, and
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these account for 60—70 % of the neuronal population in laminae I-III. Initially, it
was difficult to be certain of their neurotransmitter phenotype, but this can now be
confirmed by their expression of vesicular glutamate transporter 2 (VGLUT2)
(Maxwell et al. 2007; Schneider and Walker 2007; Yasaka et al. 2010). Some of
these cells belong to the vertical or radial classes, but many cannot be assigned to
any morphological class. Although there are several neurochemical markers
(e.g. certain neuropeptides, the calcium-binding proteins calbindin and calretinin,
protein kinase Cy) that are largely restricted to excitatory interneurons, little is yet
known about whether these represent discrete functional populations (Todd 2010).

1.4 Descending Pathways

The main descending projections from the brain are the monoaminergic systems,
which originate in the raphe nuclei of the medulla (serotonergic) and the locus
coeruleus and adjacent regions of the pons (norepinephrinergic). However, there is
also a GABAergic/glycinergic projection from the ventromedial medulla that
arborises throughout the dorsal horn (Antal et al. 1996).

1.5 What We Know About Synaptic/Neuronal Circuits
in the Dorsal Horn

Although our knowledge concerning the spinal cord circuits that process somato-
sensory information is still extremely limited, there has been some progress in
identifying specific pathways (Fig. 2). It is likely that most (if not all) dorsal horn
neurons receive glutamatergic synapses from both primary afferents and excitatory
interneurons, as well as GABAergic, glycinergic or mixed synapses from local
inhibitory interneurons. However, there is emerging evidence that these are
organised in a selective way, with certain types of primary afferent and interneuron
preferentially innervating specific types of dorsal horn neuron (Todd 2010). The
inhibitory synapses described above are formed by the axons of inhibitory
interneurons and the dendrites or cell bodies of other neurons (axodendritic or
axosomatic synapses), and these underlie postsynaptic inhibition, which is the
major form of inhibition in the dorsal horn. However, some GABAergic axon
terminals form synapses onto primary afferent axons (axoaxonic synapses), and
these generate presynaptic inhibition, which can control specific types of sensory
input. In addition, there are dendrodendritic (and dendroaxonic) synapses, in which
the presynaptic element is the dendrite of a local GAB Aergic neuron. The functions
of these synapses are not well understood.

As stated above, the majority of ALT projection neurons in laminae I and III
express the NK1r. These cells are densely innervated by substance P-containing
primary afferent nociceptors, which provide around half of the glutamatergic
synapses on their cell bodies and dendrites (Polgar et al. 2010; Baseer
etal. 2012). This generates a powerful input and is likely to underlie the nociceptive
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giant cell

Fig. 2 A diagram illustrating some of the synaptic connections that have been identified in
laminae I-1II of the rodent dorsal horn. Three anterolateral tract projection neurons are indicated:
a lamina I giant cell and projection neurons (PN) in laminae I and III that express the neurokinin
1 receptor (NK1r). Both lamina I and lamina III NK 1r-expressing cells receive numerous synapses
from peptidergic primary afferents that contain substance P (SP). The NK1r-expressing lamina I
PN receives excitatory synapses from glutamatergic (GLU) vertical cells in lamina II, which are
thought to be innervated by A3 nociceptors (A", non-peptidergic C fibre nociceptors (CM"%)
and myelinated low-threshold mechanoreceptors (LTMR). The myelinated LTMRs also innervate
GABAergic islet cells that contain parvalbumin (PV), and they receive axoaxonic synapses from
the PV cells. The lamina III PNs are selectively innervated by two distinct classes of interneuron:
inhibitory cells that express neuropeptide Y (NPY) and excitatory (glutamatergic) cells that
express dynorphin. The giant lamina I projection neurons appear to receive little or no direct
primary afferent input but are densely innervated by excitatory and inhibitory interneurons. Many
of the latter contain neuronal nitric oxide synthase (nNOS). For further details, see text

responses of these cells. The remaining glutamatergic synapses on the projection
neurons are presumably derived mainly from excitatory interneurons, and these are
thought to include the vertical cells in lamina II (Lu and Perl 2005; Cordero-
Erausquin et al. 2009). One of the functions of the excitatory interneurons that
innervate lamina I projection neuron is to provide polysynaptic input from Af
low-threshold mechanoreceptors (LTMRs). This contributes low-threshold
components to the receptive fields of some of the projection cells (Bester
et al. 2000; Andrew 2009), and loss of inhibition is thought to strengthen this
indirect low-threshold pathway, leading to tactile allodynia in chronic pain states
(Torsney and MacDermott 2006; Keller et al. 2007; Lu et al. 2013) (see below). We
have recently found that lamina II vertical cells receive numerous contacts from
myelinated LTMRs, which suggests that they may provide a disynaptic link
between these afferents and lamina I ALT neurons (Yasaka et al 2014).
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Fig. 3 Selective innervation of projection neurons by different types of inhibitory interneuron.
Panels (a, b) show part of a parasagittal section of rat dorsal horn scanned to reveal the neurokinin
1 receptor (NK1) and neuropeptide Y (NPY). (a) The cell body and dorsal dendrite of a large NK1
receptor-immunoreactive lamina III projection neuron are visible. (b) NPY-containing axons,
which are derived from local inhibitory interneurons, form a plexus in laminae I and II, and
there is a dense cluster of these axons that contact the projection neuron. Arrows indicate
corresponding locations in the two images. Panels (¢, d) show part of a horizontal section through
lamina I stained for the inhibitory synapse-associated protein gephyrin and the neuronal form of
nitric oxide synthase (NOS). Gephyrin puncta (corresponding to inhibitory synapses) are scattered
throughout lamina I and outline giant projection cells, one of which is seen here. The neuron is
surrounded by numerous NOS-containing axons, again derived from local inhibitory interneurons.
Scale bar =50 pm for all parts (Parts a and b modified from Polgar et al. (1999), with permission
from the Society of Neuroscience; parts ¢ and d modified from Puskar et al. (2001), with
permission from Elsevier)

Unlike the NKlr-expressing projection neurons, the giant cells in lamina I
apparently receive little or no primary afferent input, but these cells also respond
to noxious stimuli, which are probably transmitted by polysynaptic pathways
involving excitatory interneurons (Polgar et al. 2008).

There is evidence that different classes of ALT projection neuron are selectively
innervated by specific populations of interneurons. For example, the large lamina
IIT ALT neurons with prominent dorsal dendrites receive around one-third of their
inhibitory synapses from NPY-containing GABAergic interneurons, whereas NPY
is present in between 5 and 15 % of all GABAergic axons in laminae I-III (Polgar
et al. 2011) (Fig. 3). These inhibitory inputs are apparently derived from a small
subset of NPY-containing inhibitory interneurons, as both the size of the boutons
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and the intensity of NPY-immunoreactivity are considerably higher than those in
the general population of NPY axons. In addition, the lamina IIT ALT neurons are
also targeted by excitatory interneurons that express the opioid peptide dynorphin
(Baseer et al. 2012). The giant cells in lamina I are also selectively innervated by
inhibitory interneurons but this time by GABAergic cells that contain nNOS
(Puskar et al. 2001). At present, less is known about the inhibitory inputs to the
NKI1r* lamina I ALT neurons, although we have found that in the mouse, some of
these cells are also innervated by nNOS-containing GABAergic axons (N Baseer
and AJ Todd, unpublished data).

It is likely that presynaptic inhibitory circuits are also arranged in a highly
selective way. Peptidergic primary afferents receive few axoaxonic synapses,
whereas these are found in moderate numbers on non-peptidergic nociceptors and
are frequently associated with myelinated LTMRs. The axons that form synapses
with the non-peptidergic nociceptors are enriched with GABA but not glycine,
while those associated with Ad D-hair afferents contain high levels of both GABA
and glycine, indicating that they originate from different populations of inhibitory
interneurons (Todd 1996). It has recently been shown that the parvalbumin-
containing interneurons selectively innervate myelinated LTMRs (Hughes
et al. 2012), since three-quarters of parvalbumin-immunoreactive axons in the
inner part of lamina II (Ili) formed axoaxonic synapses on the central terminals
of type II synaptic glomeruli (Ribeiro-da-Silva and Coimbra 1982), which are
thought to be derived from A8 D-hair afferents. It is not yet known which cells
are responsible for presynaptic inhibition of the non-peptidergic C nociceptors.

1.6 Normal Function of Inhibitory Mechanisms

Inhibitory interneurons in the dorsal horn are thought to perform several different
functions. For example, Sandkuhler (2009) has identified four specific mechanisms
that are involved in the control of pain: (1) attenuation of the nociceptive inputs to
dorsal horn neurons to achieve an appropriate level of activation in response to
painful stimuli; (2) muting, to prevent spontaneous activity in neurons (including
projection cells) that are driven by nociceptors; (3) separating different modalities,
in order to prevent crosstalk that might lead to allodynia; and (4) limiting the spatial
spread of sensory inputs, in order to restrict sensation to somatotopically appropri-
ate body regions. Failure of each of these mechanisms would be expected to lead to
the various symptoms that are seen in chronic pain states: hyperalgesia, spontane-
ous pain, allodynia and radiating/referred pain, respectively. Additional roles
include the inhibition of itch, in response to counter-stimuli such as scratching
(Davidson et al. 2009; Ross et al. 2010; Akiyama et al. 2011), and the sharpening of
tactile acuity, by surround inhibition of LTMR afferents.

Since there are apparently many different populations of inhibitory interneurons
in the dorsal horn, it is not likely that each of these functions is performed by a
single population. However, different interneuron populations probably have a
specific range of functions. For example, since many nNOS- and NPY-containing
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GABAergic neurons respond to noxious stimuli (Polgar et al. 2013b), those that
innervate projection neurons in laminae I and III are likely to have a role in
attenuating nociceptive inputs. In contrast, the parvalbumin interneurons, which
generate presynaptic inhibition of myelinated LTMR inputs, may be involved in
maintaining tactile acuity and preventing tactile allodynia (Hughes et al. 2012).
Mice lacking the transcription factor BhlhbS show exaggerated itch that is
associated with loss of inhibitory interneurons from the dorsal horn (Ross
et al. 2010). We have recently found that there is a highly selective loss of
nNOS- and galanin-containing inhibitory interneurons from these mice, which
suggests that one or both of these populations is responsible for scratch-mediated
inhibition of itch (Kardon et al 2014).

2 Plasticity of Inhibition in Neuropathic Pain States

Peripheral nerve injuries frequently give rise to neuropathic pain, which is
characterised by spontaneous pain, allodynia and hyperalgesia. There are two
lines of evidence to suggest that loss of inhibition in the spinal dorsal horn
contributes to neuropathic pain. Firstly, suppressing inhibition by intrathecal
administration of antagonists acting at GABA, or glycine receptors produces
signs of tactile allodynia and hyperalgesia, which resemble those seen after nerve
injury (Yaksh 1989; Sivilotti and Woolf 1994; Miraucourt et al. 2007; Lu
et al. 2013). Secondly, a few studies have provided direct evidence for a loss of
inhibitory synaptic transmission, by showing reduced inhibitory postsynaptic
currents or potentials (IPSCs, IPSPs) after nerve injury (Moore et al. 2002; Scholz
et al. 2005; Yowtak et al. 2011; Lu et al. 2013) (see below).

2.1 Animal Models of Neuropathic Pain

Before discussing the evidence for plasticity of inhibition in neuropathic pain, it is
first necessary to give a brief account of the animal models that have been used to
investigate this issue. Complete transection of a peripheral nerve in humans gener-
ally leads to an area of anaesthesia, whereas partial nerve injuries are more likely to
give rise to symptoms and signs of neuropathic pain. Based on this observation,
several partial nerve injury models have been developed in rodents, and some of the
most commonly used ones will be mentioned here. Bennett and Xie (1988) reported
that loose ligation of the sciatic nerve led to oedema and subsequent self-
strangulation of the nerve, similar to an entrapment neuropathy. Animals that
have undergone this procedure, which is known as chronic constriction injury
(CCI), gradually develop thermal and mechanical hyperalgesia, together with
tactile allodynia. These are maximal at ~2 weeks after surgery and last for around
2 months (Attal et al. 1990). A disadvantage of the method is the potential
variability that results from unavoidable differences in the tightness of the ligatures,
and application of a polyethylene cuff around the nerve has therefore been used as
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an alternative. Kim and Chung (1992) developed the spinal nerve ligation (SNL)
model, which involves tight ligation of the L5 (and optionally the L6) spinal
nerve(s). This leads to a rapid and long-lasting tactile allodynia and thermal
hyperalgesia. Another technique, spared nerve injury (SNI), involves tight liga-
tion of two of the three major branches of the sciatic nerve (tibial and common
peroneal), leaving the remaining branch (sural) intact, and results in a rapid onset of
tactile allodynia, with cold allodynia and a moderate degree of heat hyperalgesia
(Decosterd and Woolf 2000).

2.2 Reduced Inhibitory Synaptic Transmission in Neuropathic
Pain States

Electrical stimulation of dorsal roots in spinal cord slice preparations normally
evokes (polysynaptic) IPSCs in dorsal horn neurons, due to activation of inhibitory
interneurons that are presynaptic to the recorded cell. Moore et al. (2002) reported
that the proportion of lamina II neurons showing these evoked IPSCs (eIPSCs) was
reduced in CCI and SNI models but was unchanged in slices from rats that had
undergone complete transection of the sciatic nerve (when compared to slices from
unoperated animals). In addition, the amplitude and duration of eIPSCs was
reduced in both CCI and SNI models. There was also a reduction in the frequency
of miniature IPSCs (mIPSCs; i.e. those recorded in the presence of tetrodotoxin to
block synaptic activity) in both neuropathic pain models. Similar results were
reported by the same group in a subsequent study (Scholz et al. 2005), while
Yowtak et al. (2011) found a reduction in mIPSC frequency (but not amplitude)
in the SNL model.

The reduced frequency of mIPSCs indicates a presynaptic mechanism involving
the inhibitory interneurons, and this is consistent with immunocytochemical evi-
dence that there is no reduction of GABA receptors in the superficial dorsal horn
(Moore et al. 2002; Polgar and Todd 2008). Although it has been reported that there
is a loss of GABAg receptors from the L5 dorsal root ganglion after SNL (Engle
et al. 2012), this would have no effect on IPSCs in the dorsal horn.

2.3 Possible Mechanisms for Reduced Inhibition Following
Peripheral Nerve Injury

Several different mechanisms have been proposed to explain loss of inhibition in
the superficial dorsal horn after nerve injury. Some of these are consistent with the
reduced mIPSC frequency, for example, death of inhibitory interneurons and
reduced neurotransmitter release. Other mechanisms that have been suggested
would not account for the change in mIPSCs, although these could still contribute
to neuropathic pain. These will be discussed in the following sections.
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2.3.1 Loss of Inhibitory Interneurons

One mechanism that could result in loss of inhibition would be death of inhibitory
interneurons, and numerous studies have addressed this issue. There has been
considerable controversy over whether or not there is significant neuronal death
in the dorsal horn after peripheral nerve injury and, if so, whether this affects
inhibitory interneurons. Three approaches have been used to investigate these
questions: (1) detection of apoptotic cell death, (2) assessment of the number of
neurons in each lamina after nerve injury and (3) analysis of the numbers of
GABAergic neurons, by using immunocytochemistry, in situ hybridisation for
glutamate decarboxylase (GAD, the enzyme that synthesises GABA) or mouse
lines in which these GAB Aergic neurons express GFP. It should be noted that there
are two isoforms of GAD, named from their molecular weights: GAD65 and
GADG67, and both of these are present in the dorsal horn (Mackie et al. 2003).

Several studies have reported apoptosis in the dorsal horn following peripheral
nerve injury, based on staining with the terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labelling (TUNEL) method (Kawamura
et al. 1997; Azkue et al. 1998; Whiteside and Munglani 2001; Moore et al. 2002;
Polgar et al. 2005; Scholz et al. 2005) or detection of the activated form of caspase-
3 (Scholz et al. 2005), which is thought to lead to inevitable apoptotic cell death. In
some of these studies, no attempt was made to identify whether the apoptotic nuclei
belonged to neurons, but Azkue et al. (1998) concluded that TUNEL-positive cells
were neuronal, based on expression of a cytoskeletal marker, while Moore
et al. (2002) reported that 10 % of them were immunoreactive for the neuronal
marker NeuN. In addition, Scholz et al. (2005) observed extensive co-localisation
of activated caspase-3 and NeuN after SNI. Polgar et al. (2005) also looked for
evidence of neuronal apoptosis in the SNI model but found that although there were
numerous TUNEL-positive cells in the ipsilateral dorsal horn, these were virtually
all associated with the calcium-binding protein Iba-1, a marker for microglia. They
also found no coexistence between NeuN and either TUNEL staining or activated
caspase-3 in the SNI model, despite the fact that NeuN co-localised with both these
markers in the developing olfactory bulb, where neuronal apoptosis is known to
occur. This indicates that failure to detect coexistence in the spinal cord was
unlikely to result from early loss of NeuN, making neurons undetectable. Polgar
et al. (2005) also observed that while TUNEL-positive nuclei were present in the
ipsilateral dorsal horn, they were also found in relatively large numbers in the
adjacent white matter, including the dorsal columns, where neurons are seldom
present.

There has also been disagreement as to whether the numbers of neurons in the
dorsal horn are altered after nerve injury. Scholz et al. (2005) observed a ~20 % loss
of neurons from laminae I to III 4 weeks after SNI, whereas two other studies
observed no loss of neurons from this region in either the SNI or CCI models
(Polgar et al. 2004, 2005). All of these studies used stereological methods to assess
the packing density of NeuN-immunoreactive profiles, and it is therefore difficult to
explain the discrepancy.
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There has also been considerable controversy over whether the numbers of
GABAergic neurons are reduced after peripheral nerve injury. Two early studies
reported a dramatic (~80-100 %) loss of GABA-immunostaining after CCI (Ibuki
et al. 1997; Eaton et al. 1998). Surprisingly, both of these studies also observed a
substantial loss of GABA on the contralateral side, even though signs of neuro-
pathic pain are generally not present on this side. Scholz et al. (2005) reported a
25 % reduction in the number of cells with GAD67 mRNA after SNI, although this
is not consistent with the earlier report from this group that GAD67 protein and
mRNA levels were not altered in this model (Moore et al. 2002). In complete
contrast, Polgar et al. (2003) found no alteration in immunostaining for either
GABA (Fig. 1) or glycine in the ipsilateral or contralateral dorsal horn of animals
that had undergone CCI and which showed clear signs of thermal hyperalgesia.
Specifically, the proportions of neurons that were GABA- and/or glycine-
immunoreactive on either side of CCI rats did not differ from those in naive
animals. Again, this discrepancy is difficult to interpret. However, immunocyto-
chemistry for the amino acids is technically challenging, requiring rapid and
efficient fixation with a relatively high concentration of glutaraldehyde. Technical
issues associated with retention of GABA are likely to underlie the differences
between the immunocytochemical studies.

A recent study by Yowtak et al. (2013) examined the effects of SNL on the GIN
mouse (see above) and reported a reduction of ~30 % in the number of GFP* cells in
the lateral part of lamina II in the L5 segment. Since around a third of GABAergic
cells are GFP" in this line (Heinke et al. 2004), they interpreted this result as
indicating a loss of GABAergic neurons. However, it is possible that this reflects
downregulation of GFP, rather than cell loss. In addition, the significance of this
finding is difficult to interpret, since the signs of neuropathic pain in the SNL model
depend on inputs from the intact L4 spinal nerve (Todd 2012), which does not
innervate the lateral part of the L5 segment (Shehab et al. 2008).

Taken together, these studies indicate that there is a great deal of controversy
over whether there is any neuronal loss after peripheral nerve injury and, if so,
whether this involves inhibitory interneurons. Importantly, in the studies that found
no neuronal apoptosis or loss of GABAergic neurons, there were clear signs of
neuropathic pain (Polgar et al. 2003, 2004, 2005), similar to those found in the
original reports of these models. This strongly suggests that loss of GABAergic
neurons is not required for the development of neuropathic pain after nerve injury.

2.3.2 Depletion of Transmitter from the Axons of GABAergic Neurons
An alternative explanation for loss of inhibitory function is that the GABAergic
neurons in the affected dorsal horn have lower levels of GABA (e.g. due to
decreased synthesis), leading to reduced transmitter release. In support of this
suggestion, Moore et al. (2002), who used both immunocytochemistry and Western
blots, reported a 2040 % depletion of GAD65, but no change in the levels of
GADG67, after CCI and SNI.

Polgar and Todd (2008) looked for direct evidence of transmitter depletion in
GABAergic axon terminals in lamina II, by quantifying post-embedding
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immunogold labelling for GABA with electron microscopy, in rats that had
undergone SNI. In order to identify GABAergic boutons, they used
pre-embedding immunocytochemistry with antibody against the f3 subunit of the
GABA 4 receptor, which showed no change after the nerve injury. Because absolute
values of immunogold labelling vary from section to section, they compared
GABAergic boutons (i.e. those presynaptic at a GABA," synapse) on the sides
ipsilateral and contralateral to the nerve injury and found that there was no
difference in the density of immunogold labelling for GABA between boutons on
the two sides. They also found no change in the level of immunostaining for the
vesicular GABA transporter (VGAT), which suggests that there was no loss of
GABAergic axons in this model.

The available evidence therefore suggests that while GAD65 may be depleted,
this does not lead to a significant reduction in the amount of GABA in inhibitory
boutons.

2.3.3 Reduced Excitation of Inhibitory Interneurons

One potential mechanism that has received relatively little attention until recently is
reduced activation of inhibitory interneurons, either due to changes in their intrinsic
properties or due to diminished excitatory drive. Schoffnegger et al. (2006) reported
that the passive and active membrane properties, as well as the firing patterns, of
GFP-labelled neurons in the GIN mouse were similar in animals that had undergone
CCI or a sham operation. They also found that while the proportion of GFP neurons
receiving monosynaptic primary afferent input was slightly lower following CCI,
the pattern of input from different types of afferent was similar, when compared to
mice that had undergone sham operation.

Recently, Leitner et al. (2013) reported that the frequency of miniature excit-
atory postsynaptic currents (EPSCs) recorded from GFP cells in this mouse line was
significantly lower in animals that had undergone CCI, compared to sham-operated
animals, indicating a reduced excitatory drive to this subset of GABAergic neurons.
They proposed that this was due to reduced release probability at excitatory
synapses, rather than due to a reduction in the number of excitatory synapses that
the cells received. This conclusion was based on three lines of analysis: (1) the
number of dendritic spines (which are sites for excitatory synapses);
(2) immunostaining for GAD67, PSD-95 and synaptophysin; and (3) assessment
of paired-pulse ratios (PPRs). No change was detected in the number of dendritic
spines following CCI, and this was taken as evidence against loss of excitatory
synapses. However, dendritic spines are likely to account for only part of the
excitatory synaptic input to lamina II neurons, as many of these cells have few
such spines. In addition, the number of spines varies enormously between neurons,
making it difficult to detect subtle changes. Immunostaining revealed no change in
the number of contacts between PSD-95 puncta and GAD67-immunoreactive
profiles. However, GAD67 is not present at detectable levels in cell bodies or
dendrites of GABAergic neurons in lamina II, and it is therefore difficult to interpret
this finding. Specifically, the PSD-95 puncta adjacent to GAD67-immunoreactive
profiles would not represent excitatory synapses onto GABAergic neurons. There
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was a significant increase in PPR for monosynaptic Ad and C inputs following CClI,
and this provides evidence of a reduced release probability at synapses formed by
these afferents. Leittner et al. also found direct evidence for a reduced nociceptive
drive to inhibitory interneurons following CCI, since the percentage of GFP cells
that expressed the transcription factor Fos (a marker for neuronal activation) after
noxious heat stimulation was significantly reduced.

These findings are of considerable interest, as they suggest that reduced afferent
input to inhibitory interneurons may underlie the loss of inhibition after peripheral
nerve injury. The results of Leittner et al. clearly suggest that reduced release
probability at excitatory synapses on inhibitory interneurons contributes to this
phenomenon. However, a loss of excitatory synapses should not be ruled out for the
reasons outlined above. In addition, it is thought that there is a substantial loss of the
central terminals of non-peptidergic C nociceptors following nerve injury (Castro-
Lopes et al. 1990; Molander et al. 1996), and the postsynaptic targets of these
afferents are known to include the dendrites of local inhibitory interneurons (Todd
1996). It is therefore very likely that there is some loss of primary afferent synapses
on these cells.

2.3.4 Reduced Effectiveness of Inhibitory Transmission

An alternative mechanism involving an altered postsynaptic effect of GABA and
glycine has been proposed by Coull et al. (2003), who reported that the potassium-
chloride co-transporter KCC2 was downregulated in lamina I neurons, leading to a
dramatic rise in intracellular chloride ion concentrations. This meant that opening
of GABA, and glycine receptors caused a smaller hyperpolarisation than normal,
and this could even reverse to a depolarisation. These authors subsequently
provided evidence that brain-derived neurotrophic factor (BDNF) released from
activated microglia was responsible for the alteration in KCC2 and, therefore, the
reduced effectiveness of inhibitory neurotransmitters (Coull et al. 2005).

While this is an attractive hypothesis, there are some reasons for caution in
accepting that alterations in KCC2 expression contribute to neuropathic pain.
Firstly, intrathecal administration of GABA, agonists can reverse thermal
hyperalgesia and tactile allodynia in rats that have undergone SNL (Hwang and
Yaksh 1997; Malan et al. 2002), indicating that GABA retains an anti-nociceptive
role in neuropathic pain states. Secondly, the proposed alteration in the reversal
potential for chloride would not explain the reduction of mIPSC frequency that has
been reported after peripheral nerve injury (Moore et al. 2002; Scholz et al. 2005;
Yowtak et al. 2011).

2.3.5 Role of Glycinergic Circuits

While many of the studies described above have concentrated on loss of
GABAergic function, there is also evidence that disrupted glycinergic transmission
could contribute to tactile allodynia in neuropathic pain states. Miraucourt
et al. (2007) demonstrated that blocking glycine receptors in the spinal trigeminal
nucleus leads to a form of dynamic allodynia and can result in brush-evoked
activation of presumed nociceptive neurons in lamina I. This mechanism appears
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to involve PKCy-expressing excitatory interneurons in lamina Ili, which are
directly activated by myelinated LTMRs (Peirs et al. 2014). Lu et al. (2013) have
recently provided evidence to suggest that there is a polysynaptic pathway involv-
ing PKCy™ interneurons and two other classes of excitatory interneuron (transient
central cells and vertical cells) that link AB LTMRs with lamina I projection
neurons. They proposed that feedforward inhibition from glycinergic lamina III
neurons to the PKCy interneurons normally reduced their responses to AP activa-
tion and prevented transmission through this pathway. The inhibitory synaptic
connection between glycinergic lamina III cells and PKCy interneurons was weak-
ened after SNL, and this allowed tactile information to reach lamina I cells.
However, while this effect was seen in slices from the L5 segment, it was not
observed in those from L4. This suggests that the disinhibition only affects inputs
from damaged primary afferents (i.e. those in the L5 root). Since the sensory inputs
that are perceived as painful in the SNL model are transmitted by the intact L4
spinal nerve, it is not clear how this mechanism could contribute to the allodynia
seen in this model.

3 Conclusions

The studies described above demonstrate that there is a wealth of information
concerning spinal inhibitory mechanisms in various neuropathic pain states, much
of it contradictory. Therefore, despite over 20 years of investigation into the
mechanisms that underlie neuropathic pain, there are still many questions that
remain to be answered. Although it seems likely that loss of inhibition in the dorsal
horn plays a major role, we still do not know precisely how important this is for the
different symptoms that occur in neuropathic pain states.

An important recent finding is that there are several distinct populations of
inhibitory interneuron, which are likely to perform specific functions. It is very
likely that these populations are differentially affected by peripheral nerve injury.
Future studies will need to investigate the roles of these populations in controlling
different aspects of somatic sensation and the involvement of each of these
populations in different forms of neuropathic pain.
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Abstract

The central nervous system, and the spinal cord in particular, is involved in
multiple mechanisms that influence peripheral inflammation. Both pro- and anti-
inflammatory feedback loops can involve just the peripheral nerves and spinal
cord or can also include more complex, supraspinal structures such as the vagal
nuclei and the hypothalamic-pituitary axis. Analysis is complicated by the fact
that inflammation encompasses a constellation of end points from simple edema
to changes in immune cell infiltration and pathology. Whether or not any of these
individual elements is altered by any potential mechanism is determined by a
complex algorithm including, but not limited to, chronicity of the inflammation,
tissue type, instigating stimulus, and state/tone of the immune system. Accord-
ingly, the pharmacology and anatomical substrate of spinal cord modulation of
peripheral inflammation are discussed with regard to peripheral tissue type,
inflammatory insult (initiating stimulus), and duration of the inflammation.
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Inflammation, much like acute pain, can be thought of as a series of protective
measures in the face of tissue-damaging stimuli such as pathogens and irritants, as
well as debris and by-products from damaged cells. Acute inflammation is primar-
ily a response of the vasculature in conjunction with the innate immune system;
together they form the inflammatory response. This manifests clinically as the
traditional cardinal signs of inflammation: rubor and calor, redness and heat due
to increased blood flow and vasodilation; tumor, edema secondary to plasma
extravasation; and dolor, pain as a result of nociceptor stimulation and loss of
function. The sequential infiltration of immuno-active cells (neutrophils,
macrophages, etc.) is an integral part of inflammation and, through release of
pro-inflammatory and chemotactic agents, contributes mightily to the process.
Lastly, there are longer-term changes specific to tissue type, such as bone reabsorp-
tion and joint remodeling that must also be considered part of the inflammatory
disease. There is no doubt that the central nervous system is involved in several
positive and negative feedback loops that influence the manifestation of these
elements individually or collectively; the tone, sign, and impact of any particular
neural influence can vary depending on differences in the severity and stage of the
inflammatory disease. Accordingly, this discussion of spinal cord modulation of
peripheral inflammation will be broken down both by tissue type, inflammatory
model (initiating stimulus), and duration of the inflammation.

Following section of the innervating nerve, capsaicin-induced increases in
cutaneous blood flow (flare) were greatly ameliorated compared to the control
condition (Lin et al. 1999). Rhizotomy of lumbar sensory roots is fundamentally
different than nerve section in that it maintains connectivity between the dorsal root
ganglia (DRG) and the peripheral terminals, and thus, the peripheral terminals
remain intact and sympathetic efferent fibers are also spared. After rhizotomy,
induced increases in cutaneous blood flow and paw thickness are also reduced in
comparison to the intact animal (Lin et al. 1999) stressing that the central connec-
tion to the spinal cord is of prime importance (Fig. 1). Thus, complete manifestation
of inflammation requires a connection to the spinal cord via the dorsal root to
enhance this release. Local production of pro-inflammatory cytokines and the
resultant infiltration of immune cells can further enhance this process.
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Fig. 1 Transection of the dorsal root, e.g., rhizotomy, separates the spinal cord from the DRG. All
central terminals of sensory afferent fibers degenerate; peripheral terminals and sympathetic
efferent fibers remain intact. Relationships and interactions between the sympathetic and somatic
peripheral terminals are unchanged. Intrathecal capsaicin has a similar effect, but the central fiber
loss is specific for the peptidergic, primarily C, nociceptors. Nerve section also separates the spinal
cord from the periphery; however, in this instance the central, but not the peripheral primary
afferent, terminals remain intact. There is also loss of sympathetic efferent fibers

1 The Dorsal Root Reflex

The most widely accepted explanation for the inflammation-induced spinofugal
positive feedback loop resulting in enhanced peripheral neurotransmitter and pep-
tide release is based on dorsal root reflex (DRR) involvement (Cervero and Laird
1996b; Schmidt 1971; Willis 1999). This theory posits that the maintained,
increased afferent activity towards the spinal cord engendered by peripheral inflam-
mation triggers a primary afferent depolarization (PAD) in the central terminals of
nociceptive primary afferent fibers. Low levels of PAD result in presynaptic
inhibition of afferent activity; this is thought to occur, in part, through
low-threshold afferent fiber (large diameter) activation of y-aminobutyric acid
(GABA)-containing inhibitory interneurons that in turn have collaterals ending on
the nociceptive afferent terminal. We now know that the primary afferent fibers and
DRG neurons are slightly more positive (less polarized) than neurons in the central
nervous system. When GABA, receptors on the central terminals of primary
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afferent nociceptors are activated, Cl1~ channels open as they do at all GABA,
receptors, but the Cl™ flux is out of the terminal rather than inward, resulting in a
small PAD and decreased central release of afferent neurotransmitters, i.e., PAD.
This large fiber inhibition of small-fiber throughput is the central tenet of Melzack
and Wall’s gate control theory (Melzack and Wall 1965). Following sustained
tissue injury, or a high-frequency afferent barrage in nociceptive afferent fibers,
sensitized nociceptors can activate the inhibitory interneurons and hijack the PAD
pathway (Cervero and Laird 1996b). This hypothesis is substantiated by the anat-
omy, which shows that GABAergic synapses are often postsynaptic as well as
presynaptic to primary afferent terminals (Barber et al. 1978; Carlton and Hayes
1990), many of which are identified or presumptive nociceptors (Alvarez
et al. 1992; Bernardi et al. 1995). In addition, tissue inflammation induces an
increase in spinal dorsal horn GABA release (Castro-Lopes et al. 1992, 1994).
This enhanced presynaptic GABAergic activity on primary afferent terminals leads
to a greater level of depolarization, which, if threshold is reached, results in
antidromic activity in the afferent fibers. These peripherally directed action
potentials are known as DRRs (Schmidt 1971). In addition, at this point
orthodromic nociceptive throughput is restored due to the loss of the inhibitory
PAD, resulting in enhanced activation of the ascending system (Cervero and Laird
1996a, b; Willis 1999). Thus, drugs or manipulations that alter DRRs elicit covari-
ant changes in inflammation and inflammatory pain. It would be expected that
agents that cause presynaptic inhibition via hyperpolarization of the terminal or
blockade of neurotransmitter release would reduce both the DRRs and nociception
(Cervero and Laird 1996b). In rodent skin, DRR firing in response to intradermal
capsaicin has been demonstrated in Ad and C, but not in A fibers (Lin et al. 2000;
Wang et al. 2004; Willis 1999). This antidromic activity results in primary afferent
neurotransmitter release in the skin, which extends beyond the injection site.
However, in joint afferents of cats and monkeys, DRRs have been demonstrated
in group II, III, and IV fibers, indicating that they are generated in large myelinated
fibers as well (Sluka et al. 1995). This difference is thought to be due to variations
between cutaneous and joint fiber systems rather than to a species difference,
although the specific underlying dorsal horn anatomy is not known and the inten-
sity/specificity of the afferent stimuli (kaolin/carrageenan for the joint and capsai-
cin for the skin) may also be factors. These data conflict with those of an earlier
study indicating that electrical stimulation of the distal end of a sectioned posterior
articular nerve at group IV, but not group III fiber strength, was sufficient to elicit
plasma extravasation and blood cell infiltration into the knee synovia (Ferrell and
Russell 1986).



Modulation of Peripheral Inflammation by the Spinal Cord 195

2 Acute Inflammatory Models
2.1 Monoarthritis-Kaolin/Carrageenan Knee

Pharmacology: According to the above scheme, spinal blockade of either the
monosynaptic non-NMDA glutamatergic receptor on the inhibitory interneuron or
alternatively of the presynaptic GABA 4 receptor located on the nociceptive termi-
nal should block DRRs and modulate the peripheral signs of inflammation.
Utilizing an acute (several hours) arthritis model generated by kaolin/carrageenan
injection into the knee capsule, Westlund, Sluka, and colleagues demonstrated this
to be the case. First, they showed that local spinal administration of non-NMDA,
but importantly not NMDA glutamate receptor antagonists, significantly blocked
manifestations of peripheral inflammation in the awake behaving rat; this was done
using both joint size (edema) and temperature as output measures of inflammation
(Sluka et al. 1994a; Sluka and Westlund 1993). These data are consistent with
involvement of a non-NMDA-mediated monosynaptic afferent drive being an
essential part of the pro-inflammatory spinal influence on peripheral inflammation.
The data argue against a requirement for spinal glia, whose activation is more
closely linked to NMDA and metabotropic glutamatergic receptor-mediated pro-
cesses, playing a prominent role in this reflexive activity. Second, spinal adminis-
tration of GABA 4, but not GABAg receptor antagonists, also reduced the signs of
knee joint inflammation (Sluka et al. 1993). Both of these findings are consistent
with the DRR hypothesis. Unexpectedly, spinal posttreatment with the antagonists
partially reversed already established knee joint swelling, but did not reduce the
elevated joint temperature (Sluka et al. 1994a), indicating perhaps that different
aspects of the inflammatory response are under separate controls and that specifics
of these paradigms change during the course of the inflammation. Importantly, if
after injection of irritants into the knee capsule, recordings were taken from the
proximal stump of the medial articular nerve, which innervates the knee joint,
parallel results were observed in that spinal non-NMDA and GABA,, but not
NMDA or GABAg receptor antagonists, blocked DRRs (Rees et al. 1995). Inter-
estingly, when Willis, working in the same lab, later examined the pharmacology of
the spinal component contributing to enhanced cutaneous blood flow and edema in
the zone of secondary hyperalgesia following intradermal capsaicin, he confirmed
the involvement of GABA, and non-NMDA glutamate receptors, but saw an
additional requirement for NMDA receptor activation (Lin et al. 1999). It is
unknown if this difference is due to the location of the insult (joint vs. skin) or to
some other variant in experimental design. If it is the former, the variation in
pharmacology might be a reflection of the different sensory afferent fiber types
involved. An alternate hypothesis proposing an anti-inflammatory outcome of
spinal GABAergic activation has been proposed; this posits that GABAergic
inhibition leads to a reduction of spinal p38 activation (see below), which results
in decreased peripheral signs of inflammation (Kelley et al. 2008) perhaps through
ascending connections to the vagus. Inflammation-activated spinal p38 implies a
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dorsal horn microglial link (Boyle et al. 2006; Svensson et al. 2003); however, this
spinal microglial to vagus linkage has not yet been fully substantiated.

Pathways: The DRR theory requires the involvement of only the sensory fibers
running through the nerve trunk and dorsal root and the inhibitory interneurons for
both the afferent and efferent legs of the reflex and does not require participation of
the autonomic nervous systems, glia, supraspinal centers, or of the adreno-
hypothalamic (HPA) axis. This is supported by experiments showing that periph-
eral signs of inflammation and DRRs in the acute inflammatory phase of the kaolin/
carrageenan model are unaffected by sympathectomy and high spinal cord transec-
tion but are readily blocked by rhizotomy, lidocaine application to the peripheral
nerve, and nerve crush (Rees et al. 1994; Sluka et al. 1994b).

3 Joint Inflammation: Immuno-Active Agents

Pharmacology: A second class of acute joint inflammation models is initiated by
systemic immunization followed in a few weeks by injection of an immuno-active
agent into the knee capsule resulting in a monoarthritis. The model has been tested
with a variety of pharmacological treatments applied to the spinal cord prior to knee
injection. In the acute phase (up to 6 h after the knee injection), spinal administra-
tion of the NMDA receptor antagonist ketamine prevented vascular leakage
(edema), infiltration of mononuclear leukocytes, and preserved joint integrity
(Boettger et al. 2010a). Spinal pretreatment with tumor necrosis factor (TNF)
antagonists (TNF-neutralizing antibody or thalidomide, which restricts TNF syn-
thesis by increasing its mRNA degradation (Moreira et al. 1993)) reduced vascular
leakage and infiltration of polymorphonuclear leukocytes into the synovial fluid
(Bressan et al. 2010, 2012) and helped to maintain joint integrity (Boettger
et al. 2010a). The TNF-neutralizing antibody, but not thalidomide, also blocked
infiltration of mononuclear leukocytes into the knee (Bressan et al. 2010, 2012). In
the acute phase, i.t. administration of the TNF-neutralizing antibody not only
reduced joint swelling but also blocked the shift to a sympathetically dominated
autonomic nervous system as measured by increased heart rate and heart rate
variability (Boettger et al. 2010b). Spinal pretreatment with furosemide, which
inhibits DRRs, or with glial (fluorocitrate and minocycline) or fractalkine inhibitors
also successfully blocked edema and leukocyte infiltration into knee synovial fluid
during the acute phase of this model (Bressan et al. 2012). These results were
unaffected by corticosteroid synthesis inhibitors, indicating a lack of participation
of the HPA axis. Coadministration of furosemide with either glial inhibitor pro-
duced no additional effect, indicating, perhaps, a common pathway. Thus, as seen
for the kaolin/carrageenan model of knee inflammation, DRRs appear to be a
necessary element in the efferent leg of spinal modulation of peripheral inflamma-
tion. Taken together the pharmacological results indicate that, unlike the kaolin/
carrageenan model of joint inflammation, there is an intraspinal cord NMDA and
glial dependence of the DRRs in the early stages of adjuvant-induced arthritis (AA).
Spinal administration of morphine prevented vascular leakage (edema), infiltration
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of mononuclear leukocytes, and preserved joint integrity (Boettger et al. 2010a).
This last result could be due to the opiate-induced reduction of primary afferent
glutamate release, which would block the incoming signal and reduce activation of
postsynaptic neurons and glia. Alternatively, presynaptic actions of the opiate could
reduce primary afferent excitability, thus, affecting a reduction in DRR magnitude
(Cervero and Laird 1996b).

4 Acute Cutaneous Inflammation

Pharmacology: Another experimental variant designed to demonstrate spinal
contributions to modulation of the acute inflammatory response utilizes an intra-
dermal or subcutaneous carrageenan paradigm that measures either vascular leak-
age (edema) or the mechanistically different neutrophil infiltration (measured as
myeloperoxidase activity, MPO) as outcome measures indicative of inflammation.
Intrathecal pretreatment with indomethacin, a prostaglandin synthesis inhibitor,
reduces the edema in this model (Daher and Tonussi 2003) as does i.t. morphine
(Brock and Tonussi 2008). Unexpectedly, neutrophil infiltration is not blocked
following i.t. morphine. If this result holds, it points to different spinal feedback
mechanisms in the control of plasma extravasation and immune cell chemotaxis as
i.t. morphine should undoubtedly have blocked the DRRs. The morphine effect on
edema apparently involves a spinal nitric oxide/cyclic-guanosine monophosphate
(c-GMP) pathway (Brock and Tonussi 2008), which is likely to be within the
afferent terminals. In similar experiments, spinal pretreatment with either SHT1
receptor agonists or SHT2 receptor antagonists also reduced paw swelling (Daher
and Tonussi 2003). Significantly, spinal administration of adenosine Al, but not
adenosine A2-specific agonists, dose-dependently inhibited dermal neutrophil
accumulation due to intradermal carrageenan (Bong et al. 1996; Sorkin
et al. 2003). The adenosine effect was mimicked by a spinal NMDA antagonist
and reversed by NMDA agonists. This latter experiment demonstrated that the
NMDA linkage is downstream of the adenosine effect. What was unexpected, given
the data on the kaolin/carrageenan knee joint model, was that spinal non-NMDA
receptor antagonists had no affect on the intradermal carrageenan-induced neutro-
phil accumulation (Bong et al. 1996). Unfortunately, spinal GABAergic agents and
glial antagonists were not tested in this model (Pinter et al. 2002).

Paw carrageenan elicited a massive reduction in peripheral adenosine levels,
which was temporally linked with the neutrophil infiltration (Bong et al. 1996). This
adenosine loss, as well as the increase in neutrophil accumulation, is blocked by
spinal pretreatment with an NMDA antagonist or an adenosine Al agonist. Basal
levels of peripheral adenosine in the tissue act on A2 receptors to inhibit peripheral
neutrophil infiltration; lower concentrations of adenosine, in contrast, preferentially
activate A1 receptors, which enhance neutrophil chemotaxis (Cronstein et al. 1992;
Nolte et al. 1992). Thus, maintenance of basal peripheral adenosine concentration is
thought to be the basis of the anti-allodynic activity of both the spinal adenosine A1l
agonists and NMDA receptor antagonists. Surprisingly, although both substance P
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and TNF increased at the site of inflammation, neither of the spinal pretreatments
that reduced neutrophil infiltration in this model affected either of these agents.
Thus, these data appear to conflict with the well-known chemotactic effects of
substance P and pro-inflammatory cytokines. There have to be other, as yet,
unidentified factors that can block neutrophil infiltration despite the permissive
influence of the tachykinin and cytokine. Levels of sympathetic nervous system
mediators were not investigated in these studies. Taken together, these data indicate
that intradermal carrageenan-induced inflammation, like that induced by intrader-
mal capsaicin, is enhanced by a spinal NMDA-mediated linkage (Sorkin
et al. 2003).

Pathways: Chemical elimination of the capsaicin-sensitive small afferent sen-
sory fibers had no effect on neutrophil infiltration in the skin carrageenan model or
on the ability of intrathecal adenosine Al agonists to modify the inflammatory
response (Sorkin et al. 2003). In agreement with the negative capsaicin results,
Chen et al. (2007) recently observed no effect of capsaicin pretreatment and
resulting loss of the peptidergic sensory afferents on acute paw swelling induced
by paw carrageenan or complete Freund’s adjuvant, but did find that loss of
peptidergic innervation reduced increases in paw thickness induced by injection
of bee venom. These authors argue that the role of small peptidergic afferents varies
according to unidentified aspects of the initiating inflammatory stimulus. Chemical
sympathectomy resulted in a strong, but nonsignificant, trend towards decreased
carrageenan-induced neutrophil infiltration. However, despite the reduction of
basal inflammation due to loss of the sympathetic terminals, intrathecal adenosine
Al agonists resulted in a further reduction in the number of neutrophils found in the
injected skin (Sorkin et al. 2003). This implies that the spinal adenosine mediated
modulatory effect did not require engagement of the sympathetic nervous system.

It is curious that chemical sympathectomy was ineffective in altering neutrophil
infiltration as the sympathetic neurotransmitters norepinephrine and adenosine are
known to change in acute inflammation and are well known as leukocyte chemo-
tactic agents (Rose et al. 1988; Straub et al. 2000), although loss of the sympathetic
efferents also had no effect on the DRR-dependent knee joint inflammation (Sluka
et al. 1994b). The most surprising result of the intradermal carrageenan study was
that bilateral carrageenan injections in animals with unilateral rhizotomies resulted
in symmetrical infiltration of neutrophils into the injection sites (Sorkin et al. 2003).
These data strongly suggest that unlike the kaolin/carrageenan knee joint model,
neutrophil trafficking in skin inflammation is independent of endogenous spinal
influences. Loss of spinal adenosine modulation of the neutrophil infiltration
following rhizotomy points to a role for sensory fibers in this process. Given the
previous lack of effect of spinal adenosine agonists on peripheral substance P in the
inflamed tissues (Bong et al. 1996), small peptidergic afferents are not the relevant
ones, neither are the sympathetic efferents (Sorkin et al. 2003). Thus, the spinal
adenosine modulation of the peripheral inflammation is mediated by some combi-
nation of large myelinated fibers, non-peptidergic small fibers, or an ascending
system with an efferent leg not found within the peripheral nerve.
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5 Chronic Models of Inflammation (Arthritis)

Animal models of chronic inflammation that last for weeks are used to study
spinal cord control of peripheral inflammation. These model rheumatoid arthritis
(RA) and include adjuvant-induced arthritis (AA) and, less frequently, collagen-
induced arthritis (CIA).

Pharmacology: Continuous i.t. administration of cyclohexyladenosine (CHA),
an adenosine Al agonist, greatly ameliorated the symptoms of AA including joint
swelling, bone changes (demineralization, erosions, and heterotopic bone forma-
tion), cartilage destruction, synovial integrity/narrowing of the joint space, hyper-
emia, and expression of activator protein 1 (AP-1) in the joint. This spinal treatment
was efficacious if it began as late as 8 days postimmunization when animals first
presented with clinical signs, but had a much smaller, nonsignificant effect on paw
swelling when the course of treatment began after clinical signs were well
established (day 14) (Boyle et al. 2002). Despite the more than 80 % decrease in
AA-induced presentation of clinical symptoms and paw volume that was observed
with i.t. CHA treatment, CHA only reduced the AA-induced c-Fos expression in the
superficial dorsal horn by 22 % (Boyle et al. 2002). Reduction of c-Fos expression
in other spinal laminae was unaffected by the A1 agonist. Similar anti-inflammatory
results were observed with either i.t. administration of a TNF-neutralizing antibody
or SB203580, a p38 inhibitor, with the addition that these agents also suppressed
synovial infiltration of immune cells and expression of the pro-inflammatory
cytokines interleukin (IL)-1p, IL-6, and TNF and MMP3, a key gene involved
with extracellular matrix degradation (Boettger et al. 2010b; Boyle et al. 2006). In
addition, i.t. etanercept blocked the arthritis-induced shift in the autonomic nervous
system towards sympathetic dominance (Boettger et al. 2010b).

Interestingly, the p38 antagonist did not affect peripheral T cell proliferation.
Continuous administration of morphine or of the NMDA antagonist ketamine
throughout a 3-week course of AA caused a major decrease in joint swelling and
infiltration of the synovia by pro-inflammatory immune cells (Boettger
et al. 2010a). This is likely due to a loss of DRRs due to presynaptic actions on
p-opiate and NMDA receptors, respectively. The opiate-associated reduction in
swelling was maintained over the entire period and did not develop tolerance. Rats
with continuous administration of a catecholamine reuptake inhibitor or a f2-
adrenergic receptor antagonist that began prior to disease induction also showed
delayed presentation of clinical signs and less severe joint damage than controls
(Levine et al. 1988). Smaller, yet significant, protective effects of these agents on
joint injury were obtained when treatment was confined to the period either before
or after presentation of clinical disease indicating that reduction in endogenous
catecholamines was beneficial throughout the entire 28-day time course.
Subsequent studies from other groups have confirmed the role of early 2 receptor
activation as contributory to joint damage and report that administration of the p2-
agonist salbutamol after disease onset was of clinical benefit and reduced inflam-
mation and joint damage (Lubahn et al. 2004).
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Pathways: Much as in the acute inflammatory models, section of major lumbar
nerve trunks, greatly diminished the development of arthritis in the formerly
innervated limb (Courtright and Kuzell 1965; Kane et al. 2005). In AA, dorsal
rhizotomy in lumbar segments decreased the time to presentation of clinical
symptoms, while in cervical segments magnitude of the radiographic symptoms
was greatly exacerbated (Levine et al. 1986). Thus, the more limited sensory lesion
has opposite effects from severing the entire nerve trunk including the sensory
terminals and the sympathetic efferents. When i.t. capsaicin pretreatment was used
to eliminate only the central peptidergic sensory fibers, rather than severing the
entire dorsal root, severity of the inflammation was consistently ameliorated
(Colpaert et al. 1983; Cruwys et al. 1995; Hood et al. 2001; Levine et al. 1986).
The obvious differences between rhizotomy and central capsaicin are the
maintained connection provided to the spinal cord via the non-capsaicin-sensitive
afferents (myelinated and non-peptidergic C fibers). Both treatments preserve the
sympathetic efferent fibers, and it is thought that both rhizotomy and intrathecal
capsaicin preserve the DRGs and peripheral peptidergic fibers (Holzer 1991).
Interestingly, capsaicin pretreatment also reduced AA-induced T cell infiltration
into the synovium (Hood et al. 2001). In a combined lesion study, Levine pretreated
animals with capsaicin, to produce a bilateral loss of the peptidergic afferent
connection in conjunction with a unilateral rhizotomy. The rats displayed increased
disease severity compared to the capsaicin only side, but not compared to control
arthritic animals (Levine et al. 1986). The results outlined above point to the
complexity of the wiring and the necessity to involve additional autonomic and
endocrine feedback loops to explain the system.

6 Sympathetic Effects on Peripheral Inflammation Are
Biphasic

Release of neurotransmitters/mediators from sympathetic terminals in the joint
(or other inflamed tissue) during inflammation can alter blood flow, vascular
endothelium permeability, and immune cell chemotaxis. During inflammation
these processes contribute to increases in joint and tissue swelling in addition to
clearance of injury products from the tissue. It follows that sympathectomy prior to
induction of AA or CIA, with a loss of the sympathetic terminals in the inflamed
joint, results in amelioration of bone damage and a delay in onset of the clinical
symptoms of arthritis (Harle et al. 2008; Levine et al. 1985, 1986). If the sympa-
thetic lesion is limited to the lymph nodes that drain the hind limbs, swelling and
joint damage are exacerbated (Lorton et al. 1999) highlighting the involvement of
the immune system in the generation of the inflammatory response. Integrity of the
peripheral sympathetic terminal has been proposed to participate in inflammation
aside from its function as part of an efferent leg of a feedback loop and may be
adrenergic independent. Local synovial release of inflammatory agents such as
bradykinin acts directly on sympathetic terminal varicosities to release
prostaglandins and adenosine (Green et al. 1998). Boettger and colleagues
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(2010b) have reported decreases in heart rate variability and complexity, which are
indicative of “a shift in the autonomic balance towards a sympathetically dominated
state” during early phases of the disease or possibly a change in the sympathetic to
parasympathetic tone (Waldburger and Firestein 2010). Follow-up studies indicate
that the pro-inflammatory sympathetic effect is mediated in the inflamed tissue by
peripheral 2 adrenergic and adenosine A2 receptors (Green et al. 1991). In
contrast, high-dose epinephrine acting at a2 adrenergic receptors reduced the
severity and onset of the inflammatory disease (Coderre et al. 1991).

More recently, studies have shown that timing of the sympathectomy relative to
the induction of AIA plays an important role (Harle et al. 2008; Lubahn et al. 2004)
with neutral, or even pro-inflammatory, results when the sympathetic nervous
system was interrupted after induction and early phases of inflammation
(Ebbinghaus et al. 2012; Harle et al. 2005). This change in sign may be due to a
functional loss of sympathetic innervation of the inflamed tissue over time; this loss
has been observed in rheumatoid arthritis patients and in animal models of RA
(Donnerer et al. 1991; Mapp et al. 1990; Straub and Harle 2005). Indeed, there is an
inverse relationship between tyrosine hydroxylase (TH)-positive nerve fibers and
both the inflammation index and released IL-6 in synovial tissue of RA patients
(Miller et al. 2000). This reduction is specific for the sympathetic nerve endings and
may be due to increased secretion of mediators of axon repulsion, such as
semaphorin 3c; pertidergic sensory nerve fibers are unaffected (Miller
et al. 2004). The biphasic nature of the sympathetic system is most prominent in
the polyarthritic RA models where swelling and inflammatory signs are present
throughout the full duration experiment, usually about 2 months. In the acute
monoarthritis model mentioned previously, joint swelling presents on day 1 and
resolves in 7-10 days (Ebbinghaus et al. 2012). As in the polyarthritis model,
sympathectomy prior to symptom presentation in the monoarthritis model
ameliorated the disease, and posttreatment was without effect. However, if a second
mBSA injection is made in the knee after resolution, preinjection sympathectomy is
once again effective. This implies that in this model and, perhaps, in clinical RA,
the sympathetic terminals come back and become functional between flares once
the inflammation goes down. In the newly “sympathectomized” joint, the lower
levels of norepinephrine mediate their effects predominantly by the higher-affinity
a-adrenergic receptors that are pro-inflammatory (Straub and Harle 2005).

7 Spinovagal Circuitry

Activation of the vagus nerve is proposed to have anti-inflammatory actions
throughout the entire course of several inflammatory diseases including endotoxic
shock and inflammatory bowel disease via a negative feedback loop (Borovikova
et al. 2000a, b). The effector mechanism is release of acetylcholine (Ach) from
vagal peripheral terminals; Ach then activates o7-nicotinic receptors on
macrophages and fibroblast like synoviocytes. This results in decreased synthesis/
expression of a host of pro-inflammatory cytokines and other inflammatory
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mediators. Details for vagal control of joint and cutaneous inflammation are less
well defined. Electrical stimulation of the peripheral vagus nerve prevents the
edema expected after intraplantar carrageenan injection. This anti-inflammatory
action is mimicked by i.c.v. injection of the mitogen-activated protein (MAP)
kinase and pro-inflammatory mediator synthesis inhibitor, CNI-1493 (Bernik
et al. 2002). Bilateral cervical vagotomy and systemic atropine both antagonize
the CNI-1493 effect, thus, solidly implicating the vagus nerve as an anti-
inflammatory effector (Borovikova et al. 2000a). In animals without inflammation,
the same dose of the p38 MAP kinase inhibitor SB203580 that reduced peripheral
inflammation in AIA animals when given into the lumbar i.t. space acutely
increases vagal outflow and the resultant peripheral cholinergic activity
(Waldburger et al. 2008a). Thus, it has been proposed that spinal p38 activation
triggers an ascending signal to the brainstem indicative of peripheral injury, which
contributes to peripheral inflammation as well as contributing to the shift in the
autonomic balance towards sympathetic dominance. When this pathway is
inhibited, as by spinal administration of SB203580, nociception and peripheral
inflammation are reduced. The specifics of this pathway are, as yet, not fully defined
and include activation of vagal efferent fibers and the subsequent release of Ach
from vagal terminals (Waldburger et al. 2008b; Wang et al. 2003) that results in a
diminution of the sympathetic shift.

The spinal cord contributes to peripheral inflammation via a multitude of
mechanisms. Some, like the DRR and control of peripheral adenosine levels, appear
to be intrinsic to the spinal cord. Others, like sympathetic nervous system modula-
tion of peripheral inflammation, can do so via a spinal cord linkage via interactions
of sympathetic efferent terminal varicosities with nociceptive nerve terminals or by
the local release of norepinephrine and other neurotransmitters. In the main, these
are part of positive feedback loops and are pro-inflammatory. The sympathetic
nervous system can further alter peripheral inflammation by modulation of B and T
cell function (Pongratz and Straub 2010). Parasympathetic influences are anti-
inflammatory and always involve a supraspinal linkage encompassing the vagal
nuclei. Analysis is complicated by the fact that inflammation encompasses a
constellation of end points from simple edema to changes in immune cell infiltra-
tion and pathology. Whether or not any of these individual elements is altered by
each potential mechanism is determined by a complex algorithm including, but not
limited to, chronicity of the inflammation, tissue type, instigating stimulus, and
state/tone of the immune system.
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Abstract

Opioids are considered the gold standard for the treatment of moderate to severe
pain. However, heterogeneity in analgesic efficacy, poor potency and side
effects are associated with opioid use, resulting in dose limitations and subopti-
mal pain management. Traditionally thought to exhibit their analgesic actions
via the activation of the neuronal G-protein-coupled opioid receptors, it is now
widely accepted that neuronal activity of opioids cannot fully explain the initia-
tion and maintenance of opioid tolerance, hyperalgesia and allodynia. In this
review we will highlight the evidence supporting the role of non-neuronal
mechanisms in opioid signalling, paying particular attention to the relationship
of opioids and immune signalling.

Keywords
Opioid ¢ Analgesia * Tolerance « Immune signalling « Cytokines  Chemokines ¢
Glia « Non-stereoselectivity

1 Introduction

Opioids not only suppress pain, they also activate endogenous counter-regulatory
mechanisms that, for example, actively oppose opioid-induced pain suppression,
enhance analgesic tolerance wherein repeated opioid doses lose their ability to
suppress pain, and enhance dependence as continued opioid exposure is required to
stave off drug withdrawal (Watkins et al. 2009). Despite the continual clinical use
of opioids over several millennia, and intense scientific research in the past century,
a complete understanding of opioid action remains elusive. Of particular impor-
tance to this review are those opioid-induced systems that counter-regulate the
beneficial and wanted opioid actions. For example, hypertrophy of the cyclic AMP
system, enhancement of N-methyl-p-aspartate (NMDA) receptor activity,
upregulation of P-glycoprotein and hetero-dimerisation and trafficking of
p-opioid/d-opioid receptors have been shown to contribute to opioid tolerance
and addiction. However, in recent years immune signalling within the central
nervous system (CNS), such as that derived from non-neuronal cells, has become
the focus of many groups (Johnston et al. 2004; Shavit et al. 2005; Hutchinson
et al. 2008a). This ‘central immune signalling’ profoundly affects all types of cells
within the CNS, contributing to the development of the negative side effects of
opioids, such as tolerance and enhanced pain states.
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2 Opioid-Induced Initiation of Non-neuronal Cell
Intracellular Signalling in the Central Nervous System

It is now thought that exclusively considering neuronal activity provides an incom-
plete understanding of the initiation and maintenance of opioid tolerance,
hyperalgesia and allodynia. In recent times, one of the most prominently reported
cascades in the CNS influenced by opioid exposure is the mitogen-activated protein
kinase (MAPK) signalling pathway. The MAPK pathway comprises a collection of
secondary messengers that are recruited by cell surface receptors in response to
extracellular stimuli to elicit various cellular responses, such as gene expression.
Phosphorylation of the three key kinases of this pathway, p38, JNK, and ERK,
results in an active functional signalling complex. Morphine has been shown to
activate both p38 and ERK within microglia, which can be prevented by adminis-
tration of (—)-naloxone (an opioid antagonist) and minocycline (a glial attenuator)
(Cui et al. 2006; Xie et al. 2010). The role of JNK is less clear; Guo and co-workers
have reported morphine-mediated phosphorylation of JNK in astrocytes in an
NMDA receptor-dependent fashion (Guo et al. 2009), whereas others have reported
it to be unaffected (Wang et al. 2009). In addition to the MAPK pathway, the
IP3/Akt pathway is also activated by opioid exposure and appears to be involved in
activation of microglial ERK (Takayama and Ueda 2005; Horvath and DeLeo
2009). The common downstream consequence of MAPK and related pathway
signalling is activation of NF-kB, which is responsible for the transcriptional
activation of a large number of immune factors, such as IL-1f, IL-6 and TNF-a
(Baeuerle and Henkel 1994). Classical G-protein-coupled opioid receptors play a
fundamental role in opioid pharmacology; however, as discussed below, a key role
for nonclassical opioid sites has been for the most part overlooked.

3 Non-neuronal Central Immune Cells

It has recently been recognised that non-neuronal immunocompetent cells (glia—
astrocytes and microglia [‘glia’] and endothelial cells) of the CNS and brain play a
powerful modulatory role in pain and opioid pharmacodynamics (Hutchinson
et al. 2011). Activation of these immunocompetent cells is thought to enhance
spinal nociceptive transmission and behavioural responsiveness via the release of
central immune signals such as cytokines, chemokines, ATP, nitric oxide and
excitatory amino acids (Watkins et al. 2005, 2009; Hutchinson et al. 2008a). It
has been suggested that p-opioid receptor (MOR) agonists are responsible for the
glial activation. However, findings by Kao and colleagues indicate that MOR
expression is absent from spinal cord astrocytes and microglia, suggesting that
these cell types are indirectly activated by MOR agonists under chronic opioid
tolerance conditions (Kao et al. 2012).
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3.1 Microglia

Microglia are a subset of glial cells within the brain and CNS that make up 5-12 %
of all cells and 5-10 % of all glia. Microglia are the resident immune cells of the
CNS and under basal conditions scan their microenvironment, performing immune
surveillance (Raivich 2005). Microglia are believed to be the most reactive and
mobile cells of the CNS and a shift to an activated state can occur within minutes
(Morioka et al. 1991). Given their immunological roles, it is no surprise microglia
share many of the same immune signalling and response systems as peripheral
immune cells. Critical to sensing their microenvironment, microglia express key
innate-immune receptors and accompanying response pathways such as the innate-
immune pattern recognition toll-like receptors (TLRs). The sensing capabilities of
the innate-immune receptors are key in activating early response pathways to
molecules such as endogenous danger signals (e.g. heat shock proteins) and
xenobiotics (e.g. opioids) (Buchanan et al. 2010). Activation of microglia results
in changes in morphology, rapid proliferation, upregulated receptor expression
(e.g. complement receptors, TLRs) and changes in function (e.g. migration to
sites of damage, phagocytosis and release of proinflammatory mediators). After
the activation stimulus has resolved, microglia can either return to their basal state
or enter a ‘primed’ state. Primed microglia do not constitutively produce
proinflammatory mediators but may overrespond to new challenges, both in
speed and magnitude of release of proinflammatory mediators (Perry et al. 1985;
Watkins et al. 2007).

3.2 Astrocytes

Astrocytes are the most abundant glial cell, significantly outnumber neurons,
populate all regions of the CNS and, for a long time, were considered exclusively
as the metabolic supporting cells for neurons. Astrocytes have highly dynamic
processes and are well suited to share synaptic functions with neurons due to their
location, organisation and the morphology of their processes that, in combination
with microglia, are capable of completely encapsulating neuronal synapses to form
the tetrapartite synapse (De Leo et al. 2006; Watkins et al. 2009). The intimate
contact astrocytes and microglia have with neurons allows these cells to directly
modulate neuron-to-neuron synaptic communication. Astrocytes are known to play
an important structural and metabolic role in the homeostasis of the extracellular
environment, providing the required conditions for the function of neurons and
synapses. Some key roles include forming the blood-brain barrier; metabolic
support to neurons, supplying nutrients and neurotransmitters; maintenance of the
extracellular environment such as uptake and release of neurotransmitters; regula-
tion of ion concentrations; and detection of neuronal damage (Johnston et al. 2004;
Shavit et al. 2005; Hutchinson et al. 2008a, 2011; Araque and Navarrete 2010;
Smith 2010). Like microglia, upon stimulation, astrocytes are capable of changing
from their basal but active state to elicit a proinflammatory response profile
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characterised by changes in morphology, proliferation and expression of inflamma-
tory factors such as cytokines and chemokines (Cui et al. 2006; Ben Achour and
Pascual 2010; Xie et al. 2010). The immune signalling can further activate other
nearby glia and ultimately leads to altered homeostatic balance resulting in the
release of various soluble factors involved in neuronal hyperexcitability and the
development of abnormal pain.

3.3 Other Cell Types

Microglia and astrocytes are not likely to be the only non-neuronal cell types able to
elicit a proinflammatory response profile. Endothelial cells, fibroblasts, oligoden-
drocytes and other cell types in both the spinal cord and overlying meninges can
also produce many of the same neuroexcitatory substances as astrocytes and
microglia. For example, it has recently been hypothesised that following the release
of central immune signals, the tight junctions of endothelial cells of the blood—brain
barrier become leaky, exposing the CNS to peripheral immune signals (Guo
et al. 2009; Grace et al. 2011). However, blood-brain barrier endothelial cells
remain a significant, yet largely uncharacterised, source of central immune signal-
ling and contributor to altered neuronal function (Quan et al. 2003; Wang
et al. 2009).

3.4 Central Immune Synergy

Glia and their released products can work in synergy resulting in an enhanced state
of activation and further release of central immune products. With regard to
activation, microglia release substances that induce astrocyte activation, expression
of adhesion molecules and release of glutamate, TNF, IL-1p and nitric oxide.
Astrocytes in return can release substances that stimulate microglial activation,
proliferation and production of IL-1f, TNF-a, IL-6 and nitric oxide. The release of
these central immune products can synergise and induce the release of others. For
example, proinflammatory cytokines can synergise with each other as well as with
neurotransmitters and neuromodulators, such as norepinephrine, prostaglandin E2
(PGE2) and nitric oxide. The synergy of TNF and IL-1p with ATP can enhance
PGE2 release (Loredo and Benton 1998; Takayama and Ueda 2005; Horvath and
DeLeo 2009). Nitric oxide potentiates IL-1f, which can induce PGE2 production
and substance P release from sensory afferent terminals in the spinal cord. Sub-
stance P can potentiate IL-1p-induced release of IL-6 and PGE2 from human spinal
cord astrocytes (Baeuerle and Henkel 1994; Morioka et al. 2002; Watkins
et al. 2007). The synergy of these products can therefore lead to the production
and release of substances that further activate central immune cells within the CNS
leading to enhanced modulation of excitatory neurotransmission.
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4 Involvement of Inmunocompetent Cells in Opioid
Pharmacodynamics

It is now widely accepted that neuronal activity of opioids cannot fully explain the
initiation and maintenance of opioid tolerance, hyperalgesia and allodynia. A
greater understanding of the role of non-neuronal immunocompetent cells of the
CNS and brain is required to fully understand the intricate mechanisms behind pain
and opioid pharmacodynamics (Hutchinson et al. 2011). Increased astrocyte acti-
vation in the spinal cord following chronic systemic morphine administration was
the first report linking glia to morphine tolerance (Song and Zhao 2001; Watkins
et al. 2005, 2009; Hutchinson et al. 2008a). Importantly, co-administration of
fluorocitrate (a glial metabolic inhibitor) with morphine significantly attenuated
not only glial activation but also morphine tolerance. Further work has
demonstrated that morphine activates both microglia and astrocytes (Song and
Zhao 2001; Cui et al. 2008; Bland et al. 2009; Kao et al. 2012) which is associated
with the upregulation and release of proinflammatory cytokines (Raghavendra
et al. 2002, 2004; Johnston et al. 2004; Raivich 2005; Hutchinson et al. 2008a,
2009). This opioid-induced non-neuronal cell-mediated anti-analgesia is signifi-
cantly reduced by co-administration with either the glial attenuators minocycline,
ibudilast or fluorocitrate (Morioka et al. 1991; Song and Zhao 2001; Cui et al. 2008;
Hutchinson et al. 2008a, b, 2009), or by directly blocking proinflammatory cytokine
actions (Fairbanks and Wilcox 2000; Shavit et al. 2005; Hutchinson et al. 2008a, c;
Buchanan et al. 2010).

5 Stereoselective and Non-stereoselective Receptor Binding

In the infancy of opioid research, attention was focused directly towards the
stereoselective receptors that were shown to be critical for opioid analgesic
responses. Classical opioid receptors are stereoselective, as they bind (—)-opioid
isomers but not (+)-opioid isomers. Intriguingly, nonclassical opioid actions were
observed in one of the first studies that used synthesised inactive opioid
stereoisomers (Takagi et al. 1960; Perry et al. 1985; Watkins et al. 2007). Takagi
et al. (1960) demonstrated that co-administration of (+)-morphine with (—)-mor-
phine gave rise to naive tolerance with significantly reduced (—)-morphine-induced
analgesia. Further evidence for nonclassical opioid receptors was established in
early opioid binding studies conducted by Goldstein et al. (1971). Goldstein
demonstrated that the classical stereoselective opioid receptors only made up a
small portion of total opioid binding (2 %). Non-stereoselective nonclassical opioid
binding sites were responsible for more than half (53 %), while 46 % was attributed
to non-specific trapped and dissolved binding. Since then, several studies have
reported that (+)-opioid agonists suppress (—)-opioid analgesia (Wu et al. 2007), an
effect attributed to glial activation (Wu et al. 2005) which is independent of
classical MORs (Wu et al. 2006). To further highlight the involvement of nonclas-
sical opioid receptors, continuous infusion of morphine, oxymorphone or fentanyl
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administered to opioid receptor knockout mice initiated immediate and steady
declines in nociceptive thresholds culminating in several days of unremitting
hyperalgesia (Juni et al. 2007; Waxman et al. 2009). Not only did this suggest an
involvement of nonclassical opioid receptors but also indicated such receptors are
likely responsible for activating endogenous counter-regulatory mechanisms that
actively oppose opioid-induced pain suppression and enhance analgesic tolerance
and opioid dependence.

6 Non-stereoselective Activation of Central Immune Cells

Recent work by Hutchinson and colleagues has suggested that the innate-immune
toll-like receptor-4 (TLR4) is involved in the non-stereoselective binding of opioids
(Watkins et al. 2009; Hutchinson et al. 2010; Wang et al. 2012). In vivo, in vitro and
in silico approaches provided converging lines of evidence that members of each
structural class of opioids activate TLR4 and that opioid antagonists such as
naloxone and naltrexone non-stereoselectively block TLR4 signalling (Hutchinson
et al. 2010). It was demonstrated that acute pharmacological blockade of TLR4,
genetic knockout of TLR4 or blockade of TLR4 downstream signalling leads to a
marked potentiation of the magnitude and duration of opioid analgesia, with TLR4
modulation of opioid actions in wild-type animals occurring within minutes
(Hutchinson et al. 2010). Furthermore, Wang et al. (2012) demonstrated that
morphine binds the human TLR4 accessory protein, MD-2, inducing TLR4
oligomerisation to activate TLR4 signalling. Within the CNS, TLR4 is predomi-
nantly expressed by microglia and astrocytes, but expression has also been
demonstrated on other non-neuronal cells such as endothelial cells (Tanga
et al. 2005; Wang et al. 2010).

7 Soluble Contributors to Opioid Analgesia Opposition

As outlined below, there have been numerous studies looking at soluble factors that
either reduce or contribute to opioid-induced pain enhancement. This suggests that,
for many situations of abnormal pain, it is not generally just one mediator
contributing to the initiation and maintenance but rather a combination thereof.
Here, we will highlight the evidence that suggests acute opioid analgesia is sub-
stantially modified by the rapid opioid-induced initiation of central immune signal-
ling and that, upon repeated opioid exposure, continued central immune signalling
leads to analgesic tolerance and enhanced pain states.

7.1 Cytokines

Cytokines are proteins involved in paracrine and autocrine communication.
Cytokines bind to specific receptors on the surface of target cells, which generally
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activate intracellular signalling and second messenger cascades. One of the key
features of immune-derived cytokines is their ability to trigger the feedforward
release of more proinflammatory cytokines, which is an important feature of
inflammation. In the CNS, cytokines are an effective means for inducing physio-
logical responses to stress, immunological challenges and pathological conditions,
but cytokine signalling can also have detrimental effects on neuronal signalling.
Within the CNS, astrocytes, microglia, oligodendrocytes and endothelial cells are
robust producers of cytokines, in particular, IL-1f3, IL-6 and TNF-a. These
proinflammatory cytokines are known to be involved in initiating and maintaining
states of enhanced pain in pathologies such as neuropathic pain (Milligan
et al. 2003; Milligan and Watkins 2009). Importantly however, the levels of
cytokine signalling required to elicit a behavioural response in the CNS is far
below the quantitative threshold considered as a classical inflammatory response.
Hence, the concepts of central immune signalling and homeostatic immune signal-
ling have been proposed (Hutchinson et al. 2011). A recent major development in
opioid pharmacology was the demonstration that these key molecules are also
significantly involved in opioid analgesia (Johnston et al. 2004; Shavit
et al. 2005; Hutchinson et al. 2008a).

Proinflammatory cytokines are gaining traction in the involvement in opioid-
induced tolerance and enhanced pain states. Of particular interest is the evidence
that proinflammatory cytokines can substantially modify opioid analgesia follow-
ing a single administration. Blockade of the key inflammatory cytokine IL-1p using
an exogenous IL-1 receptor antagonist (IL-1ra) potentiated both acute and chronic,
systemic and intrathecal morphine analgesia (Fairbanks and Wilcox 2000; Johnston
et al. 2004; Shavit et al. 2005; Hutchinson et al. 2008a). These results have been
confirmed using three separate genetically modified strains of mice lacking IL-p
function: a transgenic knock-in of IL-1ra such that IL-1ra is over-expressed, IL-1
receptor knockout leaving IL-1f without its cognate receptor and IL-1 receptor
accessory protein knockout preventing IL-1 receptor signalling due to the lack of an
intracellular link to the associated toll/IL-1 receptor signalling cascade (Shavit
et al. 2005). In each case, morphine analgesia was significantly potentiated and
prolonged (Shavit et al. 2005). The acute morphine-induced IL-1f signalling
caused nearly an eightfold decrease in morphine analgesic potency as demonstrated
by a profound leftward shift in the morphine dose—response curve in the presence of
IL-1ra (Hutchinson et al. 2008a). IL-1p not only reduces the potency of morphine, it
also reduces the duration of effect. Administration of IL-1ra after the normal
analgesic response returned to pre-drug baseline unmasked significant analgesia
(Shavit et al. 2005; Hutchinson et al. 2008a). This proinflammatory mediated anti-
analgesic effect is not limited to IL-1f, as unmasking and/or potentiation of
morphine analgesia is also observed by blocking the action of IL-6 and TNF-a
(Johnston et al. 2004; Hutchinson et al. 2008a).

Potentiating/unmasking opioid analgesia can also be achieved using less-specific
pharmacological interventions such as minocycline or ibudilast that globally dis-
rupt glial cell activation and subsequently the release of inflammatory mediators
(Hutchinson et al. 2008a, 2009). Attenuation of glial activation with ibudilast
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resulted in a fivefold increase in analgesic potency (Hutchinson et al. 2009). This
induction of anti-analgesic central immune signalling is not a phenomenon limited
to morphine, as oxycodone analgesia was also potentiated threefold by ibudilast
(Hutchinson et al. 2009). In addition, the activation of endogenous anti-
inflammatory systems that result in elevations of IL-10 or administration of exoge-
nous IL-10 was also capable of potentiating acute morphine analgesia (Fairbanks
and Wilcox 2000; Johnston et al. 2004; Hutchinson et al. 2008a). Thus, acute
opioid-induced proinflammatory central immune signalling can be pharmaco-
logically modified to enhance acute opioid analgesia.

While numerous studies have demonstrated clear opioid-induced activation of
central immune signalling responses, repeated attempts to quantify short-term
transcriptional and/or translational events of these proinflammatory central immune
signals, after acute in vivo opioid administration, have failed (Johnston et al. 2004;
Hutchinson et al. 2008a). Cytokine receptors and their ligands exhibit very high
affinity and potency; thus, very low quantities of opioid-induced cytokine release
(at levels undetectable by current cytokine quantification techniques) can poten-
tially cause a significant biological effect. Moreover, it is possible that these short-
term effects result from the activation of stored immature protein and therefore do
not require transcription and translation.

7.2 Proinflammatory Cytokine-Mediated Neuronal Excitation

The release of proinflammatory products can result in enhanced neuronal excitation
in the dorsal horn of the spinal cord (Kawasaki et al. 2008) and actively oppose
opioid analgesia (Johnston et al. 2004; Shavit et al. 2005; Hutchinson et al. 2008a).
Neurons of the spinal cord express receptors for proinflammatory cytokines and
chemokines and exhibit increased neuronal excitability in response to these
immune signals (Oka et al. 1994; Dame and Juul 2000; Holmes et al. 2004;
Kawasaki et al. 2008). These immune-derived cytokines contribute to a phenome-
non called central sensitisation, which has been well studied in the area of neuro-
pathic pain (Kawasaki et al. 2008). IL-1p release has been shown to induce the
phosphorylation of NMDA receptors on neurons which leads to an increase in
calcium conductivity (Viviani et al. 2003; Broom et al. 2004). TNF-a increases
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor conduc-
tivity while also increasing spontaneous neurotransmitter release from neuronal
presynaptic terminals (De et al. 2003). IL-1p and TNF-a synergistically upregulate
neuronal cell surface expression of both NMDA and AMPA receptors while
downregulating gamma-aminobutyric acid (GABA) receptors (Stellwagen
et al. 2005). TNF-a also enhances neuroexcitability in response to glutamate
(Emch et al. 2001), and IL-1p induces the release of the neuroexcitant ATP via
an NMDA-mediated mechanism (Sperlagh et al. 2004). Beyond these actions,
proinflammatory cytokines also lead to the release of a host of neuroexcitatory
substances, including more proinflammatory cytokines, nitric oxide,
prostaglandins, nerve growth factors, reactive oxygen species, proinflammatory
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chemokines (e.g. CCL2/MCP-1, CXCLS8/IL-8, CXCL10/IP-10) and BDNF
(Watkins et al. 1999; Samad et al. 2001; Inoue 2006). Proinflammatory cytokines
can also indirectly lead to elevations in extracellular glutamate levels via
downregulation of glial and neuronal glutamate transporters (Tawfik et al. 2006).
Thus, taken together, opioid-induced release of proinflammatory cytokines exert
multiple effects resulting in increased neuronal excitatory tone, which is, in part, the
basis behind enhancing the development of hyperalgesia and tolerance.

7.3 Chemokines

Chemokines are a family of small proteins characterised as chemotactic cytokines,
involved in cellular migration and intercellular communication. Chemokine
receptors are members of the G-protein-coupled receptor (GPCR) superfamily.
Chemokines and their receptors have four subclasses of families: C, CC, CXC
and CX3C (Murphy et al. 2000). Some chemokines are considered to be
proinflammatory and released during an immune response to recruit cells of the
immune system to specific sites, while other chemokines are considered homeo-
static and control the migration of cells during normal processes of tissue mainte-
nance and development. Some key CNS and brain-derived chemokines include, but
are not limited to, CCL2/MCP-1, CCL3/MIP-1a, CCL5/RANTES, CXCL12/SDF-
1, CX3CL1/fractalkine and CXCL10. The distributions of chemokines within the
CNS are heterogeneous where many have an established involvement in the
modulation of pain and opioid pharmacodynamics. There is now a large amount
of data indicating that chemokines and their receptors can influence both the acute
and chronic stages of pain and opioid analgesia (Szabo et al. 2002; Johnston
et al. 2004; Chen et al. 2007a; Triantafilou et al. 2008).

Fractalkine is unique among the typically promiscuous chemokines in that it
only binds one known receptor, CX3C receptor-1 (CX3CR1), and this receptor
binds only fractalkine (Murphy et al. 2000). Spinal fractalkine is expressed and
tethered to the extracellular surface of sensory afferents and intrinsic neurons
(Asensio and Campbell 1999), while the fractalkine receptor is predominantly
expressed by microglia (Verge et al. 2004). Fractalkine can be cleaved and released,
forming a diffusible neuron-to-microglial signal, where binding of fractalkine to its
receptor results in activation of microglia (Chapman et al. 2000). Fractalkine
binding to its receptor leads to NFxB and p38 MAPK activation (Stievano
et al. 2004) followed by production of proinflammatory cytokines and chemokines
(Stievano et al. 2004; Johnston et al. 2004). An intrathecal injection of exogenous
fractalkine produces both thermal hyperalgesia and mechanical allodynia (Milligan
et al. 2004, 2005) and does so via the actions of activated glia. This suggests that
fractalkine can facilitate nociception independent of opioid receptor desensitisation
and that microglia play a large role in chemokine-mediated pain facilitation.

The involvement of fractalkine in opioid pharmacology was highlighted with
experiments demonstrating that co-administration of morphine with an intrathecal
fractalkine receptor neutralising antibody potentiated acute morphine analgesia and
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attenuated the development of tolerance, hyperalgesia and allodynia (Johnston
et al. 2004). Similarly, Hutchinson et al. (2008a) also demonstrated fractalkine’s
ability to oppose acute morphine analgesia. Hutchinson et al. (2008a) further
examined opioid-induced release of fractalkine. Analysis of both lumbar dorsal
spinal cord sections and cerebrospinal fluid demonstrated that chronic treatment
with morphine or methadone caused significant elevations of fractalkine
(Hutchinson et al. 2008a). However, fractalkine is not the only chemokine that
can oppose opioid analgesia. A study by Szabo et al. (2002) found that pretreatment
with CCL5/RANTES (the ligand for CCR1 and CCRS) or SDF-1/CXCL12 (the
ligand for CXCR4) followed by opioid administration into the periaqueductal grey
(PAG) matter of the brain resulted in a significantly reduced antinociceptive effect.

Another chemokine that is likely to be important in the pharmacodynamics of
opioid analgesia is CCL2 (formerly monocyte chemoattractant protein-1, MCP-1).
A growing body of evidence ranging from in vitro molecular profiling studies in
dorsal root ganglia and spinal cord to data from in vivo assessment, including
studies in knockout mice, indicated that CCL2 and its receptor CCR2 contribute to
enhanced pain. Studies using chronic morphine or the selective p-opioid agonist [D-
Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) have shown an increase in expres-
sion of CCL2 (Rock et al. 2006). Intrathecal administration of CCL2 induces
microglial activation, which is abolished in CCR2 (CCL2 receptor) knockout
mice (Zhang et al. 2007). Given that opioids induce CCL2 upregulation in the
spinal cord, which closely precedes microglial reactivity, it is likely that CCL2 may
play a role in initiating a neuron—glial central immune signalling process causing
microglial reactivity leading to counter-regulation of opioid-induced analgesia.

Further studies have been conducted implicating chemokines in opposing acute
opioid analgesia. For example, the antinociceptive actions of p-, 8- and k-opioid
receptor agonists are blocked or significantly reduced when the chemokines
RANTES/CCLYS; the ligand for CCR1, CCRS or SDF-10/CXCL12; and the ligand
for CXCR4 or CX3CL1/fractalkine are either administered into the PAG of rat
30 min before or co-administered with the opioid agonists (Szabo et al. 2002; Chen
et al. 2007a, b). While these behavioural studies do not directly implicate heterolo-
gous desensitisation (see Sect. 8), a study by Zhang et al. (2004) demonstrated that
proinflammatory chemokines are capable of desensitising MORs on peripheral
Sensory neurons.

7.4 Cholecystokinin

Cholecystokinin (CCK) was first recognised as a major gastrointestinal hormone
responsible for gallbladder contraction and pancreatic enzyme secretion. It has
since been discovered in the brain and spinal cord where it is thought to function
as a neurotransmitter. CCK exerts its physiological effects via two different
GPCRs, CCKB receptor, the predominant receptor found in the brain and in the
terminals of neurons, and CCKA receptors, which are abundant in the peripheral
tissues (Raiteri and Paudice 1993).
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Several forms of CCK have been detected; however, sulphated octapeptide C
terminal, CCKS, is the most predominant form of CCK in the CNS (Vanderhaeghen
et al. 1975). Within the CNS, the distribution of CCK is heterogeneous. Under
normal conditions, CCK is not found in either the DRG or terminals of primary
afferents but has been found in the superficial laminae of the spinal cord
(Wiesenfeld-Hallin and Xu 1996; Ossipov et al. 2003). However, the peptide is
particularly concentrated in regions involved in nociceptive transmission such as
the PAG, thalamus, raphe nuclei and the medullary reticular formation (Raiteri and
Paudice 1993; Wiesenfeld-Hallin and Xu 1996). In addition, CCK-containing
projections from the RVM to the spinal cord have been identified (Mantyh and
Hunt 1984). Interestingly, the areas where CCK neurons are located are involved in
the mediation of the supraspinal and spinal analgesic effect of morphine. In these
areas the actions of CCK have been shown to counteract opioid antinociception
(Xie et al. 2005).

The spinal and supraspinal administration of CCK produces behavioural signs of
hyperalgesia and enhanced activity of dorsal horn neurons consistent with a
pronociceptive role. Systemic or perispinal CCK potently antagonised opioid
analgesia produced by foot shock and morphine (Itoh et al. 1982; Faris
et al. 1983; Li and Han 1989). CCK antagonists produce significant enhancements
of exogenous and endogenous opioid analgesia and, interestingly, could slow or
prevent the development of opioid tolerance in some paradigms (Watkins
et al. 1985a, b; Dourish et al. 1990; Rezayat et al. 1994; Chapman et al. 1995). In
addition, antisense oligodeoxynucleotide ‘knock-down’ of the CCKB receptor also
enhances morphine antinociception (Vanderah et al. 1994).

During the extensive studies on the behavioural effects of CCK-opioid
interactions, it was found that regions with well-documented roles in analgesia,
such as the PAG and the RVM, were involved in CCK-mediated opposition of
analgesia. For example, opioid tolerance induced by repeated microinjections of
morphine into the PAG or via systemic morphine injections was reversed by PAG
microinjection of proglumide, a CCK receptor antagonist (Vanderah et al. 1994).
Within the RVM, only one group of neurons, OFF cells, is activated by p-opioid
agonists (Fields et al. 1983; Heinricher et al. 1994), while ON-cell firing is directly
inhibited by opioid agonists (Bederson et al. 1990; Pan et al. 1990; Fields 1992;
Heinricher et al. 1992). This is sufficient to produce behaviourally measurable
antinociception (Heinricher et al. 1994; Heinricher and Tortorici 1994). However,
low dose of CCK microinjected into the RVM blocked the analgesic effect of
systemically administered morphine by preventing activation of OFF cells
(Heinricher et al. 2001). At this dose, CCK had no effect on the spontaneous
activity of these neurons or on the activity of ON cells. The same research group
later demonstrated that microinjection of a higher dose of CCK into the RVM
selectively activated ON cells and produced behavioural hyperalgesia (Heinricher
2004). This indicates that the pronociceptive actions of the peptide are mediated by
neural elements distinct from those mediating the anti-opioid effects (Heinricher
2004).
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There is considerable evidence that while CCK modulates the antinociceptive
activity of opioids, the opioids in turn promote CCK release. In vivo microdialysis
demonstrated that systemic and spinal administration of morphine increased cere-
brospinal levels of CCK (de Araujo Lucas et al. 1998). Following a single systemic
injection of morphine, CCK mRNA was significantly increased in the hypothala-
mus and spinal cord (Ding and Bayer 1993). Prolonged exposure to morphine
resulted in an accelerated increase in CCK mRNA and CCK peptide (Zhou
et al. 1992; Ding and Bayer 1993). For example, after 1, 3 and 6 days of exposure
to morphine, whole brain levels of pro-CCK mRNA increased by 52 %, 62 % and
97 %, respectively (Zhou et al. 1992). Since opioids are known to induce the release
of endogenous CCK, it is thought that this could be sufficient to activate both the
anti-opioid (OFF-cell inhibition) and pronociceptive (ON-cell activation) circuits in
parallel (Ossipov et al. 2003).

7.5 ATP

Of all the known neurotransmitters involved in enhanced pain modulation, ATP and
a subset of spinal cord ATP receptors, termed purinergic P2X receptors, have
gained focus in the facilitation of pain. The activation of the purinergic P2X4
receptor in microglia by ATP results in phosphorylation of p38 MAPK (Trang
et al. 2009), which has been shown to be critical for microglial signalling and
neuropathic pain sensitisation (Ji et al. 2009). Activation of p38 by phosphorylation
leads to the synthesis and release of several glial products, such as the
proinflammatory cytokines IL-1p and TNF-a (Ji et al. 2009; McMahon and
Malcangio 2009) and the neurotrophin BDNF (Trang et al. 2009). As reviewed
earlier, these mediators have been shown to modulate both excitatory and inhibitory
synaptic transmission in the spinal cord nociceptive circuitry, leading to an increase
in pain sensitivity.

The Horvath group has presented several lines of compelling evidence that
demonstrate a critical role of P2X4 in morphine tolerance. Within minutes, mor-
phine administration increased microglial migration via a novel interaction between
p-opioid and P2X4 receptors, which is dependent upon PI3K/Akt pathway activa-
tion (Horvath and DeLeo 2009). Persistent morphine infusion in rats induced a
marked increase in the expression of spinal P2X4 receptors, the microglial surface
marker CD11b and astrocytic GFAP levels (Horvath and DeLeo 2009; Horvath
et al. 2010). Intrathecal injections of P2X4 antisense oligodeoxynucleotides inhibit
morphine-induced P2X4 receptor expression. Importantly, the antisense oligodeox-
ynucleotide treatment almost completely prevents the development of
antinociceptive tolerance to systemically administered morphine (Horvath
et al. 2010). This suggests spinal cord microglial P2X4 signalling modulates the
spinal cord neuronal plasticity underlying morphine tolerance. The activation of
P2X4 receptor may elicit morphine tolerance by producing glial mediators TNF-a,
IL-1P and BDNF via p38 activation; intrathecal infusion of a p38 inhibitor has also
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been shown to prevent morphine tolerance (Cui et al. 2006; Chen and Sommer
2009).

7.6 Nitric Oxide

Nitric oxide (NO) is a free radical that, among other functions, behaves as an
intracellular and intercellular messenger in the nervous system (Snyder 1992). It
is synthesised by nitric oxide synthase (NOS), of which three isoforms have been
characterised. The neuronal and endothelial isoforms are constitutively expressed
in the CNS, whereas the third form is inducible and found in macrophages and
inflammatory cells (Gonzalez-Hernandez and Rustioni 1999). Previous studies
have suggested a possible role for nitric oxide in acute nociception as well as the
development of chronic pain (Tao et al. 2003). For instance, persistent thermal
hyperalgesia induced by sciatic nerve injury can be reversed by the administration
of the NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME) (Meller
et al. 1992). Moreover, the NOS/nitric oxide system also participates in the devel-
opment of opioid tolerance and withdrawal. NOS activity is increased in chronic
morphine-treated mouse brains and the NOS mRNA level is greater in morphine-
tolerant rat spinal cords (Machelska et al. 1997) where the inducible nitric oxide
synthase (iNOS) isoform is likely to be the key enzyme responsible for increased
NO production (Célérier et al. 20006).

In a study by Kolesnikov et al. (1993), the co-administration of the NOS
inhibitor NG-nitro-L-arginine (L-NOARG) with morphine slowly reverses
established morphine tolerance over 5 days despite the continued administration
of morphine. In addition, a single dose of L-NOARG was shown to retard the
development of morphine tolerance for several days. Similarly, intrathecal
co-administration of the NOS inhibitor L-NAME with morphine significantly
potentiated acute tail-flick and hind paw analgesia compared to morphine alone
(Hutchinson et al. 2008a). It has been shown that glial activation can occur via
reactive oxygen species, including NO (Meller and Gebhart 1993; Freeman
et al. 2008), which suggests that opioid-induced NO release could indirectly
modulate opioid-induced analgesia via glial activation and further release of
proinflammatory mediators (Holguin et al. 2004).

7.7 Sphingomyelins

Sphingomyelins are a class of membrane sphingolipids found largely in the brain
and nervous tissue (Bryan et al. 2008). The sphingomyelin degradation pathway
produces ceramide, which is broken down into sphingosine and ceramide-1-phos-
phate. Sphingosine is further phosphorylated into sphingosine-1-phosphate (S1P)
by the action of isoenzymes, sphingosine kinases (SphK) 1 and 2 (Pyne et al. 2009).
S1P can act as a second messenger intracellularly and as a ligand for GPCRs (S1P1,
S1P2, S1P3, S1P4, S1P5). In the CNS, SphK1/S1P signalling plays a key role in
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neuron-specific functions such as the regulation of neurotransmitter release from
neurons and in the proliferation and survival of neurons and glia (Okada
et al. 2009). However, it has recently been shown that under chronic morphine
conditions, ceramide and its metabolic pathway contribute to morphine tolerance
and hyperalgesia. In a study by Muscoli et al. (2010), chronic morphine was shown
to upregulate both the sphingolipid ceramide in spinal astrocytes and microglia, but
not neurons, or spinal SIP, the end product of ceramide metabolism.
Co-administering morphine with intrathecal administration of pharmacological
inhibitors of ceramide and S1P attenuated the development of hyperalgesia and
tolerance and blocked increased formation of glial-related proinflammatory
cytokines such as TNF-a, IL-1p and IL-6 which, as discussed before, are known
modulators of neuronal excitability (Muscoli et al. 2010). SphK1, a key enzyme of
the sphingolipid metabolic pathway, can alter the expression and production of
proinflammatory cytokines and nitric oxide in microglia. LPS treatment was shown
to increase SphK1 mRNA and protein expression, while suppression of SphK1 by
its inhibitor, N,N-dimethylsphingosine (DMS), resulted in decreased mRNA
expression of TNF-a, IL-1p and iNOS and release of TNF-a and NO in
LPS-activated microglia. The addition of S1P increased the expression levels of
TNF-a, IL-1p and iNOS and production of TNF-a and NO in activated microglia
suggesting that suppression of SphK1 in activated microglia inhibits the production
of proinflammatory cytokines and NO (Nayak et al. 2010).

In addition to playing a role in the production of proinflammatory cytokines,
ceramide is involved in the production of reactive nitroxidative species, including
superoxide, nitric oxide and peroxynitrite (Muscoli et al. 2007). These species can
increase steady-state concentrations of ceramide by activating sphingomyelinases
and by increasing the degradation of ceramidases, the enzymes responsible for the
degradation of ceramide (Pautz et al. 2002). Peroxynitrite can nitrate mitochondrial
manganese superoxide dismutase (MnSOD) (an enzyme responsible for regulating
concentrations of superoxide dismutase (SOD)) to inactivate the enzyme. This
results in an increase in superoxide levels, thereby favouring peroxynitrite forma-
tion (Muscoli et al. 2007). In addition to MnSOD, it is thought that peroxynitrite
inactivates proteins of central importance in glutamate homeostasis, including
glutamate transporters and glutamine synthase. Loss of the transport function
leads to increased glutamate levels in the synaptic cleft, overstimulation of
NMDA receptor and neurotoxicity. The involvement of peroxynitrite in the devel-
opment of morphine tolerance and hyperalgesia appears to be of importance as
co-administration of morphine with the peroxynitrite decomposition catalyst, Fe
(1) 5,10,15,20-tetrakis (N-methylpyridinium-4-yl) porphyrin, blocked protein
nitration and prevented the development of tolerance in a dose-dependent manner
(Muscoli et al. 2007, 2010). In addition, it is now thought that the neuroprotective
actions of minocycline are mediated by direct and specific scavenging of
peroxynitrite. A study by Schildknecht et al. (2011) demonstrated that minocycline
acts as a highly selective scavenger of peroxynitrite at submicromolar
concentrations in various cellular models, including human neurons. This could
be of particular importance as in addition to potentiating opioid analgesia,
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minocycline has been shown to have neuroprotective properties in a variety of
chronic neurodegenerative diseases such as Alzheimer disease, Parkinson disease
and amyotrophic lateral sclerosis (Schildknecht et al. 2011).

The connection between chronic administration of morphine and the activation
of the ceramide metabolic pathway is hypothesised to be via TLR4. LPS activation
of TLR4 receptors expressed on monocytes and macrophages activates enzymes in
the de novo and sphingomyelinase pathways, leading to increased production of
ceramide that, in turn, activates NF-kB and MAPKSs to increase the production of
proinflammatory products discussed previously (Muscoli et al. 2010).

8 Understanding the Molecular Mechanisms of Receptor
Crosstalk

As mentioned earlier, opioids, cytokines and chemokines mediate their biological
effects via their cognate GPCRs. GPCRs are the largest family of cell surface
receptors implicated in signal transduction. Historically it was understood that
these seven-transmembrane (7TM) receptors existed and functioned as monomeric
units, acting like ‘on and off” switches to transduce extracellular signals in a linear
G-protein-dependent manner. However, it is now widely accepted that GPCRs can
influence the signalling outcomes, and hence the biological response, of other
unrelated receptors at multiple levels and this is often referred to as receptor
‘crosstalk’. Receptor crosstalk can be achieved through diverse mechanisms
which, although not fully understood, offer the tantalising opportunity for develop-
ing highly selective pharmaceutical drugs.

One such mechanism is ‘heterologous desensitisation’. Desensitisation is a
regulatory mechanism which can completely or partially abolish signal transduc-
tion. It has evolved to prevent overstimulation of GPCRs in the presence of
continuous agonist stimulation and is important in both physiological and pharma-
cological settings. Desensitisation can be classified as either homologous or heter-
ologous in nature. Homologous desensitisation occurs when a given GPCR is
activated by its cognate ligand and is then desensitised to prevent further signal
transduction. Heterologous desensitisation however describes the situation where
the activation of one GPCR can lead to the desensitisation of other unrelated and
often inactivated GPCRs. An in-depth review of desensitisation mechanisms is
beyond the scope of this chapter; please see reviews (Freedman and Lefkowitz
1996; Gainetdinov et al. 2004). However, in general, it is believed that second
messenger-dependent protein kinases such as cAMP-dependent protein kinase A
(PKA) and protein kinase C (PKC) are primarily responsible for heterologous
desensitisation.

The observation that morphine and heroin administration in patients often results
in decreased resistance to infections, taken together with the overlapping expres-
sion patterns of opioid and chemokine/cytokine receptors and their ligands, has led
to much interest in the identification of crosstalk between these receptors. Indeed it
has been well documented that the p- and 8-opioid receptor agonists exert an
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inhibitory effect on both antibody and cellular immune response (Pellis et al. 1986;
Taub et al. 1991) and cytokine expression (Peterson et al. 1987; Chao et al. 1993;
Belkowski et al. 1995). Studies conducted by Liu and co-workers in the early 1990s
concluded that opioid pretreatment results in the inhibition of the complement-
derived chemotactic factor-dependent chemotactic response of leukocytes (Liu
et al. 1992). These findings were further supported by the work of Grimm and
researchers, extending this inhibitory effect of opioid pretreatment to the responses
mediated by the chemokines CCL3, CCLS5, CCL2 and CXCLS8 (Grimm et al. 1998).
Interestingly, with the use of selective p- or d-opioid receptor agonists, these
inhibitory effects were attributed to the activation of only the p- and d-opioid
receptors and not the k-opioid receptor. Furthermore, Grimm and colleagues
demonstrated that the chemokine receptors CXCR1 and CXCR2 could be
phosphorylated by opioid treatment (Grimm et al. 1998). These findings provided
strong evidence of heterologous desensitisation of the chemokine CXCRI1 and
CXCR?2 receptors by opioid receptor activation and a potential mechanism by
which opioids may exhibit their immunosuppressive effects.

Not surprisingly, there is evidence in literature supporting the hypothesis that
desensitisation is bidirectional and chemokines can influence the perception of pain
and inhibit opioid-induced analgesia. Szabo and co-workers investigated the effects
of chemokines CCL5 (CCRI1 and CCRS5 ligand) and CXCL12 (CXCR4 ligand)
pretreatment on opioid-induced analgesia (Szabo et al. 2002). In the tail-flick test,
rats that were pretreated with CXCL12 followed by DAMGO treatment (MOR
agonist) exhibited a dose-dependent reduction in analgesic responses compared to
control rats pretreated with saline. When receptor phosphorylation was
investigated, CCLS5 treatment resulted in the phosphorylation of the MOR at a
similar level to that induced by DAMGO treatment. It is important to note the
desensitisation of the p- or d-opioid receptor was due to the activation of CCRS,
CCR2, CCR7 and CXCR4 receptors but not CXCR1 or CXCR2 (Szabo et al. 2002).
This suggests that heterologous desensitisation is not indiscriminate but provides
another level of highly precise regulation.

It has been previously reported that in vitro activation of the MOR increases the
expression of the neuroprotective chemokine CCL5 (Wetzel et al. 2000; Avdoshina
et al. 2010). In a recent study conducted by Campbell and researchers, it was
determined that naltrexone, an opioid receptor antagonist, could block this
morphine-mediated increase of CCLS5 (Campbell et al. 2013). The exact mecha-
nism behind this is yet unknown but it is clear that it is mediated by opioid
receptors. The inability of morphine to activate glia in the absence of CCRS5, the
receptor for CCLS5 (El-Hage et al. 2008), strongly suggests that complex signalling
mechanisms beyond heterologous desensitisation are in place.

Receptors can also crosstalk via a phenomenon known as heteromerisation.
Defined as a ‘macromolecular complex composed of at least two (functional)
receptor units with biochemical properties that are demonstrably different from
those of its individual components’ (Ferré et al. 2009), it is an elaborate mechanism
by which GPCRs can influence the signalling outcomes of one or more receptors
(please see reference for an example, Mustafa et al. 2012). In keeping with the
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theme of this chapter, heteromerisation may also offer an explanation for early
observations that opioids can directly act as chemoattractants (Simpkins et al. 1984;
van Epps and Saland 1984). Sophisticated techniques have been developed to
identify and investigate heteromerisation and these have been summarised else-
where (Mustafa and Pfleger 2011).

Based on overlapping expression patterns and the findings described above,
Heinisch and colleagues conducted studies to identify co-localisation, and hence
interactions, between the chemokine receptors, CXCR4 and CX3CR1, and the
MOR. The findings from these studies demonstrated that the MOR co-localised
with both the CXCR4 and CX3CRI1 receptors on individual neurons in several
regions of the brain including cingulate cortex (Heinisch et al. 2011). Interestingly,
in whole-cell patch-clamp recordings of periaqueductal grey neurons in a rat brain
slice preparation, morphine-induced membrane hyperpolarisation was either
blocked or reduced in the presence of CXCL12 (CXCR4 ligand) or CX3CL1
(CX3CRI1 ligand), respectively (Heinisch et al. 2011). Heteromerisation of the
MOR with CXCR4 or CX3CRI1, hence close proximity of these receptors, may
explain the CXCR4 or CX3CR1-induced heterologous desensitisation of the MOR
and therefore potentially also shed light on the limited benefits of opioid analgesics
for the treatment of inflammatory pain.

As different cell types or tissues will express a unique combination of receptors,
heteromerisation may indeed explain why heterologous desensitisation is not indis-
criminate but occurs only between specific receptor types. It also provides an
opportunity to target heteromers in a tissue-specific or even temporal manner
with the tantalising prospect of understanding and reducing ‘off-target’ effects
experienced with current pharmaceuticals. The identification and development of
heteromer-selective ligands, which only activate a specific heteromer combination,
is fast becoming an important research objective (Mustafa et al. 2010). Another
approach to selectively activate heteromers is through the synthesis of bivalent
ligands, which combine the pharmacophores of ligands for the respective constitu-
ent receptor units.

Multiple publications have supported the interactions between the MOR and
chemokine receptor CCR5 (Suzuki et al. 2002; Szabo et al. 2002, 2003; Chen
et al. 2004). In order to further understand the implications of these interactions,
Yuan and colleagues synthesised a bivalent ligand incorporating the
pharmacophores of naltrexone (MOR antagonist) and maraviroc (a CCRS5 antago-
nist) (Yuan et al. 2013). In a study designed to investigate HIV-1 entry into human
astrocytes, the bivalent ligand was effective in significantly inhibiting viral entry
when compared to maraviroc treatment alone (Yuan et al. 2013). Naltrexone
treatment did not have any effect. This example highlights the importance of
identifying physiological relevant heteromers and investigating their function, as
these receptor complexes may be the real pharmacological target for many patho-
physiological states.

Although GPCR-GPCR interactions are likely to play an important role in the
actions of opioids and chemokines, recent evidence suggesting that morphine may
also activate TLR4 to mediate proinflammatory response (Wang et al. 2012),
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analgesia (Hutchinson et al. 2010) and opioid drug reward (Thomas and Hutchinson
2012) should not be overlooked but investigated to further understand the complex
mechanisms in place. Avdoshina and co-workers have demonstrated that the TLR4
activator endotoxin LPS increases CCLS5 release in primary cultures of microglia
(Avdoshina et al. 2010). This knowledge taken together with the findings from a
study conducted by Roscic-Mrkic, which suggest that morphine’s ability to induce
proliferation is via the MAPK pathway, which has also been activated by CCLS5
(Roscic-Mrkic et al. 2003), highlights the complex signalling pathways involved. In
order to fully understand these elaborate mechanisms, hence the relationship
between the opioid, chemokine and TLRs, future studies should be designed with
the aim of testing the hypothesis that that heteromerisation these receptors may play
a crucial role in modulating analgesia and addiction.

9 Immediate Clinical Implications of Opioid-Induced
Cytokine Signalling

The rank-order analgesic potency for opioids commonly utilised in medical settings
has been determined both experimentally and through decades of clinical experi-
ence (Analgesic Expert Group 2007). To avoid complications associated with high-
potency opioids, lower-potency opioids, such as codeine, are employed preferen-
tially in the community, resulting in widespread use. In fact, guidelines, including
the World Health Organization’s ‘pain ladder’, routinely recommend the use of
‘mild opioids’ before stepping up to high-potency opioids like morphine (World
Health Organization 1996). The general perception of greater safety and reduced
abuse potential with lower-potency opioids has lead not only to the frequent
prescribing of codeine but also to prevalent codeine self-medication in countries
where the drug is available over the counter (Abbott and Fraser 1998; Harrison
et al. 2012). Despite the well-understood differences in acute analgesic efficacy, the
variability in central neuroimmune signalling between opioids of differing analge-
sic potency remains to be elucidated.

In the clinical setting, a condition in which differences in the ability of opioids to
initiate neuroimmune signalling may be of particular importance is opioid-overuse
headache. Opioid-overuse headache is a particularly onerous subtype of
medication-overuse headache, wherein frequent analgesic intake results in exacer-
bation of a headache disorder (Headache Classification Committee of the Interna-
tional Headache Society 2006). As practice guidelines recommend against the use
of potent opioids in the management of headache (Kennis et al. 2012) and many
patients with headache disorders elect to self-medicate, a significant proportion of
opioid-overuse headache patients develop the condition following the use of over-
the-counter codeine products (Ravishankar 2008); thus, the propensity for codeine
to induce opioid-overuse headache relative to other opioids is of importance.

Notably, opioid-overuse headache is confined to patients who already suffer
from a pre-existing primary headache disorder such as migraine (Lance et al. 1988).
Thus, it cannot be considered simply an adverse effect of opioid therapy and should
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instead be understood as an interaction between the headache disorder and opioid
exposure. Although the pathophysiology behind opioid-overuse headache has not
yet been confirmed, it has been hypothesised that the selective tendency of head-
ache patients to develop opioid-overuse headache may arise due to alterations in
neuroimmune signalling (Johnson et al. 2012), and a number of clinical
observations and experimental findings support involvement of the neuroimmune
system in this disorder (Meng and Cao 2007).

In headache patients, glial activation is thought to contribute to neuronal hyper-
sensitivity, even in the absence of opioid use (Thalakoti et al. 2007). It is well
established that calcitonin-gene-related peptide (CGRP) is released during migraine
attacks, and when exposed to CGRP, glial cells release a variety of proinflammatory
cytokines including IL-1p and IL-6 which could facilitate headache pain (Thalakoti
et al. 2007; Capuano et al. 2009). The cumulative glial activation resulting from
CGRP release and opioid exposure is likely to be greater than that caused by CGRP
alone, potentially explaining the increase in headache observed following regular
opioid treatment of migraine.

Preclinically the role of glial activation in headache following opioid exposure
has been clearly demonstrated (Wieseler et al. 2011). Using a rodent model in
which headache pain was assessed via the surrogate marker of facial allodynia, it
was found that pre-exposure to morphine leads to allodynia when inflammatory
‘soup’ is applied to the dura in doses that do not cause allodynia in opioid-naive rats
(Wieseler et al. 2011). The involvement of glial activation in the facilitation of head
pain was ascertained through administration of the glial-attenuating drug ibudilast
concurrently with morphine, which prevented the presentation of facial allodynia
(Wieseler et al. 2010).

Evidence also exists suggesting a role specifically for the TLR signalling
pathway in medication-overuse headache. In a clinical study the TLR signalling
pathway was identified using gene ontology in an analysis of the genomic expres-
sion patterns in medication-overuse headache patients that respond to medication
withdrawal, alluding again to altered immunity in this condition (Hershey
et al. 2011). Moreover, in silico docking simulations indicate codeine may dock
to MD2 (Johnson et al. 2012) as morphine does (Eidson and Murphy 2013),
suggesting codeine has potential to induce TLR4-dependent pain enhancement,
independent of metabolic conversion to morphine. If codeine is able to directly
activate the TLR4-MD2 complex, it may lead to far greater increases in pain
sensitivity as compared to equianalgesic doses of morphine, as much larger doses
of codeine must be administered to provide the same degree of pain relief.

The vast majority of studies investigating the neuroimmune consequences of
opioids have focused upon glial activation within the spinal cord; however, to fully
appreciate the potential risks, it must be determined if these actions can be general-
ised to other regions, for example, the trigeminal ganglion, a region of importance
in headache pathology. Further research evaluating the neuroimmune actions of
different opioids must be conducted to allow the risks to be weighed against the
benefits of each treatment option, allowing appropriate drug selection and safe and
effective clinical use.



The Relationship Between Opioids and Immune Signalling in the Spinal Cord 227

10 Sex Differences in Analgesics

Sex differences in pain and analgesia are now well documented within both the
experimental and clinical pain literature. Considerable evidence indicates diverse
effectiveness of opioid analgesics in females versus males. Animal studies demon-
strate greater analgesia in males; however, human studies reveal the opposite, with
robust analgesic responses to opioids in females compared to males (Fillingim and
Ness 2000). The existence of developmental and cycling hormone pain and analge-
sia profiles strongly suggest gonadal steroid hormone manipulation of nociception
(Stoffel et al. 2003).

The hormones produced by the ovaries and testes are collectively referred to as
the gonadal steroid hormones. The testes are responsible for the production of
androgens: testosterone and dihydrotesterone. The ovaries produce both oestrogens
(e.g. oestradiol, oestrone and oestriol) and progestins (e.g. progesterone). Although
the majority of gonadal steroid hormones are produced in each sex from their
respective sex organs, both oestrogens and androgens are present in both sexes;
the adrenal cortex is responsible for the production of androgens, the testes known
to produce oestrogens and the ovaries in turn producing testosterone (Craft
et al. 2004).

The precise mechanisms underlying the role of gonadal steroid hormone manip-
ulation of opioid analgesia are not completely understood. However, their ability to
influence nociceptive sensitivity has been recognised both during development
(organisational effects) and throughout adulthood (activational effects) (Craft
et al. 2004). In addition to altering reproductive physiology and behaviour, the
addition of testosterone or oestrogen, in addition to the surgical removal of the
ovaries and testes, has been demonstrated to alter opioid analgesia.
Androgenisation of neonatal females has been shown to produce more robust
morphine analgesia comparable to intact adult males. Moreover, gonadectomy
has desensitised morphine analgesia in males, reporting analogous results to adult
intact females (Krzanowska and Bodnar 1999; Cicero et al. 2002). Evidently, the
manipulation of neonatal gonadal hormones alters and removes the physiological
sex differences in opioid analgesia. Furthermore, as (Fillingim and Ness 2000),
these results suggest the pathways involved in opioid analgesia are sensitive to
gonadal steroid hormones during development.

Studies that have investigated the activational role of gonadal steroid hormones
have further demonstrated their contribution to opioid analgesia. Preclinical
investigations have revealed this steroid hormone influence, investigating opioid
analgesia in (a) gonadally intact and gonadectomised rodents, (b) gonadectomised
rodents with and without steroid hormone replacement and (c) across the female
menstrual and rodent oestrous cycles (Craft et al. 2004). In a significant number of
studies, opioid analgesia was found significantly more potent in intact male rodents
compared to gonadectomised subjects. The addition of testosterone in
gonadectomised males has also confirmed an association between gonadal steroid
hormones and nociceptive pathways, with greater opioid analgesia following tes-
tosterone replacement in several preclinical investigations (Ratka 1984; Rao and
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Saifi 1985; Stoffel et al. 2003). Despite these findings, it must also be noted that
some have in fact demonstrated the opposite effect or the failure to influence opioid
analgesia utilising testosterone (Kepler et al. 1989, 1991; Candido et al. 1992).

A gonadal hormone contribution to opioid analgesia has further been established
in cycling female rodents. Largely, these studies demonstrate reduced sensitivity to
opioids throughout oestrus, the oestrus cycle phase characterised by low levels of
17p oestradiols (Banerjee et al. 1983; Stoffel et al. 2003). Preclinical investigations
which have investigated gonadal steroid hormone replacement in gonadectomised
females have further implicated an association between 17beta oestradiol and
opioid analgesia, with reduced analgesia in 17f oestradiol-supplemented females
compared to gonadectomised female subjects (Ryan and Maier 1988; Berglund and
Simpkins 1988; Ratka and Simpkins 1990, 1991; Ali et al. 1995). Consequently,
despite variability across studies, the majority of findings imply that oestrogen may
be responsible for the changes in opioid analgesia across the rodent oestrus cycle.
Notably, these findings further suggest that the reduced effectiveness of opioid
analgesia in females may result from an association between the 17beta oestradiol
and the nociceptive pathways.

As previously discussed, opioids, including morphine, activate not only classical
opioid receptors but also TLRs, specifically TLR4, resulting in the production of
pain-enhancing proinflammatory cytokines (Hutchinson et al. 2010; Wang
et al. 2012). This exacerbated release of proinflammatory cytokines has been
demonstrated to counteract the analgesic efficacy of opioids (Hutchinson
et al. 2008a, 2010, 2012). Considering that TLR4-mediated responses are more
robust in the female sex (Berglund and Simpkins 1988; Kahlke et al. 2000; Marriott
et al. 2006; Rettew et al. 2009) and the predominant female sex hormone 17beta
oestradiol has been found to stimulate the activation of TLR4 signalling
components such as NFkB, resulting in the release of proinflammatory mediators
known to play a role in nociception (Soucy et al. 2005; Rettew et al. 2009; Calippe
et al. 2010), researchers have hypothesised whether the reduced potency of opioids
in females lies in part to an association between oestrogens and opioids on TLR4.
Current unpublished data from the University of Colorado investigating the links
between the analgesic efficiency of opioids and TLR4 have in fact revealed a
correlation between elevated oestrogen and opioid-induced hyperalgesia, resulting
in the reduced efficacy of opioids in females. Although unpublished, these results
highlight gonadal steroid hormone manipulation of nociception and the need to
further investigate the mechanistic link between gonadal steroid hormones and
TLRs in the aim to better treat female pain.

11 Conclusion

It is now widely accepted that exclusively considering neuronal opioid activity
provides an incomplete understanding of the initiation and maintenance of opioid
tolerance, hyperalgesia and dependence. In this chapter, we have highlighted
evidence supporting the hypothesis that the release of proinflammatory mediators
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is initiated by activation of a non-stereoselective receptor such as the innate-
immune toll-like receptor 4. The activation of non-neuronal cells within the CNS
can profoundly affect the neuronal homeostatic environment leading to significant
alterations in neuronal firing. There is now accumulating evidence to suggest that
the initiation and maintenance of tolerance and enhanced pain states are not likely
to be attributed to one mediator but rather a combination of many. Of note, the
consequence of such central immune signalling substantially modifies not only the
development of opioid tolerance, hyperalgesia and dependence but also acute
opioid analgesia.

The current work on central immune signalling complements the existing body
of published findings on neuronal-mediated opioid side effects, such as receptor
internalisation and recycling. Of note, the potential of separating the negative side
effects from the beneficial actions by targeting opioid-induced glial activation using
blood-brain barrier permeable pharmacotherapies such as minocycline, ibudilast or
(+)-opioid antagonists has immense clinical utility. For example, development of
non-opioid treatments for chronic pain and opioid dependence would enable
co-administration with opioids with the possibility of greater efficacy and decreased
side effects. The development of pharmaceuticals which selectively regulate sig-
nalling pathways implicated in the desired or undesired effects in a tissue- or cell-
specific manner promises greater success for opioid use in the future.
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Abstract

Proteinase-activated receptors (PARs) are a family of G protein-coupled recep-
tor that are activated by extracellular cleavage of the receptor in the N-terminal
domain. This slicing of the receptor exposes a tethered ligand which binds to a
specific docking point on the receptor surface to initiate intracellular signalling.
PARs are expressed by numerous tissues in the body, and they are involved in
various physiological and pathological processes such as food digestion, tissue
remodelling and blood coagulation. This chapter will summarise how serine
proteinases activate PARs leading to the development of pain in several chronic
pain conditions. The potential of PARs as a drug target for pain relief is also
discussed.
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1 Introduction

Proteases are group of enzymes that participate in the breakdown of long-chain
proteins by hydrolyzing peptide bonds. Alternative nomenclature includes proteo-
lytic enzymes or proteinases (Barrett et al. 2004). Proteases are involved in a
multitude of biological activities from the simple digestion of dietary proteins to
highly regulated physiological processes (e.g. the blood clotting cascade, the
complement system and cell apoptosis). Proteases are subdivided into six general
categories (serine, threonine, cysteine, aspartate, glutamic acid, metalloproteases)
based on the presence of their catalytic residues. Most of the proteinases are either
exoproteinases which cleave one or a few amino acids from the N- or C-terminus of
the polypeptide chain or endopeptidases that cleave the protein internally (Turk
2006). When an exopeptidase acts on the N-terminal, it releases single amino acid
residues (amino-peptidases) or a dipeptide (dipeptidyl-peptidases) or a tripeptide
(tripeptidyl-peptidases). Action on the free C-terminus releases a single residue
(carboxypeptidases) or a dipeptide (peptidyl-dipeptidases). The endopeptidases are
categorised into different types on the basis of catalytic mechanism, viz. aspartic
endopeptidases, glutamic endopeptidases, cysteine endopeptidases, metalloendo-
peptidases, serine endopeptidases and threonine endopeptidases (Barrett 2001).

In addition to their proteolytic properties, proteases can also act as signalling
molecules by cleaving the extracellular domain of a family of G protein-coupled
receptors called proteinase-activated receptors (PARs). These receptors are highly
expressed in platelets but also on endothelial cells, myocytes and neurones
(Macfarlane et al. 2001). Four PARs have been identified so far (PAR1-4) which
are expressed in a plethora of tissues throughout the body. PARs are activated by
the action of serine proteases such as thrombin (acts on PAR1, 3 and 4) and trypsin
(PAR2). Table 1 highlights some of the known major PAR-cleaving enzymes,
activating peptide and antagonists.

1.1 Proteinase-Activated Receptor: Activation, Signal
Transduction and Desensitisation

1.1.1  Activation

Unlike classical ligand-binding receptors, PARs have a unique mechanism of
receptor activation. All PARs contain a discrete serine proteinase cleavage site
within their extracellular N-terminus which when cleaved unmasks a new amino
acid terminal known as a tethered ligand. The exposed tethered ligand then binds to
the second extracellular loop of the receptor to initiate the recruitment of G proteins
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Table 1 Common PAR-cleaving enzymes, activating peptides and antagonists

Proteinase-activated receptor Activating Activating
(PAR) protease peptide PAR antagonist
PAR1 Thrombin TFLLR FR-171113
FXa RWIJ-56110
Trypsin RWIJ-58259
Granzyme A BMS-200261
APC SCH-79797
Gingipains-R
PAR2 Trypsin SLIGKV FSLLRY-NH2
Tryptase SLIGRL GB-83
Factor VIla FLIGRL GB-88
Factor Xa ENMD-1068
Neutrophil
elastase
Granzyme A
Matriptase
Acrosien
Gingipains-R
Proteinase-3
PAR3 Thrombin None None
PAR4 Thrombin GYPGQV Pepducin P4pal-
10
Trypsin AYPGKF tcY-NH,
Plasmin YD-3
Bacterial
gingipains
Cathepsin G

and other signalling molecules to the intracellular domains of the receptors. PAR3
is a distinct receptor in that it acts as a cofactor for thrombin-mediated activation of
the PAR4 receptor (Nakanishi-Matsui et al. 2000). For practical purposes, short
synthetic peptides derived from the sequence of the unmasked tethered ligand have
been developed which can also activate PARs in the absence of receptor proteolysis
(Fig. 1). These experimental tools allow for the pharmacological study of PAR
processes in vitro and in vivo without the confounding multifactorial effects of
proteolytic activity. Hence, these short activating peptides have been used in
studying the role of PARs in different physiological and pathophysiological
situations (Russell and McDougall 2009). In addition to protease activation, some
proteases can also disarm PAR signalling by cleaving the N-terminus downstream
of the receptor-activating site, thereby detaching the tethered ligand making it
unavailable for receptor activation (Fig. 1). A recent report confirmed that serine
proteinase enzymes such as neutrophil elastase can disarm trypsin-mediated PAR2
signalling and at the same time activate PAR?2 signalling selectively via a mitogen-
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Fig. 1 Schematic representation of proteinase-activated receptor (PAR) modulation. (a) Inactive
PARs can be cleaved by a protease revealing a tethered ligand (orange box) which binds to the
active domain of the same receptor leading to cell signalling. (b) The PAR binding site can be
blocked with a small molecule antagonist (red box). (¢) Alternative proteases can remove a
segment of the N-terminal including the binding domain leading to disarmament of the receptor

activated protein kinase (MAPK) pathway, without triggering an elevation in
intracellular calcium levels (Ramachandran et al. 2011).

1.1.2 Signalling

PAR1

PARs couple with G proteins and activate multiple pathways and hence they can
regulate various cellular functions. PAR1 interacts with several a-subunits particu-
larly Gy, Gi2/13¢ and Gg1o. G leading to inhibition of adenylyl cyclase (AC) to
reduce cyclic adenosine monophosphate (cCAMP) (Benka et al. 1995). Ggjiq
activates phospholipase Cf (PLCp) to generate inositol trisphosphate (InsP3),
which mobilises Ca”*, and diacylglycerol (DAG), which activates protein kinase
C (PKC). Gyy/134 couples to guanine nucleotide exchange factors (GEF), resulting
in activation of Rho, Rho-kinase (ROK) and serum response elements (SRE)
(Ossovskaya and Bunnett 2004). Recent studies suggest that the cleaved
N-terminal domain of PART1 is released and exhibits biological activity in certain
settings and has been termed ‘parstatin’ (Duncan and Kalluri 2009). PAR1 can
activate the MAPK cascade by transactivation of the EGF receptor, through activa-
tion of PKC, Phosphoinositide 3-kinase (PI3K), Pyk2 and other mechanisms
(Coughlin 2000).
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PAR2

PAR2 couples to G, and stimulates the generation of InsP3 and mobilisation of
Ca* in PAR2-transfected cell lines (Bohm et al. 1996). In the case of enterocytes
and transfected epithelial cells, activation of PAR?2 leads to arachidonic acid release
and the generation of prostaglandins E, and F;, (Kong et al. 1997). This suggests
that PAR2 cleavage involves the activation of phospholipase A, and
cyclooxygenase-1 (Kong et al. 1997). Also, it has been reported that PAR?2 activates
MAP kinases ERK1/2 and weakly stimulates MAP kinase p38, although c-Jun
amino-terminal kinase is not activated (Belham et al. 1996; DeFea et al. 2000).

PAR3 and PAR4

PAR3 does not signal autonomously and is only considered as a cofactor for PAR4
activation by thrombin (Nakanishi-Matsui et al. 2000). However, in a recent report,
it was observed that PAR3 can elicit Rho- and Ca**-dependent release of ATP from
lung epithelial A549 cells and PAR4 couples to G and G,/;3 signalling effectors in
order to signal through G proteins (Seminario-Vidal et al. 2009).

1.1.3 Desensitisation

The desensitisation mechanisms for the PARs are distinct but poorly understood.
Phosphorylation of activated PAR1 takes place to uncouple it from G proteins and
G protein-coupled receptor kinase 3 or 5 (GRK 3 or 5) which enhances PAR1
phosphorylation. Moreover, the f-arrestin 1 mechanism also contributes to
desensitisation of PAR1. In the case of PAR2, the main mechanism of uncoupling
is phosphorylation by PKC and other kinases, by binding both f-arrestin 1 and
B-arrestin 2 leading to a rapid uncoupling from G protein signalling at the cell
surface. The mechanisms contributing to the desensitisation of PAR3 and PAR4 are
unknown; however, it has been suggested that receptor internalisation may contrib-
ute to the termination of PAR4 signalling (Soh et al. 2010).

1.2 Proteinase-Activated Receptor: Role in Physiology
and Disease

1.2.1 Cardiovascular System

Protease signalling through PARs contributes to both normal homeostasis and
various cardiovascular disease states such as thrombosis and atherosclerosis. Evi-
dence that PARs are involved in cardiovascular homeostasis comes from the
observation that the receptors are expressed on platelets, endothelial cells and
smooth muscle cells (Nelken et al. 1992; Takada et al. 1998). PARI1, but not
PAR?2, is expressed on rat cardiac fibroblast (Steinberg 2005). A study, however,
showed the presence of PAR2 in rat cardiac fibroblast (Murray et al. 2012). PARI1
and PAR4 mainly coordinate thrombin-mediated platelet aggregation. After activa-
tion, PAR1 rapidly transmits a signal across the plasma membrane to G proteins,
which results in the formation of platelet—platelet aggregates. It also causes stimu-
lation of G4 proteins which culminates in a rapid rise in intracellular calcium and
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activation of the GP IIb/IIla (oy,P;) fibrinogen receptor. PAR4 is cleaved and
signals more slowly but, despite its slower response, generates the majority of the
intracellular calcium flux and does not require additional input from ADP receptor
to form stable platelet clumping. Blockade of thrombin binding to mouse PAR3 or
knockout of the PAR3 gene inhibited mouse platelet aggregation indicating the
importance of PAR3 for thrombin signalling in mouse platelets. However, when
mouse PAR3 was overexpressed in mouse platelets, it did not trigger thrombin
signalling. Mouse platelets express both PAR3 and PAR4, so Matsui et al. carried
out a series of experiments and showed that PAR3 and PAR4 interact with each
other and PAR3 functions as a cofactor in cleavage and activation of PAR4 by
thrombin (Nakanishi-Matsui et al. 2000). PAR2 is expressed by numerous cell
types within the cardiovascular system. Functional PAR2 expression has been
demonstrated on vascular endothelium, smooth muscle cells and cardiomyocytes
(Steinberg 2005; Sabri et al. 2000). Armed with this information, a group of
researchers carried out an investigation which involved evaluation of the role of
PAR?2 in a cardiac ischaemia/reperfusion injury model (Antoniak et al. 2010). It
was demonstrated that PAR2 deficiency reduced myocardial infarction and heart
remodelling after ischaemia/reperfusion injury. In another study, it has been
reported that PAR2 contributes to the pathogenesis of heart hypertrophy and failure.
In a similar study, it was demonstrated that cardiomyocyte-specific overexpression
of PAR2 led to pathological heart hypertrophy associated with cardiac fibrosis
(Antoniak et al. 2013). Pathological remodelling of the heart in aMHC-PAR2
mice was accompanied by increased ANP: Atrial natriuretic peptide, BNP:
B-type natriuretic peptide and BMHC expression and decreased MHC expression
(Antoniak et al. 2013).

1.2.2 Nervous System

Various reports available in the literature show that thrombin changes the morphol-
ogy of neurones and astrocytes, induces glial cell proliferation and even exerts,
depending on the concentration applied, either cytoprotective or cytotoxic effects
on neurones (Wang and Reiser 2003). Thrombin induces various neuronal changes
such as neurite retraction, cell rounding, NMDA receptor potentiation and protec-
tion from cell death which are all mediated by PAR1 (Jalink and Moolenaar 1992;
Turnell et al. 1995; Gingrich et al. 2000). PAR1 agonists also stimulate prolifera-
tion and shape changes in astrocytes, which results in the release of endothelin-1
and nerve growth factor and to inhibit the expression of glutamate receptors
(Beecher et al. 1994). When thrombin was infused into the brain, it has been
shown to reproduce inflammatory signs observed after injury in the CNS (Suidan
et al. 1996). Although expression of the other two thrombin receptors (PAR3 and
PARA4) in the brain has also been detected by several studies, the physiological role
of PAR3 and PAR4 in neuronal differentiation is presently unknown (Wang and
Reiser 2003). In a recent study, animals subjected to transient middle cerebral
artery occlusion followed by reperfusion showed an increase in PAR2 expression.
Also, there was significant decrease in the neuronal expression of phosphorylated
extracellular signal-regulated kinase (p-ERK) in PAR2 KO mice (Jin et al. 2005).
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The p-ERK is mainly responsible for regulating cell survival under normal and
pathological conditions (Bonni et al. 1999). In the case of PAR2 KO mice, the
infarct volume was increased significantly. Also, astrocyte activation was reduced
in PAR2 KO mice. Astrocytes are important cells as they provide structural, trophic
and metabolic support to neurones and thereby regulate synaptic activity (Stoll
et al. 1998). So, it is clear that PAR2 gene deficiency increases brain injury. The
role of PAR2 in neurodegenerative disorders is uncertain; however, PAR2 exerted
protective effects in neurones, but its activation in glia was pathogenic with
secretion of neurotoxic factors and suppression of astrocytic anti-inflammatory
mechanisms (Afkhami-Goli et al. 2007).

1.2.3 Gastrointestinal System

PARs have an important role in controlling gastrointestinal function since the
digestive system produces, secretes and therefore is exposed to many different
proteinases Vergnolle 2000. In addition to their digestive effects, gastrointestinal
proteinases are involved in local tissue remodelling, blood coagulation, nutrient
absorption and gut motility (Kawabata et al. 2001). During inflammation,
infiltrating immune cells release serine proteinases such as thrombin, trypsin and
mast cell tryptase which can subsequently cleave PARs. PAR2 agonists and trypsin
present in the intestinal lumen stimulate the generation of inositol 1,4,5-
triphosphate, arachidonic acid release and secretion of prostaglandin E2 (PGE2)
and Fla from enterocytes (Kong et al. 1997). Since prostaglandins are known to
regulate gastric secretion, intestinal transport and motility, this PAR2 pathway is
important for the management of intestinal function (Eberhart and Dubois 1995).
PGE?2 is involved in the protection of cells in the upper intestine against digestion
by pancreatic trypsin, and this is mediated by PARs in the epithelium (Kong
et al. 1997). In a study by Cocks et al., it was reported that activation of PAR2,
which co-localises with trypsin in airway epithelium, induces the relaxation of
airway preparations by the release of PGE2, and it offers bronchoprotection. The
bronchial epithelium resembles intestinal epithelium in terms of its morphology.
So, it is possible that PAR2 may exert protective effect on the intestinal epithelium
(Cocks et al. 1999a, b).

PAR?2 present on enterocytes can be activated by trypsin, tryptase, while PAR2
effector cells like inflammatory cells, fibroblasts or neurones result in the secretion
of eicosanoids (Kong et al. 1997). PAR1 and PAR?2 activation can alter gastroin-
testinal motility since they are highly expressed by gastrointestinal smooth muscle
cells (Corvera et al. 1997). When PAR1 and PAR2 were activated, they induced
contractions in gastric smooth muscle (Saifeddine et al. 1996). Also, indomethacin
blocked gastric contractions which indicates that the PAR1- and PAR2-induced
contractions are prostaglandin mediated (Cocks et al. 1999b). In a study, the role for
PARs in the modulation of motility of the rat oesophageal muscularis mucosae was
observed (Kawabata et al. 2000). PAR1-activating peptides, but not the PARI1-
inactive peptide, evoked a marked contraction in smooth muscle. However, PAR2
and PAR4 agonists caused negligible muscular contraction (Kawabata et al. 2000).
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1.2.4 Musculoskeletal System
Individual PARs are expressed in a wide variety of musculoskeletal tissues such as
bone, articular cartilage, menisci, synovium and muscle (Russell and McDougall
2009; McDougall and Linton 2012; Chinni et al. 2000). PAR1 and PAR2 are
expressed in bone marrow stromal cells (Smith et al. 2004). Human osteoblasts
express PARI, 2 and 3, and mouse osteoblasts express PAR1, 2 and 4, whereas rat
osteoblasts have been shown to express PAR1 and 2 only (Jenkins et al. 1993; Pagel
et al. 2003; Bluteau et al. 2006). Activation of either PAR1 or PAR4 on osteoblasts
using specific receptor-activating peptides causes a rapid mobilisation of intracel-
lular calcium (Jenkins et al. 1993; Pagel et al. 2003). Thrombin is also involved in
stimulating proliferation of bone marrow stromal cells in a PARI1-dependent
manner (Song et al. 2005). Thrombin also decreases alkaline phosphatase activity
in osteoblasts which is a marker of osteoblast differentiation (Abraham and Mackie
1999). Elsewhere, thrombin has been reported to be involved in stimulating bone
resorption in an organ culture of neonatal mouse skull bones and foetal rat long
bones (Gustafson and Lerner 1983). The resorption induced by thrombin can be
inhibited by indomethacin (Gustafson and Lerner 1983; Hoffmann et al. 1986). This
action could be related to thrombin stimulating the release of PGE2 and IL-6 by
osteoblastic cells, and this effect is mediated by stimulation of osteoclast differen-
tiation (Mackie et al. 2008). In chondrocytes which are obtained from osteoarthritis
cartilage, the expression of PAR2 has been found to be higher when compared with
normal cartilage (Xiang et al. 2006). PAR2 and PAR3 are expressed by cartilage in
the embryonic mouse skeleton (Abraham et al. 1998). Elsewhere, it has been
reported that thrombin triggers proliferation of chondrocytes isolated from human
articular cartilage (Kirilak et al. 2006). Myoblasts express PARI and PAR?2,
whereas muscle fibres express PAR1, 2 and 4 (Chinni et al. 2000; Jenkins
et al. 1993). When myoblasts were stimulated with thrombin or a PAR1-activating
peptide, it resulted in mobilisation of calcium (Mackie et al. 2008). A study was
carried out to explore the role of PAR2 activation in four different models of
arthritis and in human arthritic synovium (Busso et al. 2007). In the adjuvant-
induced arthritis model, arthritic symptoms were significantly decreased in PAR2-
deficient mice and also in the presence of anti-mBSAIgG antibodies (Busso
et al. 2007). No difference in arthritis severity was seen in mice with ZIA,
K/BxN serum-induced arthritis or CFA-induced arthritis. Expression of PAR2 in
rheumatoid arthritis synovium was significantly higher than in osteoarthritis
synovium (Busso et al. 2007). In another study, when an antagonist of PAR2
(GB88) was tested for its efficacy, it attenuated PAR2 signalling, macrophage
activation, mast cell degranulation and collagen-induced arthritis in rats (Lohman
et al. 2012). McDougall et al. evaluated the role of PAR4 in synovial blood flow
which is increased during inflammation. When kaolin/carrageenan was injected
into the knees of the animals, they showed an increase in synovial blood flow.
Treatment of these inflamed knees with the PAR4 antagonist pepducin P4pal-10
reduced the hyperaemia associated with acute synovitis (McDougall et al. 2009).
Persistent neck pain is a major cause of disability and the cervical facet joint is a
common source of neck pain (Barnsley et al. 1995). Rats subjected to a painful joint
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distraction and receiving an injection of ketorolac either immediately or 1 day later
showed an increase in spinal PAR1 and astrocytic PAR1 expression. The astrocytic
PARI1 was returned to sham levels when ketorolac was administered on day 1 but
not after the immediate administration. However, spinal PAR1 was significantly
reduced by ketorolac independent of timing. This indicates that spinal astrocyte
expression of PAR1 is involved in the maintenance of facet joint-mediated pain
(Dong et al. 2013).

2 Proteinase-Activated Receptor: Role in Pain
2.1 PARs and Inflammatory Pain

Pain is a natural response to noxious environmental stimuli and warns the body of
actual or impending damage. In addition to this physiologically appropriate acute
pain response, long-lasting pain is maladaptive and serves no functional benefit to
the organism. Chronic pain is typically a consequence of an underlying malady and
is very difficult to treat across the lifespan. Inflammatory diseases, such as rheuma-
toid arthritis and Crohn’s disease, can be extremely painful and difficult to manage.
During nociceptive pain, afferent nerve fibres are activated directly by a noxious
environmental stimulus, and the resulting pain response lasts for only a relatively
short period. During inflammation, however, the afferent fibres are continuously
bombarded by inflammatory mediators culminating in protracted pain. This contin-
uous peripheral drive leads to plasticity changes in the central nervous system
resulting in chronic pain. While the list of inflammatory mediators and their distinct
receptors involved in inflammatory pain is escalating, recent reports suggest an
important role for PARs in pain signalling pathways.

2.1.1 PAR1

It has been shown that PAR1 is expressed on sensory neurones, but their role in
nociceptive signalling remains under investigation. Asfaha et al. (2002) studied the
effect of PAR1 activation on nociceptive response by thermal and mechanical
stimuli. When thrombin was injected into the paws of rodents, it increased the
nociceptive threshold and withdrawal latency indicative of an anti-nociceptive
effect. While intraplantar injection of carrageenan produces a classical inflamma-
tory pain response, co-administration of the compound with thrombin resulted in a
reduction in mechanical and thermal hyperalgesia. Similarly in another study, when
thrombin and the PAR1 agonist TFLLR-NH, were injected intraplantarly, their
effects significantly attenuated the hyperalgesia in rats treated with carrageenan
(Kawabata et al. 2002). The mechanism by which PAR1 ameliorates inflammatory
hyperalgesia was elucidated by Martin et al. (2009) who demonstrated that PAR1
agonism triggers the production of proenkephalin and the activation of opioid
receptors.
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2.1.2 PAR2

PAR?2 is cleaved by trypsin, mast cell tryptase, chymase, neutrophil elastase but not
by thrombin. Peptide agonists that trigger PAR2 can lead to acute inflammation, in
part via a neurogenic mechanism (Steinhoff et al. 2000). It has been confirmed that
PAR?2 is expressed by primary afferent neurones, and PAR2 agonists trigger the
peripheral release of inflammatory neuropeptides such as substance P and calcito-
nin gene-related peptide (Steinhoff et al. 2000). Intraplantar injection of
sub-inflammatory doses of PAR2 agonists in rats and mice induced a prolonged
thermal and mechanical hyperalgesia and elevated fos protein expression in the
dorsal horn, indicating that peripheral PAR2 stimulation leads to increased electro-
chemical activity of spinal neurones (Vergnolle et al. 2001). Interestingly, this
hyperalgesia was not present in mice lacking substance P-preferring NK-1
receptors or preprotachykinin-A or in rats treated with an intrathecal injection of
a NK-1 antagonist. These observations further support the suggestion that substance
P is involved in PAR2-mediated pain responses (Vergnolle et al. 2001).

In joints, PAR2 has emerged as a new therapeutic target for arthritis (Russell and
McDougall 2009). PAR2 is expressed in several cell types where its cleavage by
serine proteinases is involved in the pathogenesis of inflammatory arthritis by
mechanisms that are as yet unclear (Russell et al. 2012). However, there have
been a few studies attempting to explore neuronal and inflammatory changes in
joints after PAR2 activation. Using the retrograde neuronal tracer Fluoro-Gold,
Russell et al. (2012) identified the expression of PAR?2 in rat knee joint L3—L5 DRG
cells. Additionally, it was found that activation of PAR2 by the selective activating
peptide 2-furoyl-LIGRLO-NH?2 increased joint nociceptor fibre firing rate during
normal and noxious rotation (Russell et al. 2012). Furthermore, intravital micros-
copy experiments showed significantly increased leukocyte rolling and adhesion in
response to PAR2 stimulation (Russell et al. 2012). All these effects were blocked
by pretreatment with a TRPV1 or NK-1 receptor-selective antagonist. In another
study, it has been shown that intra-articular injections of the PAR2-activating
peptide, SLIGRL-NH2, caused swelling, cytokine release and increased sensitivity
to pain in the mouse knee joint (Helyes et al. 2010). The secondary mechanical
allodynia and change in weight distribution induced by intra-articular SLIGRL-
NH2 were also found to be TRPV1 dependent (Helyes et al. 2010). In other joints,
PAR?2 is expressed in the lining layer of the rat temporomandibular joint (TMJ)
synovium, as well as in a high proportion of the trigeminal ganglion neurones that
innervate this joint (Denadai-Souza et al. 2010). When PAR2 agonists were
injected by the intra-articular route into the TMJ, they triggered a dose-dependent
increase in plasma extravasation, neutrophil influx and induction of mechanical
allodynia, and these effects were inhibited by a NK-1 receptor antagonist (Denadai-
Souza et al. 2010).

There are a number of ion channels involved in modulating inflammatory pain,
viz. TRPV1, TRPA1 and P2X3. Inflammatory mediators such as substance P and
bradykinin potentiate currents through ATP receptor channels containing the P2X3
subunit (Paukert et al. 2001). PAR2-induced neurogenic inflammation causes an
increase in P2X3 currents, evoked by - and p-methylene ATP in DRG neurones
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(Wang et al. 2012). Thus, it has been proven that the functional interaction of the
PAR?2 and P2X3 in primary sensory neurones could contribute to the generation of
inflammatory pain.

It has also been demonstrated that PAR2 activation induces visceral pain
(Kawao et al. 2004). A study was undertaken to evaluate the effect of activation
of PAR2 on colonic motility. PAR2 agonists administered intraluminally induced
contractions of the colon and produced hypersensitivity to colorectal distension
(Suckow et al. 2012). Lesioning of TRPV1 neurones by capsaicin treatment
eliminated this enhancement in contraction which indicates that TRPV1/PAR2
expressing primary afferent neurones mediate an extrinsic motor reflex pathway
in the colon (Suckow et al. 2012). In another study, PAR2 agonist administration
induced sustained, concentration-dependent contraction of oesophageal longitudi-
nal smooth muscle strips. Capsaicin desensitisation, substance P desensitisation or
application of the selective neurokinin-2 (NK-2) receptor antagonist MEN 10376
blocked these contractions (Paterson et al. 2007). This pathway is similar to the
pathway involved in acid-induced longitudinal smooth muscle contraction and
oesophageal shortening (Paterson et al. 2007). It could be possible that acid-
induced longitudinal smooth muscle contraction may involve mast cell-derived
mediators that activate capsaicin-sensitive neurones via PAR-2 and hence modula-
tion of PAR2 might be useful in treatment of oesophageal pain and hiatus hernia
(Liu et al. 2010). PAR?2 is also involved in mediating inflammatory pain in acute
pancreatitis (Ceppa et al. 2011). Exogenous trypsin injected at a sub-inflammatory
dose caused increased c-fos immunoreactivity, which is an indicator of spinal
nociceptor activation. There were no signs of inflammation at this dose as indicated
by serum amylase and myeloperoxidase levels. Trypsin IV and P23 injected at
similar doses resulted in an increase of some inflammatory end points and caused a
more robust effect on nociception; these effects were blocked by the trypsin
inhibitor melagatran (Ceppa et al. 2011). Trypsin IV and rat P23 activate PAR2
and are resistant to pancreatic trypsin inhibitors, and hence they contribute to
pancreatic inflammation and pain (Ceppa et al. 2011). Elsewhere, caerulein
(an oligopeptide that stimulates smooth muscle and increases digestive secretions)
administered at a single dose increased abdominal sensitivity to stimulation by von
Frey hairs, without causing pancreatitis in PAR2 KO mice. Multiple
administrations increased the severity of abdominal allodynia/hyperalgesia in
PAR2 KO as compared to WT mice. When a PAR2-AP was co-administered
with caerulein, it abolished hyperalgesia/allodynia in WT mice but not in PAR2
KO mice. These results clearly indicate that PAR2 attenuates pancreatitis-related
hyperalgesia/allodynia without affecting the disease (Kawabata et al. 2006).

Phosphoinositide 3-kinases (PI3Ks) have also been implicated in dermal
mechanosensitivity where touch was evaluated. PI3Ky gene deletion increased
scratching behaviours in histamine-dependent and PAR2-dependent itch, whereas
PI3Kg-deficient mice were not able to enhance scratching in chloroquine-induced
itch (Lee et al. 2011). Furthermore, deletion of the PI3Ky gene does not affect
behavioural licking responses to intraplantar injections of formalin or mechanical
allodynia in a chronic inflammatory pain model (Lee et al. 2011). These findings
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suggest that PI3Ky contributes to behavioural itching induced by histamine and
PAR?2 agonist but not a chloroquine agonist (Lee et al. 2011).

2.1.3 PAR3

There have been no specific studies conducted evaluating the role of PAR3 in
inflammatory pain. In an investigation carried out by Zhu et al. (2005), however, it
was observed that PAR3 mRNA was expressed in 41 % of rat DRGs. It was also
observed that 84 % of PAR3 positive cells co-localised with CGRP suggesting that
PAR3 could be involved in peripheral nociceptive mechanisms.

2.1.4 PAR4

PARA4 is the most recently discovered member of the PAR family and is primarily
cleaved by thrombin, trypsin and cathepsin G, as well as small synthetic peptides
(Hollenberg and Compton 2002). Asfaha et al. (2007) first demonstrated the
expression of PAR4 on sensory neurones isolated from rat DRG establishing the
possibility that PAR4 is involved in modulating pain transmission. The researchers
also showed that PAR4 co-localises with CGRP and SP. Initial studies found that
intraplantar injection of PAR4-activating peptides increased the nociceptive thresh-
old in response to thermal and mechanical noxious stimuli indicative of an analge-
sic role for PAR4 (Asfaha et al. 2007). Similarly, in a colorectal distension model of
gastrointestinal pain, PAR4-activating peptides reduced nociception as measured
by abdominal muscle contraction (Annahazi et al. 2009). Intra-colonic pretreatment
of animals with the tight junction blocker 2,4,6-triaminopyrimidine inhibited PAR4
analgesia suggesting that PAR4-activating peptides need direct access to colonic
nerve terminals in order to reduce pain (Annahazi et al. 2012).

In contrast to the gastrointestinal system, local activation of PAR4 receptors in
knee joints results in an increase in joint blood flow, oedema and pain (McDougall
et al. 2009). Using retrograde tracing techniques, it has been shown that PAR4 is
expressed on approximately 60 % of knee joint primary afferents supporting the
concept that PAR4 has the potential to modulate nociceptor activity (Russell
et al. 2010). Indeed, intra-articular injection of the PAR4-activating peptide
AYPGKF-NH, sensitises joint afferents leading to the generation of joint pain
(Russell et al. 2010). These pro-nociceptive effects of PAR4 could be blocked by
a bradykinin B, antagonist (HOE140) and following stabilisation of joint connec-
tive tissue mast cells (McDougall et al. 2009). Thus, in joints, PAR4 agonists can
promote joint pain either by sensitising mechanosensory nerves directly within the
joint or by causing the secondary release of bradykinin from synovial mast cells. It
appears, therefore, that PAR4 can either promote or inhibit inflammatory pain in an
organ-dependent manner.

2.2 PARs and Neuropathic Pain

Neuropathic pain is a complex, chronic pain state that is usually not accompanied
with tissue injury. This type of pain could result from lesions or disorders of the
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peripheral and central nervous systems resulting in abnormal processing of sensory
input. There are many factors which lead to the generation of neuropathic pain, viz.
infectious agents, metabolic disease, neurodegenerative disease and physical
trauma (Vecht 1989; Pasero 2004). PARs participate in the initiation and mainte-
nance of neuropathic pain by mediating various actions such as an abnormal
increase of algesic neurotransmitters such as substance P, calcitonin gene-related
peptide, prostaglandins and kinins (Jin et al. 2009).

2.2.1 PAR1

PARL1 is not only expressed in platelets but also in the CNS where it is involved in
various neurophysiological functions. Narita et al. (2005) investigated the role of
PARI in the development of neuropathic pain after nerve injury. When sciatic
nerve ligation was performed in animals, it induced thermal hyperalgesia and tactile
allodynia which were suppressed by repeated intrathecal injection of hirudin, a
specific and potent thrombin inhibitor (Narita et al. 2005). Since nerve ligation and
thrombin both upregulate PAR1 expression in the dorsal horn of the spinal cord, it
suggests that PAR1 is involved in neuropathic pain transmission.

2.2.2 PAR2

Chronic compression of dorsal root ganglia (CCD) is a neuropathic pain model
which results in mechanical and thermal hyperalgesia in rats. The cAMP—protein
kinase A (PKA) pathway is shown to be important for maintaining both DRG
neuronal hyperexcitability and behaviourally expressed hyperalgesia (Song
et al. 1999). Recently, it was revealed that PAR?2 is involved in mediating increases
of cAMP and PKA activity and also cAMP-dependent hyperexcitability and
hyperalgesia in rats. When a PAR?2 activator was administered into the interverte-
bral foramen in animals with CCD, it caused an increase in cAMP accumulation,
mRNA and protein expression for PKA subunits and protein expression of PAR2
(Huang et al. 2012). In conjunction with these changes in the cAMP-PKA pathway,
CCD caused neuronal hyperexcitability and thermal hyperalgesia which were
prevented by pretreatment with a PAR2 antagonist (Huang et al. 2012). PAR2
has been reportedly involved in paclitaxel-induced neuropathic pain (Chen
et al. 2011). When paclitaxel was administered in animals, it caused enhancement
of mast cell tryptase levels in the spinal cord and DRG which led to neuronal
activation of PAR2. These effects were blocked by administration of the selective
PAR?2 antagonist (FSLLRY-amide). Additionally, pain responses were blocked by
antagonists of TRPV1, TRPV4 and TRPA1 implicating the involvement of these
receptors in PAR2 sensitisation (Chen et al. 2011). Table 2 summarises the role of
PARs in inflammatory and neuropathic pain.

2.2.3 PAR3 and PAR4
There are no prospective studies available exploring a role for PAR3 and PAR4 in
neuropathic pain.
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Table 2 Summary of role of PARs in inflammatory and neuropathic pain
PARs | Inflammatory pain Neuropathic pain
PAR1 | 1. Increase in nociceptive threshold 1. Mediates long-lasting hyperalgesia and
allodynia
2. Decrease in mechanical and thermal | 2. Increase in spinal and astrocytic PAR1
hyperalgesia expression after painful joint distraction
injury
3. Increase in production of
proenkephalins
ANTI-NOCICEPTIVE PRO-NOCICEPTIVE
PAR2 | 1. Increase in release of CGRP and SP | 1. Causes increase in neuronal
hyperexcitability and hyperalgesia in nerve
injury model
2. Prolonged thermal and mechanical 2. Mediates paclitaxel-induced neuropathic
hyperalgesia pain by activating PKA or C pathway
3. Joints
— Swelling, cytokine release,
triggers pain
— Increase in joint afferent firing
rate
— Activation of TRPV1, NK-1
4. Gastrointestinal system
— Increase in colonic motility
— Increase in contraction of
oesophageal longitudinal smooth
muscle
PRO-NOCICEPTIVE PRO-NOCICEPTIVE
PAR3 | 1. Expressed in rat DRG No studies evaluating role of PAR3 in
neuropathic pain
PAR4 | 1. Gastrointestinal system No studies evaluating role of PAR4 in
— Increase in nociceptive threshold | neuropathic pain
in colorectal distension model
— Co-localised with CGRP and SP
ANTI-NOCICEPTIVE
2. Joints
— Causes sensitisation of joint
afferents
— Causes joint pain mediated by
release of bradykinin
— Pain is mast cell dependent
PRO-NOCICEPTIVE
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3 PARs as a Drug Target for Pain

Based on the pharmacological properties of PARs in models of disease, it is clear
that these receptors participate in nociceptor modulation and pain transmission
(Fig. 2) and could be a potential target for the control of pain.

Thrombin plays an important role in maintaining haemostatic balance, and it
executes its action through PAR1 (Vu et al. 1991). This makes PARI1 an attractive
target for the treatment of cardiovascular diseases. A PAR1 antagonist SCH 530348
discovered by Schering-Plough is currently being developed by Merck Sharp &
Dohme Corp. for the treatment of non-emergent percutaneous coronary interven-
tion. Another PAR1 antagonist, atopaxar (E5555), is in the late stages of clinical
development for its safety and tolerability in patients with acute coronary
syndromes or stable coronary artery disease on top of standard antiplatelet therapy
(Ramachandran 2012). There are very few preclinical studies done in investigating
the role of PAR1 in pain. However, from the findings of those studies, it is clear that
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Fig. 2 Schematic representation of proteinase-activated receptor mechanisms of nociceptive
modulation. PAR1 (blue) is activated by thrombin which then triggers the production of opioids
which activate opioid receptors on sensory nerve terminals resulting in analgesia. PAR2 (red)
present on nociceptors is cleaved by proteinases emanating from neutrophils and mast cells. PAR2
activation further stimulates TRPV1 which causes the release of substance P which upon binding
to NK-1 receptors produces peripheral sensitisation and pain. PAR4 (purple) is activated by
thrombin which in the gut results in analgesia. Conversely in joints, neuronal and mast cell-
derived PAR4 activation causes bradykinin release which binds to neuronal B2 receptors produc-
ing peripheral sensitisation and pain
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PARI1 holds anti-nociceptive properties in inflammatory pain and pro-nociceptive
effects in neuropathic pain. Based on these studies, it is difficult to comment on the
potential of PARI as a target for general pain, and clearly there is need for more
studies to elucidate the role of PAR1 in pain signalling.

Among all the PARs, PAR?2 has been studied in many inflammatory pain models
and a few neuropathic pain models. It can be said that PAR2 plays a very important
role in pain transmission, and it uniformly promotes pain sensation Vergnolle 2003.
Different agents like trypsin inhibitors, antibodies for PAR2 and antagonists of
PAR?2 Barry et al. 2010 have been designed to see whether they block the actions of
PAR2. These agents have been studied in different disease models. A trypsin
inhibitor and PAR2 antibody prevented airway hyperresponsiveness and allergic
airway inflammation induced by intranasal administration of cockroach extract
(Arizmendi et al. 2011). PAR2 antagonists like ENMD-1068, GB 83 and GB
88 have been synthesised and tested in disease models, and they have shown
good efficacy profile in these models (Kelso et al. 2006; Suen et al. 2012; Lohman
et al. 2012; Barry et al. 2006). However, these agents have not been tested in
chronic pain and neuropathic pain models. Recently, a report by Oliveira
et al. (2013) showed promising efficacy of ENMD-1068 in preventing the develop-
ment of post-operative nociception mediated by PAR2. It is known from the
literature that PAR2 mediate pain by multiple mechanisms and blocking them
could be an attractive strategy for the alleviating chronic pain symptoms.

PAR4 plays a dual role in pain processing depending on the specific organ in
which it is expressed. In the gastrointestinal system, it increases the nociceptive
threshold and exhibits anti-nociceptive property, whereas in joints, it increases
blood flow, oedema and pain (McDougall et al. 2009). So, blocking PAR4 may
be a good strategy for alleviating arthritic but not gastrointestinal pain. Covic
et al. proposed a novel approach of designing the cell-penetrating peptides
(pepducin) which modulate receptor activity either by activating or inhibiting
receptors. These researchers developed PAR1- and PAR4-based pepducins antago-
nist and tested them for anti-haemostatic and anti-thrombotic effects (Covic
et al. 2002). PAR1 pepducin antagonist Plpal-12 blocked 75-95 % of aggregation
in response to the PAR1 extracellular ligand SFLLRN. PAR4 pepducin antagonist
P4pal-10 blocked 50-80 % of aggregation in response to the PAR4 extracellular
ligand AYPGKEF (Covic et al. 2002). Russell et al. (2010) used pepducin P4pal-10
to inhibit the AYPGKF-NH2-induced increase in nociceptor firing rate in knee
joints of rats indicating that this peptide antagonist may be useful to treat arthritis
pain. Recently, a group of researchers characterised a non-peptide, selective, PAR4
receptor antagonist YD-3 for its efficacy in ex vivo platelet assays (Chen
et al. 2008) and in an in vivo mouse model of angiogenesis (Lee et al. 2001).
However, there is no evidence of its efficacy in inflammation and pain models.
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4 Conclusion

Despite years of research in the area of pain, there is still no satisfactory and safe
treatment for chronic pain conditions. It is clear that all PARs play some role in
inflammation and pain signalling, and further development is required to advance
this promising area of pain treatment.
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Abstract

A limbic brain area, the amygdala plays a key role in emotional responses and
affective states and disorders such as learned fear, anxiety, and depression. The
amygdala has also emerged as an important brain center for the emotional—
affective dimension of pain and for pain modulation. Hyperactivity in the
laterocapsular division of the central nucleus of the amygdala (CeLC, also
termed the “nociceptive amygdala”) accounts for pain-related emotional
responses and anxiety-like behavior. Abnormally enhanced output from the
CeLC is the consequence of an imbalance between excitatory and inhibitory
mechanisms. Impaired inhibitory control mediated by a cluster of GABAergic
interneurons in the intercalated cell masses (ITC) allows the development of
glutamate- and neuropeptide-driven synaptic plasticity of excitatory inputs from
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the brainstem (parabrachial area) and from the lateral-basolateral amygdala
network (LA-BLA, site of integration of polymodal sensory information).
BLA hyperactivity also generates abnormally enhanced feedforward inhibition
of principal cells in the medial prefrontal cortex (mPFC), a limbic cortical area
that is strongly interconnected with the amygdala. Pain-related mPFC deactiva-
tion results in cognitive deficits and failure to engage cortically driven
ITC-mediated inhibitory control of amygdala processing. Impaired cortical
control allows the uncontrolled persistence of amygdala pain mechanisms.

Keywords
Amygdala ¢ Pain ¢ Plasticity « Neurotransmitter * mGluR « CGRP « CRF « NPS

Abbreviations

BLA Basolateral amygdala

CB1 Cannabinoid receptor 1

CeA Central nucleus of the amygdala

CeLC  Laterocapsular division of the central nucleus of the amygdala
ITC Intercalated cell mass

LA Lateral amygdala

mGIuR  Metabotropic glutamate receptor

mPFC  Medial prefrontal cortex

NPS Neuropeptide S

PB Parabrachial area

Pain is a complex disorder with sensorimotor as well as emotional-affective and
cognitive components (see Fig. 1). The amygdala, an almond-shaped brain area in
the medial temporal lobe, plays an important role in the emotional-affective
dimension of pain (Neugebauer et al. 2004, 2009) and, through interactions with
cortical areas, also contributes to cognitive aspects such as pain-related decision-
making deficits (Ji et al. 2010).

1 Pain-Related Amygdala Circuitry

The amygdala is closely interconnected with numerous cortical, subcortical, and
brainstem areas. Figure 2 shows key amygdala nuclei and their connections relevant
to sensory and pain-related processing. The lateral-basolateral nuclei (LA-BLA)
form the input region for sensory, including nociceptive, information from thala-
mus (posterior areas) and cortical areas such as insula, anterior cingulate cortex, and
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Fig. 2 Amygdala circuitry and interactions with cortical systems and brainstem. Input regions
(lateral and basolateral amygdala, LA, BLA) process and transmit polymodal sensory and noci-
ceptive information from thalamocortical systems to the amygdala output region (central nucleus,
CeA) through direct excitatory projections or indirect feedforward inhibition involving
interneurons in the intercalated cell mass (ITC). BLA forms close connections with mPFC that
involve inhibitory interneurons in the cortex resulting in feedforward inhibition of mPFC principal
cells. mPFC output neurons can engage ITC cells to control amygdala output. Dashed line indices
area of the amygdala

other medial prefrontal cortical areas (Orsini and Maren 2012; Pape and Pare 2010;
Marek et al. 2013; Price 2003). BLA projections of the medial prefrontal cortex
(mPFC) provide emotion- and value-based information to guide executive
functions such as decision-making and behavior control (McGaugh 2004; Holland



264 V. Neugebauer

and Gallagher 2004; Laviolette and Grace 2006). The BLA contains neurons that
respond preferentially to noxious stimuli (Ji et al. 2010).

Highly processed information generated in the LA-BLA network is transmitted
to the central nucleus (CeA), which serves major amygdala output functions and
projects to pain modulatory systems through forebrain and brainstem connections
(Mason 2005; Neugebauer et al. 2004; Bourgeais et al. 2001; Price 2003) (Fig. 2).
The laterocapsular division of the CeA (CeLC) receives nociceptive-specific infor-
mation from the spinal cord and brainstem (external lateral parabrachial area)
through the spino-parabrachio-amygdala pain pathway (Gauriau and Bernard
2002). The vast majority of CeLC neurons respond exclusively or predominantly
to noxious stimuli and have large bilateral, mostly symmetrical receptive fields
(Neugebauer et al. 2004, 2009). These CeL.C neurons show non-accommodating
spike firing properties characteristic of medium-size spine-laden peptidergic or
GABAergic Type A projection neurons with targets in the brainstem, including
PAG, and forebrain (Schiess et al. 1999; Jongen-Relo and Amaral 1998; Sun and
Cassell 1993). Peptidergic (CRF or enkephalin containing) CeA projection neurons
are innervated by calcitonin gene-related peptide (CGRP) containing terminals
from the parabrachial area (Schwaber et al. 1988; Dobolyi et al. 2005; Harrigan
et al. 1994), which is consistent with the peptidergic nature of the spino-
parabrachio-amygdala pain pathway.

Interposed between LA-BLA and CeA is a cluster of inhibitory interneurons in
the intercalated cell mass (ITC cells) which serve as a gate keeper to control
amygdala output (Pape and Pare 2010; Likhtik et al. 2008; Marek et al. 2013;
Jungling et al. 2008). ITC cells that inhibit CeA neurons are the target of excitatory
projections from the infralimbic mPFC (McDonald 1998; Busti et al. 2011; Amir
et al. 2011; Pinard et al. 2012) and are activated during behavioral extinction of
negative emotional responses (Orsini and Maren 2012; Herry et al. 2010; Pape and
Pare 2010; Sotres-Bayon and Quirk 2010). Pharmacological or mPFC-driven acti-
vation of ITC cells can also inhibit pain-related CeLC output and behaviors (Ren
et al. 2013).

2 Pain-Related Amygdala Plasticity

Electrophysiological studies in anesthetized animals have consistently found
increases in background and stimulus-evoked activity of individual CeLC neurons
(Neugebauer and Li 2003; Li and Neugebauer 2004b, 2006; Ji and Neugebauer
2007, 2009; Ji et al. 2009) and BLA neurons (Ji et al. 2010) in a model of arthritic
pain and in CeA neurons in a neuropathic pain model (Goncalves and Dickenson
2012) (Fig. 3). These “multireceptive” amygdala neurons are activated more
strongly by noxious than innocuous stimuli and likely serve to integrate and
evaluate sensory—affective information in the context of pain (Neugebauer
et al. 2004). Biochemical and electrophysiological changes were observed only in
the right amygdala in models of inflammatory pain (Ji and Neugebauer 2009;
Carrasquillo and Gereau 2007, 2008). In neuropathic pain a transient activity
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Fig. 3 Role of the amygdala in pain. Pain-producing events generate hyperactivity in the
amygdala network of lateral, basolateral, and central nuclei (LA, BLA, CeA), which accounts
for emotional—affective aspects of pain. Output from BLA deactivates medial prefrontal cortex
through feedforward inhibition, resulting in cognitive deficits such as impaired decision-making.

Decreased medial prefrontal cortical output to the amygdala allows the uncontrolled persistence of
amygdala hyperactivity, hence persistence of pain

increase was observed in the left amygdala but a persistent change in the right
amygdala (Goncalves and Dickenson 2012). Mechanisms of pain-related laterali-
zation remain to be determined.

Neuronal activity changes in the amygdala are not simply a reflection of
continued afferent input from spinal cord and other sources, but they result from
an imbalance between excitatory and inhibitory synaptic mechanisms in the amyg-
dala circuitry. Pain-related neuroplasticity in the amygdala has been established in
electrophysiological and biochemical studies in brain slice preparations obtained
from animals after the induction of different pain states, suggesting that brain
changes persist at least in part independently of continued afferent input. Excitatory
synaptic transmission to the CeLC is increased in acute models of arthritis
(Neugebauer et al. 2003; Han et al. 2005; Bird et al. 2005; Fu and Neugebauer
2008; Fu et al. 2008), colitis (Han and Neugebauer 2004), and formalin-induced
inflammation (Adedoyin et al. 2010) and in the spinal nerve ligation model of
neuropathic pain (Ikeda et al. 2007; Nakao et al. 2012). Studies in the neuropathic
pain model also reported right-hemispheric lateralization that depends on C-fiber-
mediated inputs. Synaptic plasticity of parabrachial input to the CeLC is a consis-
tent finding in various pain models, but there is also evidence for enhanced synaptic
transmission at the LA-BLA (Ji et al. 2010) and BLA—CeL.C synapses (Neugebauer
et al. 2003; Fu and Neugebauer 2008; Ikeda et al. 2007; Ren and Neugebauer 2010;
Ren et al. 2013).

Pain-related increased excitatory transmission and amygdala output can develop
because inhibitory control mechanisms are impaired. Feedforward inhibition of
CeLC neurons involves glutamatergic projections from BLA and mPFC to a cluster
of GABAergic neurons in the intercalated cell masses (ITC cells). Decreased
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activation of this inhibitory gating mechanism in pain allows the development of
glutamate- and neuropeptide-driven synaptic plasticity in the CeLC (Ren and
Neugebauer 2010; Ren et al. 2013). A mechanism of impaired inhibition is the
loss of cortical output (Ren et al. 2013) as the consequence of BLA hyperactivity
that generates abnormally enhanced feedforward inhibition of principal cells in the
mPFC (Ji et al. 2010; Ji and Neugebauer 2011). Failure to engage cortically driven
ITC-mediated inhibitory control of amygdala processing may be a general mecha-
nism of the abnormal persistence of emotional—-affective states not just in pain
(Apkarian et al. 2013; Ochsner and Gross 2005; Dalley et al. 2011).

Increased amygdala output as the result of neuroplasticity in the LA-BLA and
CeLC has emerged as an important contributor to emotional—affective behaviors in
animal pain models (Neugebauer et al. 2004, 2009). Decreasing amygdala activity
with lesions or pharmacological interventions inhibits pain-related behaviors in
different models (Han and Neugebauer 2005; Ren et al. 2013; Pedersen et al. 2007,
Han et al. 2005; Manning 1998; Fu and Neugebauer 2008; Fu et al. 2008; Palazzo
et al. 2008; Ji et al. 2010; Hebert et al. 1999). Importantly, increasing activity in the
amygdala exogenously can exacerbate or generate pain responses under normal
conditions in the absence of any tissue pathology (Han et al. 2010; Carrasquillo and
Gereau 2007; Kolber et al. 2010; Qin et al. 2003; Myers et al. 2005; Myers and
Greenwood-Van Meerveld 2010; Li et al. 2011; Ji et al. 2013). Increased amygdala
activity is now also well documented in experimental and clinical pain conditions in
humans (Liu et al. 2010; Baliki et al. 2008; Tillisch et al. 2010; Kulkarni et al. 2007;
Simons et al. 2012).

3 Pharmacology of Pain-Related Processing
in the Amygdala

The contributions of amino acid neurotransmitters (glutamate and GABA) and
neuropeptides in the amygdala network relevant to pain-related processing are
summarized in Fig. 4. A discussion of opioid function in the amygdala is beyond
the scope of this article. There is strong evidence for a critical role of the amygdala,
and the CeA in particular, in opioid-dependent pain modulation (Manning and
Mayer 1995a, b; Zhang et al. 2013; Fields 2000; Manning 1998) and reward
mechanisms (Bie et al. 2012; Cai et al. 2013), and p-, k-, and d-opioid agonists
can have direct effects on CeA amygdala neurons (Zhu and Pan 2004; Bie
et al. 2009). However their role in pain-related amygdala processing and plasticity
remains to be determined.

3.1 lonotropic Glutamate Receptors
The CeLC receives glutamatergic inputs from the LA-BLA network and from

brainstem areas (parabrachial input has been studied most extensively with regard
to amygdala pain mechanisms). Activation of NMDA and non-NMDA receptors is
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Fig. 4 Pharmacology of pain-related amygdala changes. Glutamatergic/GABAergic and
peptidergic mechanisms are depicted in separate diagrams for the sake of clarity. BLA basolateral
amygdala, CeA central nucleus of the amygdala, /TC intercalated cells, mG/uR metabotropic
glutamate receptor, NR1/2B NMDA receptor subunits NR1 and NR2B, NPSR neuropeptide S
receptor. Dashed blue line indicates intra-amygdalar CRF release from CeA neurons

required for the generation of hyperactivity of CeLC neurons in the arthritis pain
model, because administration of antagonists for NMDA (AP5) or non-NMDA
(NBQX) receptors into the CeA 6 h postinduction inhibited the increased back-
ground activity and evoked responses of these neurons in anesthetized animals
(Li and Neugebauer 2004a). In the same experimental in vivo preparation, an
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NR2B-selective antagonist (Ro-256981) showed a different profile, inhibiting
evoked but not background activity (Ji et al. 2009). In brain slices obtained from
arthritic rats 6 h postinduction (acute stage), NMDA receptor-mediated transmis-
sion at the PB-CeLC synapse is increased through PKA-dependent phosphorylation
of the NR1 subunit, and AP5 blocks the synaptic potentiation (Bird et al. 2005). In
the subacute stage of the formalin pain model (24 h postinduction), NMDA
receptors contribute to enhanced transmission at the PB-CeLC synapse (the
NMDA receptor antagonist CPP inhibited transmission), but the NMDA/AMPA
ratio is not increased compared to controls (Adedoyin et al. 2010). In contrast,
synaptic plasticity of PB inputs to CeLC neurons in the spinal nerve ligation model
of neuropathic pain (6-7 days postinduction) largely depends on non-NMDA but
not NMDA receptors (Ikeda et al. 2007).

While the electrophysiological studies may suggest that NMDA receptors are
more important for the induction rather than maintenance phase in models of
inflammatory but not neuropathic pain, behavioral data argue against pain type-
or stage-specific contributions. Bilateral intra-CeA injection of an NMDA receptor
antagonist (MK-801) inhibited nocifensive (hind limb withdrawal reflex) and
affective (place avoidance test) behaviors in the spared nerve injury model of
neuropathic pain (Ansah et al. 2010). Even in normal animals, vocalization
afterdischarges evoked by a noxious footshock (a measure of pain affect) were
inhibited by antagonists for NMDA (AP5) or non-NMDA (CNQX) receptors
administered into the CeA, whereas spinal reflexes (tail flick and hind limb
movements) were unaffected (Spuz and Borszcz 2012). In this study bilateral
administration of AP5 or CNQX was more effective than unilateral administration
into either hemisphere.

3.2 Metabotropic Glutamate Receptors

The family of G-protein-coupled metabotropic glutamate receptors (mGluRs)
comprises eight subtypes with splice variants, which can be classified into three
groups (I-III) based on their sequence homology, signal transduction mechanism,
and pharmacological profile.

Group I consists of mGluR1 and mGluR5 subtypes that couple to G/ proteins
to activate phospholipase C, resulting in the formation of IP3 to stimulate intracel-
lular calcium release, generation of diacylglycerol (DAG) activating PKC, and
activation of MAP kinases such as ERK (Nicoletti et al. 2011; Ferraguti
et al. 2008; Niswender and Conn 2010). Electrophysiological, biochemical, and
behavior data support an important role of mGluR1 and mGIuRS in pain-related
amygdala neuroplasticity and amygdala-dependent behaviors. Antagonists for
mGluR1 (CPCCOEt) and mGluRS (MPEP) inhibited increased evoked responses
of CeLC neurons recorded in anesthetized rats in a model of arthritis pain (Li and
Neugebauer 2004b). MPEP, but not CPCCOEt, also inhibited enhanced back-
ground activity in the arthritis model and had inhibitory effects under normal
conditions (Li and Neugebauer 2004b). Underlying mechanisms involve
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presynaptic mGluR1-mediated increase in excitatory and decrease in inhibitory
transmission and postsynaptic mGluR5-mediated effects based on electrophysio-
logical analyses in brain slices from arthritic rats (Ren and Neugebauer 2010;
Neugebauer et al. 2003). In these studies selective mGluR 1 antagonists (CPCCOEt
and LY367385) inhibited excitatory but facilitated inhibitory transmission only in
arthritis, whereas selective mGIluRS antagonists (MPEP and MTEP) inhibited
synaptic transmission both under normal conditions and in arthritis.

Behavioral studies support an important role of amygdalar group I mGluRs in
models of formalin-induced, arthritis, visceral, and neuropathic pain. Blockade of
mGluR1 in the CeA with CPCCOEt inhibited stimulus-evoked audible and ultra-
sonic vocalizations and spinal reflexes that were increased in the kaolin/carra-
geenan arthritis pain model, whereas blockade of mGIuRS5 in the CeA with
MPEP inhibited vocalizations but not spinal hind limb withdrawal reflexes.
Vocalizations organized in limbic forebrain areas and particularly in the amygdala
(measured as vocalization afterdischarges) were inhibited by both CPCCOEt and
MPEP. Vocalizations during stimulation, which are organized at the brainstem
level, were inhibited by CPCCOEt but not MPEP (Han and Neugebauer 2005).
The results may suggest that mGluR1 and mGIluR5 contribute to affective
behaviors generated in the amygdala, whereas mGluR1, but not mGIuRS5, also
regulate amygdala-dependent modulation of “sensory” nocifensive behaviors by
descending brainstem systems. A similar pattern of differential contributions of
mGluR1 and mGluRS5 to amygdala functions was found in the spared nerve injury
model of neuropathic pain. Application of antagonists for mGluR1 (CPCCOEt) or
mGIluRS (MPEP) into the CeA inhibited aversive behaviors in the place avoidance
test. CPCCOEt, but not MPEP, also inhibited hind limb withdrawal reflexes (Ansah
et al. 2010). These studies were done in rats. Disruption of mGluRS5 function in the
CeLC of mice pharmacologically or with a conditional knockout approach inhibited
paw withdrawal reflexes in the formalin pain model (Kolber et al. 2010) and
visceromotor reflexes in the bladder distension pain model (Crock et al. 2012).

A possible conclusion emerging from these findings would be that mGluR1
contribute in a broader way to any type of pain behaviors generated or modulated by
the amygdala, whereas mGIluRS5 function switches over time (in arthritis and
neuropathic pain models) towards a preferential contribution to affective
forebrain-mediated pain mechanisms. The electrophysiological data support this
scenario because the presynaptic function of mGluR1 could affect the drive onto
various amygdala output neurons, whereas the postsynaptic action of mGIluR5
allows for the discrete activation of subsets of CeA neurons.

Under normal conditions, mGluRS5 appears to mediate the facilitatory effects of
group I mGluR activation in the CeA on vocalizations and spinal reflexes in the
awake animal, on neuronal activity in the anesthetized preparation, and on synaptic
transmission in amygdala brain slices (Neugebauer et al. 2003; Li et al. 2011; Ji and
Neugebauer 2010; Li and Neugebauer 2004b). In these studies, the effects of an
mGluR1/5 agonist (DHPG) were mimicked by a presumed mGluR5-selective
agonist (CHPG) and/or blocked by a selective mGluRS antagonist (MTEP). A
selective mGluR1 antagonist (LY367385) inhibited the facilitatory effects of
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DHPG only on neuronal responses to visceral stimuli (colorectal distention) (Ji and
Neugebauer 2010). The facilitatory effects of mGIuRS involved IP3-mediated
calcium release to increase mitochondrial ROS production resulting in the activa-
tion of ERK1/2 and PKA, but not PKC. Inhibition of ERK (U0126) and PKA
(KT5720) was necessary to block completely the excitatory effects of a ROS donor
(tBOOH); a PKC inhibitor (GF109203X) had no effect (Li et al. 2011). ERK
activation downstream of mGIluR5 is also supported by studies in mice. DHPG
administered into the CeA induced mechanical (decreased paw withdrawal
thresholds) and visceral (response to bladder distension) hypersensitivity under
normal conditions. The facilitatory effect was reduced by an mGluRS antagonist
(MPEP) or mGluR5 knockdown and was accompanied by ERK1/2 activation in the
CeA (Kolber et al. 2010) and in the spinal cord (Crock et al. 2012).

Group Il comprises mGluR2 and mGluR3 subtypes that couple negatively to
adenylyl cyclase, cAMP, and PKA activation via G; proteins (Nicoletti et al. 2011;
Niswender and Conn 2010). Typically localized extrasynaptically they serve as
presynaptic auto- or hetero-receptors (Niswender and Conn 2010). Pharmacologi-
cal activation of group II mGluRs in the CeA with mGluR2/3 agonists (LCCG1 or
LY354740) decreased the responses of CeLC neurons under normal conditions and
in the kaolin-/carrageenan-induced knee joint arthritis pain model (Li and
Neugebauer 2006). There was an increase in potency for inhibition of responses
to noxious stimulation of the arthritic knee in the pain model but not for inhibition
of responses to innocuous stimulation of the knee or of the intact ankle or back-
ground activity, suggesting perhaps an input- and activity-dependent effect,
because noxious stimulation of the arthritic knee would likely generate the stron-
gest input to the amygdala. A group II mGluR antagonist (EGLU) had no effect
under normal conditions but increased the responses to stimulation of the knee in
the arthritis pain state. This would be consistent with activity-dependent endoge-
nous activation and gain of function of group II mGluRs in pain.

Electrophysiological analysis in brain slices showed that group II mGluRs act
presynaptically to modulate synaptic plasticity in the amygdala in a model of
arthritic pain (Han et al. 2006). A selective group II mGluR agonist (LY354740)
inhibited excitatory transmission at the PB-CeLC synapse in slices from arthritic
rats more potently than in controls without affecting neuronal excitability. A group
II mGluR antagonist (EGLU) but not a GABA 4 receptor antagonist (bicuculline)
reversed the inhibitory effect of LY354740. EGLU had no effect on its own,
suggesting that the endogenous activation of group II mGluRs in the in vivo
condition (see previous paragraph) may be due to inputs not preserved or active
in the brain slice preparation. The pain-related function of group II mGluRs at the
BLA-CeLC synapse remains to be determined, but group II mGIluR agonists
(LCCG1 and LY354740) inhibited excitatory transmission from BLA to CeLC
under normal conditions, and the inhibitory effect persisted in the presence of
antagonists for mGIluR1 (CPCCOEt), mGIuRS5 (SIB-1893), GABA, (picrotoxin),
and GABAg (CGP 55845) (Neugebauer et al. 2000).

The relative contribution of mGIluR2 and 3 was examined in amygdala
brain slices using an inhibitor (ZJ43) of the peptide neurotransmitter
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N-acetylaspartylglutamate (NAAG) that activates preferentially mGluR3
(Adedoyin et al. 2010). ZJ43 inhibited excitatory transmission at the PB-CeLC
synapse more strongly than a group II mGluR agonist that does not distinguish
mGluR?2 and 3 (SLx-3095-1), suggesting a role for endogenous NAAG and perhaps
a predominant contribution of mGluR3 under normal conditions. Both effects were
blocked by a group II mGluR antagonist (LY341495). In the formalin pain model
(24 h postinduction), ZJ43 was much less effective than SLx-3095-1 in reducing
excitatory synaptic transmission, which would be consistent with a loss of function
of NAAG or an increase in the contribution of mGluR2 relative to mGluR3.
Electrophysiological effects correlated with behavior because systemic injection
of ZJ43 blocked formalin pain-related synaptic plasticity in the CeLC as well as
mechanical allodynia (Adedoyin et al. 2010).

Group III consists of mGluR4, 6, 7, and 8 subtypes. With the exception of
mGluR6, which is found only in retinal ON-bipolar cells, they couple negatively to
adenylyl cyclase, cAMP and PKA activation via G;j proteins like group II mGluRs
(Nicoletti et al. 2011; Niswender and Conn 2010). Predominantly presynaptic
receptors, mGluR4 and mGluR8 have high affinity for glutamate and are localized
extrasynaptically on glutamatergic terminals, whereas low affinity mGIluR7 is
found in or near the active zone of the synapse on GABAergic terminals
(Niswender and Conn 2010).

Evidence from electrophysiological studies using the prototypical broad spec-
trum agonist (LAP4) suggests that group III mGluRs can inhibit pain-related
amygdala neuroplasticity. LAP4 inhibited evoked responses of CeLC neurons
recorded in anesthetized rats more potently in the arthritis pain state than under
normal conditions, whereas the inhibitory effect on background activity did not
change (Li and Neugebauer 2006). A group III mGluR antagonist (UBP1112) had
no effect under normal conditions but facilitated the evoked responses in arthritic
rats. Electrophysiological analysis in brain slices showed that LAP4 decreased
excitatory transmission at the PB-CeLC synapse more potently in the arthritis
pain model than in control slices, and the inhibitory effects involved a presynaptic
site of action (Han et al. 2004). UBP1112 reversed the inhibitory effect of LAP4 but
had no effect on its own, which is different from the in vivo situation where the
facilitatory effects of the antagonist suggest the possibility of endogenous receptor
activation in the pain model. A likely explanation would be the requirement of
amygdala inputs not present or active in the slice preparation. A group III agonist
(LAP4) also inhibited transmission at the BLA—-CeLC synapse under normal
conditions, but pain-related function of group III mGluRs at this synapse remains
to be determined.

The recent availability of subtype selective agonists allowed a more detailed
analysis that showed opposing functions of mGluR7 and mGIuRS in the amygdala
related to pain processing and modulation (Palazzo et al. 2008; Ren et al. 2011).
Activation of mGluR7 with AMNO82 increased CeL.C output (synaptically evoked
spiking) in brain slices from control rats but not from arthritic rats (Ren et al. 2011).
AMNO82 acted presynaptically to inhibit glutamate-driven synaptic inhibition of
CeLC neurons (feedforward inhibition from BLA), but not monosynaptic inhibitory
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transmission, implicating BLA-activated GABAergic interneurons such as
intercalated cells (ITC; see Sect. 4.2). In support of this interpretation, the effect
of AMNO82 was occluded in the presence of bicuculline to block GABA,
receptors. The mGIluR7-mediated disinhibition facilitated the excitatory drive of
CeLC neurons. Thus, mGluR7 would act as a gatekeeper to regulate information
flow to the CeLC by releasing GABAergic control, hence permitting excitatory
inputs from the LA-BLA network to reach the CeLC under normal conditions. In
contrast, a selective mGIuR8 agonist (DCPG) inhibited excitatory transmission at
the BLA—CeLC synapse and output of CeLC neurons more potently in brain slices
from arthritic rats than under normal conditions. The mechanism was presynaptic
on glutamatergic terminals and did not involve GABAergic modulation; DCPG had
no effect on inhibitory transmission (Ren et al. 2011). The direct inhibitory effect of
mGIuR8 and the disinhibition by mGIuR7 could be blocked with a group III
antagonist (MAP4).

Behavioral data are consistent with these electrophysiological findings (Palazzo
et al. 2008). Activation of mGluR7 in the CeA of normal rats with AMNO082
facilitated spinal reflexes (withdrawal thresholds) and supraspinally organized
affective responses (vocalizations); AMNOS2 also increased anxiety-like behavior
(decreased open-arm preference in the elevated plus maze). The facilitatory effects
of AMNOS2 were not detected in arthritic rats showing increased pain behaviors.
Intra-CeA administration of an mGluR8 agonist (DCPG) had no effect in normal
animals but inhibited the increased spinal reflexes and vocalizations of arthritic rats
and had anxiolytic-like effects in these animals tested in the elevated plus maze
(Palazzo et al. 2008). DCPG also decreased thermal hypersensitivity in a
carrageenan-induced hindpaw inflammation model and the antinociceptive effect
was blocked with a group III mGluR antagonist (MSOP) (Palazzo et al. 2011).
Furthermore, an increase in mGIuRS8 gene, protein, and staining, the latter being
associated with vesicular GABA transporter-positive profiles, has been found in the
CeA after carrageenan-induced inflammatory pain. These results show that stimu-
lation of mGluR8, which was overexpressed within the CeA in inflammatory pain
conditions, inhibits nociceptive behavior. Such an effect is associated with an
increase in 5-HT and Glu release, a decrease in GABA, and the inhibition of ON-
and the stimulation of OFF-cell activities within RVM.

The results suggest that under normal conditions mGIuR7, but not mGIuRS,
facilitates pain responses and has anxiogenic-like properties. In pain models,
however, mGlIuRS, but not mGIuR7, has inhibitory behavioral effects (Palazzo
et al. 2008, 2011), and this functional change may involve upregulation of
mGIuRS8 gene and protein expression (Palazzo et al. 2011).

3.3 GABA

The amygdala is rich in GABAergic neurons and GABA receptors, allowing the
control of amygdala output through direct inhibition, feedforward inhibition, and
disinhibition. Recent work has focused on a cluster of inhibitory interneurons in the
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intercalated cell mass (ITC cells) positioned between BLA and CeLC (Ren
et al. 2013).

Evidence from electrophysiological studies in brain slices suggests that
GABAergic transmission can control excitatory inputs and synaptically evoked
outputs of CeLC neurons (Fu and Neugebauer 2008; Ren et al. 2011, 2013; Ren and
Neugebauer 2010). However, GABA 4 receptor-mediated synaptic inhibition is lost
or impaired in a model of arthritic pain. Decreased monosynaptic (Ren et al. 2011)
and glutamate-driven disynaptic inhibition (feedforward inhibition sensitive to
NBQX) (Ren and Neugebauer 2010; Ren et al. 2013) of CeLC neurons was
found in brain slices from arthritis rats compared to controls. Feedforward inhibi-
tion can be evoked by stimulation of BLA output (Ren and Neugebauer 2010) or of
medial prefrontal cortical fibers in the external capsule (Ren et al. 2013). ITC cells
have been implicated in feedforward inhibition of CeL.C neurons because pharma-
cological activation of ITC cells with neuropeptide S (NPS) (see Sect. 5) or high-
frequency stimulation of excitatory external capsule input to ITC cells inhibited
synaptic activation of CeLC neurons (Ren et al. 2013). These inhibitory inputs exert
a tonic GABAergic tone on CeL.C neurons under normal conditions but not in the
arthritis pain model. Blockade of GABA, receptors with bicuculline in the CeLC
under normal conditions facilitated excitatory transmission at the BLA-CeLC
synapse through an indirect action in the network (Ren and Neugebauer 2010)
and also increased synaptically evoked action potential firing, a measure of neuro-
nal output (Ren et al. 2011). In brain slices from arthritic rats, however, bicuculline
had no significant effect on excitatory synaptic responses of CeLC neurons,
suggesting a loss of GABAergic inhibitory control that may contribute to the
pain-related increase of excitatory transmission (Ren and Neugebauer 2010).

Behavioral data somewhat agree with the electrophysiological findings. In a
model of neuropathic pain chronic constriction injury, bicuculline administered into
the CeA had no effect on mechanical allodynia and hyperalgesia, but attenuated,
rather than facilitated, affective pain behaviors (escape/avoidance test). The data
would be consistent with a loss, and possibly even reversal, of tonic GABAergic
inhibitory control (Pedersen et al. 2007). Exogenous activation of GABA,
receptors in the CeA with muscimol, however, had antinociceptive effects and
attenuated escape/avoidance behaviors, which would indicate the presence of
functional GABA 4 receptors. Neurochemical studies found no evidence for signifi-
cant changes of extracellular GABA levels in the BLA in the formalin pain model
(Rea et al. 2009) and in the CeA in a model of carrageenan-induced hindpaw
inflammation (Palazzo et al. 2011). In these studies, baseline rather than evoked
release was studied. Electrophysiological data implicated mGluR1 in the reduced or
lost GABAergic inhibition (see Sect. 4.1 Group I). The mechanisms of impaired
GABAergic control of amygdala function remain to be determined.
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34 Neuropeptide CGRP

CGRP is a 37-amino-acid peptide that binds to G-protein-coupled receptors,
including CGRP1, which couple positively to adenylyl cyclase, cyclic AMP forma-
tion, and protein kinase A (PKA) activation (Wimalawansa 1996; Poyner
et al. 2002; Van Rossum et al. 1997). Functional CGRP1 receptors are formed by
a heterodimeric complex of the calcitonin receptor-like receptor (CRLR) and
receptor activity-modifying protein 1 (RAMP1) (Robinson et al. 2009; McLatchie
et al. 1998). Particularly high levels of CGRP (de Lacalle and Saper 2000;
Schwaber et al. 1988; Kruger et al. 1988; Dobolyi et al. 2005), CGRP binding
sites (Wimalawansa 1996; Van Rossum et al. 1997), and proteins (CRLR and
RAMP1) required for functional CGRP1 receptors (Ma et al. 2003; Oliver
et al. 2001) have been described in the amygdala (CeA). CGRP can interact with
other receptors (Robinson et al. 2009; Hay 2007; Poyner et al. 2002) such as a
putative CGRP2 receptor that may include RAMP2 or RAMP3 rather than RAMP1
(Hay 2007). Whereas RAMP1 dominates in the CeA, the BLA contains relatively
more RAMP2 than RAMP1 (Oliver et al. 2001). The exclusive source of CGRP in
the amygdala is the lateral parabrachial area, and CGRP-immunoreactive
parabrachial fibers essentially delineate the CeLC (Schwaber et al. 1988; de Lacalle
and Saper 2000; Kruger et al. 1988; Dobolyi et al. 2005), making CGRP a marker of
parabrachial inputs to the “nociceptive amygdala.”

Electrophysiological and behavioral data show an important role of CGRP and
CGRP1 receptors in the CeA in pain-related neuroplasticity and behaviors. Admin-
istration of selective CGRP1 receptor antagonists (CGRPg_3; and BIBN4096BS)
into the CeA inhibited increased responses of CeLC neurons to mechanical stimu-
lation of the arthritic knee and non-injured ankle in anesthetized rats with a kaolin-/
carrageenan-induced knee joint arthritis (Han et al. 2005). The antagonists were
more efficacious in the pain model than under normal conditions. In amygdala brain
slices from arthritic rats, CGRP1 receptor antagonists inhibited synaptic plasticity
of parabrachial inputs to the CeLC but had no significant effect under normal
conditions (Han et al. 2005). Detailed electrophysiological analyses showed that
CGRPI1 receptors contribute to pain-related plasticity through a protein kinase A
(PKA)-dependent postsynaptic mechanism that involves NMDA, but not AMPA,
receptors. Pharmacological blockade of CGRP1 receptors in the CeA with CGRPg_
37 inhibited spinal hind limb withdrawal reflexes and supraspinally organized pain
behaviors (audible and ultrasonic vocalizations) of awake arthritic rats (Han
et al. 2005). CGRPg_37 had no effect on these behaviors in normal animals without
arthritis.

Under normal conditions CGRP in the CeA can facilitate synaptic transmission
and generate nocifensive and affective pain behaviors (Han et al. 2010). In brain
slices from normal rats, CGRP increased excitatory transmission of parabrachial
inputs to CeLC neurons through a postsynaptic mechanism and also increased
neuronal excitability. CGRP-induced synaptic facilitation was reversed by an
NMDA receptor antagonist (AP5) or a PKA inhibitor (KT5720), but not by a
PKC inhibitor (GF109203X). Stereotaxic administration of CGRP into the CeLL.C
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of awake rats increased audible and ultrasonic vocalizations and decreased hind
limb withdrawal thresholds (Han et al. 2010). Behavioral effects of CGRP were
largely blocked by KT5720 but not GF109203X. Electrophysiological and behav-
ioral effects of CGRP were blocked by a CGRP1 receptor antagonist (CGRPg_37).
The data suggest that CGRP in the amygdala exacerbates pain behaviors under
normal conditions through a PKA and NMDA receptor-dependent direct action on
CeLC neurons.

In contrast, antinociceptive effects of CGRP have been reported in the BLA of
normal animals (Li et al. 2008). Hindpaw withdrawal latencies to noxious thermal
and mechanical stimulations increased significantly after intra-BLA administration
of CGRP, and the antinociceptive effect was blocked by CGRPg_3;. CGRP receptor
composition in different nuclei of the amygdala may explain the differential effects
of CGRP. CGRP could also activate inhibitory projections from the BLA to the
CeLC (see Sect. 4.2). Neuronal effects of CGRP in the BLA remain to be
determined.

3.5 Neuropeptide CRF

Corticotropin-releasing factor (CRF) is not only a “stress hormone” but also a
neuromodulator outside the hypothalamic-pituitary-adrenocortical (HPA) axis,
and the amygdala is a major site of extrahypothalamic expression of CRF and its
receptors (Charney 2003; Gray 1993; Koob 2010; Asan et al. 2005; Sanchez
et al. 1999; Takahashi 2001; Tache and Bonaz 2007; Bale and Vale 2004; Reul
and Holsboer 2002; Hauger et al. 2009). CRF receptors can couple to a number of
G-proteins to activate a variety of intracellular signaling pathways, and PKA and
PKC appear to play particular important roles (Blank et al. 2003). Sources of CRF
in the amygdala are CeA neurons as well as afferents from the lateral hypothalamic
area and dorsal raphe nucleus (Uryu et al. 1992; Commons et al. 2003). CRF
containing neurons in the CeA are innervated by CGRP containing terminals
from the parabrachial area (Schwaber et al. 1988; Dobolyi et al. 2005; Harrigan
et al. 1994) and project to widespread regions of the basal forebrain and brain stem
(Gray 1993).

Electrophysiological studies showed an important contribution of endogenously
activated CRF]1 receptors to neuroplasticity in the CeA and BLA in a model of
arthritic pain (Ji and Neugebauer 2007, 2008; Fu and Neugebauer 2008). In
anesthetized rats, a selective CRF1 receptor antagonist (NBI27914) administered
into the CeA inhibited the evoked responses and background activity of CeLC
neurons in an arthritis pain model (Ji and Neugebauer 2007). Administration of a
NBI27914 into the BLA, but not CeA, also inhibited the increased background and
evoked activity of BLA neurons in the arthritis model (Ji et al. 2010). In contrast, a
selective CRF2 receptor antagonist (astressin-2B) had facilitatory effects on CeLC
neurons under normal conditions but not in the pain model (Ji and Neugebauer
2007).
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Patch-clamp analysis in brain slices found differential pre- and postsynaptic
mechanisms of CRF1 and CRF2 receptor-mediated effects in the amygdala. In
brain slices from arthritic rats, NBI27914 inhibited enhanced synaptic inputs to
CeLC neurons from the parabrachial area and the BLA (Fu and Neugebauer 2008)
as well as synaptic plasticity in BLA neurons (Ji et al. 2010). NBI27914 had no
significant effect on CeLC or BLA neurons under normal conditions. The synaptic
effects involved a postsynaptic mechanism and PKA-dependent inhibition of an
NMDA receptor-mediated synaptic component. NBI27914 also decreased neuronal
excitability by inhibiting ion channels important for action potential repolarization
such as Kv3-type potassium channels. In contrast, a CRF2 receptor antagonist
(astressin-2B) had no effect on neuronal excitability but facilitated excitatory
transmission at the parabrachial-CeLC and BLA-CeLC synapses through presyn-
aptic inhibition of GABAergic transmission (disinhibition) (Fu and Neugebauer
2008). Astressin-2B inhibited GABA 4 receptor-mediated inhibitory monosynaptic
transmission from BLA to CeLC, whereas NBI27914 had no effect on inhibitory
transmission. In brain slices from normal rats neither antagonist had no effects on
basal synaptic transmission (Fu and Neugebauer 2008).

In conclusion, endogenous CRF1 receptor activation in the amygdala contributes
to pain-related synaptic plasticity and hyperactivity through a postsynaptic mecha-
nism, whereas presynaptic CRF2 receptor-mediated inhibitory function is lost in the
arthritis pain model. Studies in whole animals (Ji and Neugebauer 2007) and in
brain slice preparations (Fu and Neugebauer 2008) are largely in agreement.
Discrepancies regarding CRF2 receptor function under normal conditions may be
due to differences in the availability of extra-amygdaloid inputs providing endoge-
nous ligands and tonic inhibition required for CRF2 receptor blockade to have a
detectable effect.

Behavioral evidence suggests that pain-related endogenous activation of CRF1
receptors in the amygdala contributes to pain modulation and pain affect. Blockade
of CRFI receptors in the CeA with NBI27914 inhibited pain-related behaviors
(audible and ultrasonic vocalizations and hind limb withdrawal reflexes) and
anxiety-like behaviors in a model of arthritic pain but had no effect in normal
animals (Ji et al. 2007; Fu and Neugebauer 2008). CRF2 receptor-mediated inhibi-
tion does not reach behavioral significance since astressin-2B had no significant
effect on pain behaviors (Fu and Neugebauer 2008). In a neuropathic pain model
(spared nerve injury) a nonselective CRF receptor antagonist (CRFg_4;) had no
effect on emotional—-affective (aversive place-conditioning test) and nocifensive
(hind limb withdrawal thresholds) pain behaviors (Bourbia et al. 2010). Increasing
endogenous CRF in the CeA with a CRF-binding protein inhibitor (CRFg_33) had
mixed effects, facilitating nocifensive responses while attenuating emotional—
affective behaviors (Bourbia et al. 2010). Microinjections of a CRF receptor
antagonist (CRFy_4;) into the CeA reduced hyperalgesia (tail flick test) associated
with morphine withdrawal but had no effect in normal controls (McNally and Akil
2002).

Pain-related changes of CRF function in the amygdala are supported by bio-
chemical data. CRF and CRF mRNA are increased in CeA neurons in the chronic
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constriction injury model of neuropathic pain independently of HPA axis activation
(Rouwette et al. 2011; Ulrich-Lai et al. 2006). Increased CRF mRNA expression in
the CeA was also found in a colitis model of visceral pain (Greenwood-Van
Meerveld et al. 2006).

While there is little evidence for endogenous activation of the CRF system in the
amygdala under normal conditions (Ji and Neugebauer 2007; Fu and Neugebauer
2008), exogenously administered CRF can have CRF1 receptor-mediated facilita-
tory and CRF2 receptor-mediated inhibitory effects in the CeA (Ji and Neugebauer
2008; Ji et al. 2013). In anesthetized normal rats CRF increased background and
evoked activity of CeLC neurons but decreased neuronal activity at higher
concentrations (Ji and Neugebauer 2008). Facilitatory effects of CRF were blocked
by a selective CRF1 receptor antagonist (NBI27914) but not a CRF2 receptor
antagonist (astressin-2B) and by a PKA, but not PKC, inhibitor. Inhibitory effects
of CRF were reversed by astressin-2B. In brain slices from normal rats without
injury, CRF increased excitatory transmission at the parabrachial-CeLC synapse
and also neuronal output (synaptically evoked spiking) through a postsynaptic
PKA-dependent action (Ji et al. 2013). The CRF effects were blocked by
NBI27914, but not astressin-2B, and by an inhibitor of PKA (KT5720), but not
PKC (GF109203x). CRF increased a latent NMDA receptor-mediated synaptic
component through CRF1 receptor-mediated PKA activation. Thus CRF can
induce changes resembling pain-related plasticity of CeLC neurons that involves
PKA-dependent NR1 subunit phosphorylation and increased NMDA receptor-
mediated synaptic transmission (Bird et al. 2005; Han et al. 2005).

Behavioral consequences of non-pain-related activation of CRF1 receptors in
the amygdala (CeA) are increased audible and ultrasonic vocalizations and
decreased hind limb withdrawal thresholds (Ji et al. 2013). In agreement with the
electrophysiological findings, behavioral effects of CRF were blocked by
NBI27914 and KT5720 but not GF109203x. Importantly, CRF effects persisted
when HPA axis function was suppressed by pretreatment with dexamethasone
(subcutaneously). It is conceivable that conditions of increased amygdala CRF
levels can contribute to pain in the absence of tissue pathology or disease state.

3.6 Neuropeptide S

Recently discovered NPS selectively enhances ITC-dependent feedforward inhibi-
tion of CeA neurons to produce powerful anxiolytic effects (Jungling et al. 2008).
NPS acts on a Gq-/Gs-coupled receptor (NPSR) to increase intracellular calcium
and cAMP-PKA signaling (Reinscheid 2008; Guerrini et al. 2010). The amygdala is
one of the brain areas with the strongest expression of NPSR (Leonard and Ring
2011). In the rat amygdala, the highest level of NPSR mRNA is found in and around
ITC cells but not in other elements of the pain-related amygdala circuitry
(Xu et al. 2007).

Electrophysiological and behavioral data suggest an important role for NPS in
the control of pain-related amygdala output and affective behaviors through a direct
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action on inhibitory ITC cells (Ren et al. 2013). In brain slices from arthritic rats,
NPS inhibited the enhanced excitatory drive of CeLC neurons from BLA. The
inhibitory effect of NPS was not due to a direct postsynaptic action on CeLC
neurons but involved a presynaptic, action potential-dependent network mecha-
nism. In fact, NPS increased feedforward inhibition of excitatory drive and output
of CeLC neurons by activating GABAergic ITC neurons. The cellular mechanisms
by which feedforward inhibition controls CeLC output remain to be determined.
Feedforward inhibition was generated by cortical (mPFC) fiber activation in the
external capsule. NPS increased excitatory drive and synaptically evoked output of
ITC cells through a PKA-dependent facilitatory postsynaptic NPSR-mediated
action. A selective NPSR antagonist ([D-Cys(zBu)’]NPS) blocked the electrophysi-
ological effects of NPS but had no effect on its own (Ren et al. 2013).

As a consequence of synaptic inhibition of amygdala output NPS inhibited pain
behaviors in an arthritis pain model (Ren et al. 2013). Administration of NPS into
the ITC, but not CeL.C, inhibited vocalizations and anxiety-like behavior in arthritic
rats. A selective NPS receptor antagonist ([D-Cys(tBu)S]NPS) blocked the behav-
ioral effects of NPS but had no effect on its own. These findings are in line with
previous reports that intracerebroventricular administration of NPS had anxiolytic
(Ruzza et al. 2012; Xu et al. 2004; Jungling et al. 2008) and antinociceptive
(Li et al. 2009; Peng et al. 2010) effects. Intracerebroventricular NPS attenuated
nociceptive behaviors (paw licking) in the mouse formalin pain model (Peng
et al. 2010) but also had antinociceptive effects on the tail withdrawal and
hot-plate tests in normal mice (Li et al. 2009). NPSR antagonists ([D-Val’|NPS
and [D-Cys.(tBu)5 INPS) blocked the effects of NPS but had no effect on their own.
In conclusion, the amygdala is an important site for pain-inhibiting effects of NPS
through a mechanism that involves activation of feedforward inhibition of CeA
neurons through a PKA-dependent postsynaptic action on inhibitory ITC cells.
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Abstract

Pain and itch are generally regarded antagonistic as painful stimuli such as
scratching suppresses itch. Moreover, inhibition of pain processing by opioids
generates itch further supporting their opposing role. Separate specific pathways
for itch and pain processing have been uncovered, and several molecular
markers have been established in mice that identify neurons involved in the
processing of histaminergic and non-histaminergic itch on primary afferent and
spinal level. These results are in agreement with the specificity theory for itch
and might suggest that pain and itch should be investigated separately on the
level of neurons, mediators, and mechanisms. However, in addition to broadly
overlapping mediators of itch and pain, there is also evidence for overlapping
functions in primary afferents: nociceptive primary afferents can provoke itch
when activated very locally in the epidermis, and sensitization of both
nociceptors and pruriceptors has been found following local nerve growth factor
application in volunteers. Thus, also mechanisms that underlie the development
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of chronic itch and pain including spontaneous activity and sensitization of
primary afferents as well as spinal cord sensitization may well overlap to a
great extent. Rather than separating itch and pain, research concepts should
therefore address the common mechanisms. Such an approach appears most
appropriate for clinical conditions of neuropathic itch and pain and also chronic
inflammatory conditions. While itch researchers can benefit from the large body
of information of the pain field, pain researchers will find behavioral readouts of
spontaneous itch much simpler than those for spontaneous pain in animals and
the skin as source of the pruritic activity much more accessible even in patients.

Keywords
Specificity « Intensity theory ¢ Pattern theory ¢ Sensitization

1 Differentiation Between Pain and Itch

Itch and pain can be clearly separated by their distinct sensations and their charac-
teristic reflex patterns. Acute pain evokes withdrawal of the stimulated limb which
enables escape from a potentially damaging external stimulus that threatens the
organism. In contrast, the scratch reflex directs attention to the stimulated site, and
scratching provides the means to remove a potentially damaging stimulus that
already has invaded the skin and now poses a threat from inside the body. While
virtually all organs of the human body except the brain itself are innervated by
nociceptors, itch can be induced only from skin and adjoining mucosae. Actually,
only in these locations scratching appears a reasonable approach to remove super-
ficially localized agents. In the respiratory tract, coughing has a very similar
protective role and instructively has been termed “airway itch” (Gibson 2004).
The clear functional separation between itch and pain could be explained most
easily by two specific sensory pathways.

1.1 Specificity for Itch

Specific sets of primary afferent dedicated to pain (“nociceptors”) and to itch
(“pruriceptors”) have been hypothesized in the late nineteenth and early twentieth
century (Handwerker 2014). Unmyelinated primary afferents that responded to
histamine iontophoresis in parallel to the itch ratings of subjects were finally
discovered among the group of mechano-insensitive C-fibers (Schmelz
et al. 1997). In contrast, the most common type of C-fibers, mechano-heat
nociceptors (“polymodal nociceptors”), is either insensitive to histamine or only
weakly activated by this stimulus (Schmelz et al. 2003b). Hence, this fiber type
cannot account for the prolonged itch induced by the iontophoretic application of
histamine. Yet, when histamine is injected intracutaneously, also polymodal
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nociceptors are activated for several minutes (Johanek et al. 2008). Thus, a contri-
bution of this fiber class to histamine-induced itch cannot be entirely ruled out.

The histamine-sensitive pruriceptors among the mechano-insensitive
C-nociceptors are characterized by a particular low conduction velocity, large
innervation territories, mechanical unresponsiveness, and high transcutaneous elec-
trical thresholds (Schmelz et al. 1997, 2003b; Schmidt et al. 2002). Interestingly,
only these histamine-sensitive afferents were activated by prostaglandin E2
injected intracutaneously in their innervation territory (Schmelz et al. 2003b). In
line with the large innervation territories of these fibers, two-point discrimination
for histamine-induced itch is poor (15 cm in the upper arm) (Wahlgren and Ekblom
1996). The excellent locognosia for histamine-induced itch in the hand
(Koltzenburg et al. 1993) might therefore be based on central processing compen-
sating for low spatial resolution in the periphery. Among the mechano-insensitive
afferent C-fibers, only a subset of units shows a strong and sustained response to
histamine. They comprise about 20 % of the mechano-insensitive class of C-fibers,
i.e., about 5 % of all C-fibers in the superficial peroneal nerve.

In accordance with the existence of dedicated histamine-sensitive primary
afferents, cat spinal cord recordings provided evidence for a specific class of dorsal
horn neurons projecting to the thalamus which respond strongly to histamine
administered to the skin by iontophoresis (Andrew and Craig 2001). These neurons
were also unresponsive to mechanical stimulation, and their axons had a lower
conduction velocity and anatomically distinct projections to the thalamus. The itch-
selective units in lamina I of the spinal cord form a distinct pathway projecting to
the posterior part of the ventromedial thalamic nucleus which projects to the dorsal
insular cortex (Craig 2002), a region which has been shown to be involved in a
variety of interoceptive modalities like thermoception, visceral sensations, thirst,
and hunger.

Thus, the combination of dedicated peripheral and central neurons with a unique
response pattern to pruritogenic mediators and anatomically distinct projections to
the thalamus provides the basis for a specific neuronal pathway for itch.

1.1.1  Molecular Markers for Itch-Processing Neurons

Functional classes of primary afferent neurons are defined primarily on the basis of
their response characteristics. However, functional markers are required to identify
the neuronal classes also in vitro. For the separation of functional classes among
primary afferents, marker proteins have been established that are involved in
sensory transduction such as vanilloid receptors (TRPV1, TRPA1) and purinergic
receptors (P2X3). Moreover, neuropeptides such as substance P and calcitonin
gene-related peptide, receptors for growth factors, and also receptors of yet
unknown function such as the family of Mas-related G protein-coupled receptors
(Mrgpr) are used. Markers that have been used to characterize neurons involved in
itch processing (Akiyama and Carstens 2013) include histamine H1 receptors, the
neuropeptides gastrin-releasing peptide and B-type natriuretic peptide, and the
several members of the Mrgpr family (A3, D, C11) (LaMotte et al. 2014; Bautista
et al. 2014; Braz et al. 2014b). Unfortunately, there are only few examples for a
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convincing link between the rodent marker and functional neuronal class in
primates. For a very special subtype of afferent C-fiber, the very low-threshold
so-called C-touch fibers (CT afferents) (Ackerley et al. 2014), links to the expres-
sion of MrgprB4 (Vrontou et al. 2013) and to the expression of the glutamate
transporter VGLUT?3 (Seal et al. 2009) have been described.

In the realm of itch processing, however, we do not have such convincing ties
between molecular markers used in rodents and fiber classes in the primate. There is
evidence that cowhage induces itch via activation of proteinase-activated receptors
(Reddy et al. 2008). Thus, the activation of QC-type mechano-sensitive nociceptors
by cowhage (Johanek et al. 2008) might be a possible link to MrgprC11 (Akiyama
and Carstens 2013). Beta-alanine, the activator of MrgprD, does provoke itch in
humans (Qu et al. 2014; Han et al. 2012; Liu et al. 2012) and activates primarily
QC-type mechano-sensitive nociceptors in the monkey (Wooten et al. 2014), but
the corresponding fiber type in human is yet unclear. This is similarly true for
BAMS-22, activator of MrgprC11, that also provokes histamine-independent itch in
humans (Sikand et al. 2011) probably via activating MrgprX1, the human homo-
logue of rodent MrgprC11. Activation of polymodal nociceptors by agonists of
receptors thought to be itch specific poses some problems to the concept of
specificity of itch and pain (see pattern theory below).

1.1.2 Antagonistic Interaction Between Itch and Pain

Our common experience tells us that pain inhibits itch. Also experimentally, the
inhibition of itch by painful stimuli has been demonstrated by the use of various
painful thermal, mechanical, and chemical stimuli. Electrical stimulation via an
array of pointed electrodes (“‘cutaneous field stimulation”) has also been success-
fully used to inhibit histamine-induced itch for several hours in an area around a
stimulated site of 20 cm in diameter. The large area of inhibition suggests a central
mode of action (Nilsson et al. 1997). Consistent with these results, itch is
suppressed inside the secondary zone of capsaicin-induced mechanical
hyperalgesia (Brull et al. 1999). This central effect of nociceptor excitation by
capsaicin should be clearly distinguished from the neurotoxic effect of higher
concentrations of capsaicin which destroy most C-fiber terminals, including fibers
that mediate itch (Simone et al. 1998). The latter mechanism, therefore, also
abolishes pruritus locally, until the nerve terminals are regenerated.

Not only is itch inhibited by enhanced input of pain stimuli, but vice versa,
inhibition of pain processing may reduce its inhibitory effect and thus enhance itch
(Atanassoff et al. 1999). This phenomenon is particularly relevant to spinally
administered p-opioid receptor agonists which induce segmental analgesia often
combined with segmental pruritus (Andrew et al. 2003), but has also been con-
firmed in animal experiments (Nojima et al. 2004). Conversely, kappa-opioid
antagonists have been found to enhance itch (Kamei and Nagase 2001). In line
with these results, the x-opioid agonist nalbuphine has been shown to reduce
p-opioid-induced pruritus in a meta-analysis (Kjellberg and Tramer 2001). This
therapeutic concept has already been tested successfully in chronic itch patients
using a newly developed k-opioid agonist (Kumagai et al. 2010). Recently,
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Fig. 1 Opioids were applied in the volar forearm of volunteers by dermal microdialysis. Intensity
of opioid-induced maximum itch is shown in (a) (visual analog scale 0—10, mean = SEM). (b)
Peak mast cell tryptase release during stimulation with the opioids is shown (mean + SEM). Only
low affinity opioids meperidine (40.4 mM) and morphine (3.11 mM) caused tryptase release from
mast cells. The potent opioids alfentanil (1.2 mM), sufentanil (0.12 mM), and remifentanil
(2.65 mM) provoked neither itch nor tryptase release (modified from Blunk et al. 2004)

GABAergic interneurons harboring the transcription factor Bhlhb5 in the dorsal
horn have been found to be crucial to inhibit itch (Ross et al. 2010; Braz
et al. 2014a). Most interestingly, these neurons appear to mediate spinal suppres-
sion of itch by releasing the k-opioid agonist dynorphin (Kardon et al. 2014).

Opioid-induced itch has often been linked to peripheral release of histamine
from mast cells as intradermally injected opioids can activate mast cells by a non-
receptor-mediated mechanism (Ferry et al. 2002). Accordingly, weak opioids, such
as codeine, have been used as a positive control in skin prick tests. The consecutive
release of histamine and mast cell tryptase can be specifically monitored by
measuring tryptase concentration with dermal microdialysis following intraprobe
delivery (Blunk et al. 2003). In contrast to morphine, the highly potent p-opioid
agonist, fentanyl, does not provoke any mast cell degranulation, even if applied at
concentrations having p-agonistic effects exceeding those of morphine (Fig. ).
Thus, high local concentrations of opioids are required to degranulate mast cells,
and therefore, itch induced by systemic administration of potent p-opioid agonists
in therapeutic doses is based on central mechanisms.

Central inhibition of itch can also be achieved by cold stimulation (Bromm
et al. 1995). In addition, cooling has a peripheral inhibitory effect: histamine-
induced activation of nociceptors can be reduced by cooling (Mizumura and
Koda 1999). Also in humans, cooling of a histamine-treated skin site reduced the
activity of the primary afferents and decreased the area of “itchy skin” or
“hyperknesis” around the application site (Heyer et al. 1995). Unexpectedly,
there is an initial increase of itch intensity upon cooling the histamine application
site (Pfab et al. 2006) that can be used as experimental model for central imaging
(Napadow et al. 2014). Conversely, tonic warming the skin would lead to an
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exacerbation of itch. However, as soon as the heating becomes painful, central
inhibition of pruritus will counteract this effect (Schmelz 2002).

Recent work on antipruritic effects of subpopulations of primary nociceptive
afferents indicates that especially the input from the VGLUT2-positive subpopula-
tion is crucial to explain inhibition of itch behavior by painful stimuli (Lagerstrom
et al. 2010; Liu et al. 2010). When VGLUT?2 and, thereby, glutamate release in
NaV1.8-positive nociceptors was deficient, inflammatory and neuropathic pain
responses were grossly abolished, but spontaneous scratching behavior and
increased experimental itch were massively enhanced (Liu et al. 2010). Most
interestingly, capsaicin-induced pain behavior was changed into scratching behav-
ior in these mice suggesting that the lack of noxious input via VGLUT2-positive
nociceptors disinhibited itch (Liu et al. 2010). The exact nature of the crucial
nociceptor class is still unclear, as another group did not find increased scratching
when VGLUT?2 was knocked out in NaV1.8-positive but in TRPV1-positive pri-
mary afferent neurons (Lagerstrom et al. 2010). It will be of major interest to further
characterize the nociceptor class having a crucial itch-inhibiting spinal effect.

It is important to note that we have so far followed the ideas of two separate
populations for itch and pain. This segregation is actually required for the genetic
approaches described above. Unfortunately, several aspects of itch generation such
as pruritus induced by activation of polymodal nociceptors or spatial stimulus
characteristics switching pain to itch cannot be sufficiently explained by this
approach.

1.2 Intensity and Pattern Theory of Itch

Numerous neuronal markers that were linked to itch, but not pain processing,
support the specificity theory of itch. However, as indicated above, there is evi-
dence that itch can also be induced by activation of nociceptors. Nociceptors could
provoke itch either by an intensity coding (“intensity theory”) or by a particular
population encoding (“pattern theory”) (Namer and Reeh 2013; Handwerker 2014).
Albeit this general question might appear purely academic, it is crucial to provide
the most promising research approach to identify pharmacological targets in
chronic itch and pain.

1.2.1 Non-histaminergic Itch

Histamine application causes a local wheal response surrounded by an area of
vasodilation (“axon reflex erythema”) (Lewis et al. 1927). This vasodilation is
induced by neuropeptide release from mechano-insensitive C-fibers (Schmelz
et al. 2000; Geppetti and Holzer 1996). The absence of an axon reflex flare therefore
suggests that the itch is independent of histamine-sensitive C-fibers. Indeed, itch
was induced by papain in an early study in the absence of a flare response indicating
a histamine-independent action (Higermark 1973). Itch without axon reflex flare
can also be elicited by weak electrical stimulation (Shelley and Arthur 1957; Ikoma
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et al. 2005), providing further evidence that the sensation of itch can be dissociated
from cutaneous vasodilation.

Cowhage spicules inserted into human skin produce itch in an intensity which is
comparable to that following histamine application (LaMotte et al. 2009; Sikand
et al. 2009), but is not accompanied by an axon reflex erythema and unresponsive to
histamine (H1) blocker (Johanek et al. 2007). The active compound, the cysteine
protease muconain, has been identified lately and has shown to activate proteinase-
activated receptor 2 (PAR 2) and even more potently PAR 4 (Reddy et al. 2008).
Interestingly, mechano-responsive “polymodal” C-fiber afferents, the most com-
mon type of afferent C-nociceptors in human skin (Schmidt et al. 1995), can be
activated by cowhage in the cat (Tuckett and Wei 1987), in nonhuman primates
(Johanek et al. 2007, 2008), and in human volunteers (Namer et al. 2008) (Fig. 2).

Given that cowhage spicules can activate a large proportion of polymodal
nociceptors, we face a major problem to explain why activation of these fibers by
heat or by scratching actually inhibits itch, whereas activation by cowhage produces
it. On the other hand, data from monkey suggest that mechano-heat-sensitive
C-nociceptors with a fast response to heating (“QC”) might play a more important
role in mediating cowhage-induced itch (Johanek et al. 2008). One might therefore
still hypothesize that there is a certain selectivity among mechano-sensitive
C-nociceptors for cowhage that would allow the central nervous system to separate
nociceptive from pruriceptive stimuli (LaMotte et al. 2014). Along the same lines,
in particular QC-nociceptors, but not mechano-insensitive nociceptors, were
activated by beta-alanine (Wooten et al. 2014), the activator of MrgprD that
provokes itch in humans.

1.2.2 Encoding Itch by Patterns of Activated Nociceptors

Considering nociceptors being involved in generating itch, a population code has
been postulated (“pattern theory”) (Handwerker 2014; Akiyama and Carstens 2013;
McMahon and Koltzenburg 1992) in which only a subpopulation of nociceptors can
also be activated by pruritic stimuli, whereas pure nociceptors are only responsive
to algogens. Accordingly, itch will be felt when only the first subpopulation is
responding, but pain when both populations are active.

The encoding of itch by nociceptors has also been proposed to be based on a
spatial code (Schmelz and Handwerker 2013) based on the itch induced by capsai-
cin being applied very localized on a cowhage spicule into the epidermis (Sikand
et al. 2009). The highly localized stimulation in the epidermis strongly activates
some of the local nociceptors, while their immediate neighbors remain silent
resulting in a mismatch signal of activation and absence of activation from this
site. It has thus been hypothesized that this mismatch might be perceived by the
central nervous system as itch (Schmelz and Handwerker 2013; Namer et al. 2008).
Interestingly, this result also speaks against capsaicin’s pain specificity (Ross
2011). Teleologically, it is obvious that scratching behavior in the case of a highly
localized superficial noxious focus is an adequate response as it can eliminate the
presumed cause. Moreover, scratching activates all the mechano-sensitive
nociceptors in the stimulated area, and thus, the mismatch signal of activated and
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Fig. 2 Specimen of a multifiber recording from a mechano-responsive (CM, blue) and two
mechano-insensitive nociceptors (CMi, red) in human (raw signal with marked action potential
on top). Conduction latencies of these three marked fibers (filled square, open triangles) in
response to successive electrical stimulation at the receptive field are plotted from top to bottom.
When activated by mechanical (v. Frey filament, inactivated cowhage spicules), chemical (active
cowhage, histamine), or heat test stimuli (black triangle), C-fibers exhibit activity-dependent
increase of response latency followed by a gradual normalization (“marking”). The mechano-
responsive fiber is activated during mechanical stimulation with the v. Frey filament and during
application of inactive cowhage, but lasting activation is only seen after application of active
cowhage. In contrast, the mechano-insensitive fibers do not respond to cowhage stimulation, but
are activated following histamine iontophoresis. At the right side of the panel, the itch ratings of
the subject are depicted which were assessed during this experiment. Ratings are given on a
numerical rating scale from O (O=no itch) to 10 (10 =maximal imaginable itch). Inactive
cowhage does not evoke any itch, whereas active cowhage and histamine evoke itch similarly in
time course and maximum mirroring nicely the activation pattern of the fibers. Modified from
Namer et al. (2008)
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nonactivated nociceptors at this site is terminated. Therefore, it needs to be pointed
out that pruritus cannot only be explained by itch-specific or itch-selective neurons
(LaMotte et al. 2014) along the specificity theory. In addition, the pure spatial
pattern of activated nociceptors might similarly underlie the itch sensation without
any requirement of itch-specific primary afferent neurons.

2 Central and Peripheral Sensitization in Itch and Pain

Spontaneous itch and pain are of paramount clinical relevance as they correlate to
the main complaint of chronic itch and pain patients. It is highly interesting that the
patterns of peripheral and central sensitization linked to chronic pain and itch are
remarkably similar.

2.1 Central Sensitization

Activity in chemo-nociceptors leads not only to acute pain but, in addition, can
sensitize second-order neurons in the dorsal horn, thereby leading to increased
sensitivity to pain (hyperalgesia). Two types of mechanical hyperalgesia can be
differentiated. Normally painless touch sensations in the uninjured surroundings of
a trauma are felt as painful “touch- or brush-evoked hyperalgesia” or allodynia.
Though this sensation is mediated by myelinated mechanoreceptor units, it requires
ongoing activity of primary afferent C-nociceptors (Torebjork et al. 1996). The
second type of mechanical hyperalgesia results in slightly painful pinprick stimula-
tion being perceived as being more painful in the secondary zone around a focus of
inflammation. This type has been called “punctate hyperalgesia” and does not
require ongoing activity of primary nociceptors for its maintenance. It can persist
for hours following a trauma, usually much longer than touch- or brush-evoked
hyperalgesia (LaMotte et al. 1991).

In itch processing, similar phenomena have been described: touch- or brush-
evoked pruritus around an itching site has been termed “itchy skin” (Bickford 1938;
Simone et al. 1991). Like allodynia, it requires ongoing activity in primary afferents
and is most probably elicited by low-threshold mechanoreceptors (Ad-fibers)
(Simone et al. 1991; Heyer et al. 1995). Also, more intense prick-induced itch
sensations in the surroundings, “hyperknesis,” have been reported following hista-
mine iontophoresis in healthy volunteers (Atanassoff et al. 1999) (Fig. 3).

The existence of central sensitization for itch can greatly improve our under-
standing of clinical itch. Under the conditions of central sensitization leading to
punctuate hyperknesis, normally painful stimuli are perceived as itching. This
phenomenon has already been described in patients suffering from atopic dermati-
tis, who perceive normally painful electrical stimuli as itching when applied inside
their lesional skin (Nilsson et al. 2004; Nilsson and Schouenborg 1999). Further-
more, acetylcholine provokes itch instead of pain in patients with atopic dermatitis
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Fig. 3 (a) Pre-sensitization with nerve growth factor (NGF, 1 pg) injected 3 weeks before UV-B
irradiation (threefold minimum erythema dose) provoked spontaneous pain ratings following the
intensity of the UV-induced inflammation. (b) Hyperalgesia to pinprick stimuli develops follow-
ing intradermal NGF injection and also for about 3 days after UV-B irradiation. Combined
sensitization with NGF and UV-B irradiation causes a supra-additive increase of mechanical
hyperalgesia. Modified from Rukwied et al. (2013b)

(Vogelsang et al. 1995), indicating that pain-induced inhibition of itch might be
compromised in these patients.

The exact mechanisms and roles of central sensitization for itch in specific,
clinical conditions have still to be explored, whereas a major role of central
sensitization in patients with chronic pain is generally accepted. It should be
noted that in addition to the parallels between experimentally induced secondary
sensitization phenomena, there is also emerging evidence for corresponding phe-
nomena in patients with chronic pain and chronic itch. In patients with neuropathic
pain, it has been reported that histamine iontophoresis resulted in burning pain
instead of pure itch which would be induced by this procedure in healthy volunteers
(Birklein et al. 1997; Baron et al. 2001). This phenomenon is of special interest as it
demonstrates spinal hypersensitivity to C-fiber input. Conversely, normally painful
electrical, chemical, mechanical, and thermal stimulation is perceived as itching
when applied in or close to lesional skin of atopic dermatitis patients (Heyer
et al. 1995; Steinhoff et al. 2003).

Ongoing activity of pruriceptors, which might underlie the development of
central sensitization for itch, has already been confirmed microneurographically
in a patient with chronic pruritus (Schmelz et al. 2003a). Thus, there is emerging
evidence, for a role of central sensitization for itch in chronic pruritus.

While there is obviously an antagonistic interaction between pain and itch under
normal conditions, the patterns of spinal sensitization phenomena are surprisingly
similar. It remains to be established whether this similarity will also include the
underlying mechanism which would also implicate similar therapeutic approaches
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such as gabapentin (Dhand and Aminoff 2014) or clonidine (Elkersh et al. 2003) for
the treatment of neuropathic itch.

2.2 Peripheral Sensitization

There is cumulative evidence for a prominent role of nerve growth factor (NGF)-
induced sensitization of primary afferents in both chronic itch and pain: increased
levels of NGF were found in chronic itch patients suffering from atopic dermatitis
or psoriasis (Toyoda et al. 2002, 2003; Tominaga et al. 2009; Yamaguchi
et al. 2009). Similarly, there is clear evidence for a major role of NGF in chronic
inflammatory pain (Chevalier et al. 2013; Watanabe et al. 2011; Barcena de
Arellano et al. 2011). Moreover, blocking NGF by specific antibodies proved to
be analgesic in the chronic pain patients (Lane et al. 2010; Sanga et al. 2013). Anti-
NGF strategies also were successful in animal models of chronic itch (Tominaga
and Takamori 2014). It is therefore not surprising that intradermally injected NGF
not only causes hyperalgesia to heat and mechanical stimuli in volunteers (Hirth
et al. 2013; Rukwied et al. 2010) but also sensitizes for cowhage-induced itch
(Rukwied et al. 2013c). Intracutaneous NGF injection does not induce visual
inflammatory responses in human (Rukwied et al. 2010), but interestingly, when
combined with an inflammatory pain model (UV-B sunburn), the subjects report of
spontaneous pain (Fig. 3) and pronounced hyperalgesia (Rukwied et al. 2013b) that
also includes axonal hyperexcitability (Rukwied et al. 2013a). These results nice
match the analgesic effects of anti-NGF in chronic inflammatory pain that are not
accompanied by reduced signs of inflammation (Lane et al. 2010). Therefore, it
emerges that neurotrophic factors such as NGF can change expression patterns of
primary afferent nociceptors such that their ability to signal pain or itch by local
inflammatory mediators is increased. This increase might be based on higher
discharge frequencies linked to sensitized transduction, but also to axonal
hyperexcitability.

3 Perspectives: Mechanisms for Itch or Pain in Neuropathy
and Chronic Inflammation

Finally, the current concepts differentiating itch and pain need to be evaluated in
view of the obvious clinical questions concerning the development of itch or pain
after neuropathy or in chronic inflammatory diseases. It is remarkable that some
neuropathic conditions such as postherpetic neuralgia and diabetic neuropathy are
primarily linked to pain symptoms whereas patients suffering from notalgia
paresthetica or brachioradial pruritus mainly report chronic itch (Table 1).

It is important to note that more than 25 % of patients with neuropathic pain
conditions such as postherpetic neuropathy also report itch (Oaklander et al. 2003).
According to the specificity or selectivity theory, one would hypothesize that the
mediators being released in diabetic neuropathy or postherpetic neuralgia
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Table 1 Summary of Pain Ttch
neuropathic conditions and

. . Postherpetic neuralgia +++ ++
their dominant symptoms - -
Diabetic neuropathy ++(+) +
Meralgia paresthetica +++ (+)
Notalgia paresthetica ()] +++
Brachioradial pruritus +) +4+

determine to which extent itch-selective or itch-specific primary afferents are
excited. Moreover, itching neuropathic conditions such as nostalgia paresthetica
and brachioradial pruritus should be differentiated from painful meralgia
paresthetica by primary activation of pruriceptors rather than nociceptors. How-
ever, it is completely unclear how such differentiation could be mediated for very
similar peripheral neuropathic conditions. Possibly, specific pruriceptors only play
a minor role under these conditions. In contrast, the spatial pattern of nociceptor
activation might provide the crucial input: if only few scattered axons are sponta-
neously active, their input might mimic the one of scattered nociceptors being
activated by cowhage spicules in the epidermis, whereas activation of numerous
nociceptors of a peripheral nerve would result in pain. Thus, such itch sensation
would be generated by the particular spatial code of activated nociceptors (Schmelz
and Handwerker 2013; Namer et al. 2008). Accordingly, scattered activation of
epidermal nociceptors might also occur in some chronic inflammatory diseases
such as atopic dermatitis and explain the difference between itching and painful
symptoms. If this hypothesis would be correct, the treatment of neuropathic itch and
pain would have essentially identical therapeutic targets and mechanisms rather
than itch or pain specific. Thus, the implications of theoretical concepts of itch are,
unexpectedly, of major clinical relevance. It will therefore be of major interest for
both clinicians and basic researchers to determine which fiber class generates the
peripheral input for chronic itch conditions.
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TrkA, 70-71
molecular mechanisms of, 8—11
peripheral, 4
thalamocortical system, 4
Nociceptor priming
animal models, 18
chronic pain conditions, 18
hyperalgesic priming (see Hyperalgesic
priming)
local translation, key mediator of, 20
CPEB, 23
epac signaling, 22
experimental paradigm, 23
FMRP, 23
PKCe-induced priming, 24
in sensory neurons, 22
translation, 21
naive rodents, 18
PKCe, crucial mechanism of, 19-20
preclinical models, 16
prostaglandins, 18



308

Non-neuronal cell intracellular signalling,
208, 209
Non-neuronal central immune cells, 209
astrocytes, 210-211
central immune synergy, 211
microglia, 210

(0]
Offset analgesia, 91-92
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