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DRG is of importance in relaying painful stimulation to the higher pain centers and therefore could be a cru-
cial target for early intervention aimed at suppressing primary afferent stimulation. Complex regional pain syn-
drome (CRPS) is a common pain condition with an unknown etiology. Recently added new information enrich-
es our understanding of CRPS pathophysiology. Researches on genetics, biogenic amines, neurotransmitters,
and mechanisms of pain modulation, central sensitization, and autonomic functions in CRPS revealed vari-
ous abnormalities indicating that multiple factors and mechanisms are involved in the pathogenesis of CRPS.
Epigenetics refers to mitotically and meiotically heritable changes in gene expression that do not affect the
DNA sequence. As epigenetic modifications potentially play an important role in inflammatory cytokine me-
tabolism, neurotransmitter responsiveness, and analgesic sensitivity, they are likely key factors in the develop-
ment of chronic pain. In this dyad review series, we systematically examine the nerve injury-related changes
in the neurological system and their contribution to CRPS. In this part, we first reviewed and summarized the
role of neural sensitization in DRG neurons in performing function in the context of pain processing. Particular
emphasis is placed on the cellular and molecular changes after nerve injury as well as different models of in-
flammatory and neuropathic pain. These were considered as the potential molecular bases that underlie nerve
injury-associated pathogenesis of CRPS.
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Background

Complex regional pain syndrome (CRPS) is a more recent
concept developed from the original name “causalgia” and
“Sudeck’s dystrophy”, and defined as the painful limb-con-
fined condition by the International Association for the Study
of Pain (IASP) in 1993 [1]. The prevalence of CRPS ranged from
5 to 26/100,000 per life-year [2]. For CRPS patients, 45 per-
cent of them had nerve lesion, and around 40 percent had pre-
ceding tissue trauma, and 10 percent had only minor trauma,
and 5 percent were spontaneously [2]. However, no distinc-
tive correlation was found between the severity of injury and
the degree of CRPS symptoms [1]. Inflammatory response was
considered as one of the underlying contributors to the devel-
opment and maintenance of CRPS, whereas the pharmacolog-
ic evidence using anti-inflammatory therapies on pro-inflam-
matory mediators was limited due to the trial quality, sample
size and inconsistent reporting on the results [3]. Besides, the
enhanced autonomic sympathetic activity was found facili-
tating nociceptive fibers to develop CRPS, but no direct evi-
dence of activation of nociceptors related to sympathetic dis-
charge was found [4]. Therefore, central nerve system (CNS)
was concentrated on for its involvement in the pathogenesis
of CRPS, especially when nerve injury existed [2,5]. In general,
pain signal produced from the distal area due to various rea-
sons needs to be transmitted along afferent fibers to dorsal
root ganglia (DRG), the first relay station for pain signaling into
the CNS. From this, DRG is considered as a critical pathogenic
contributor to pain and then a potential analgesic target [6].

Many mediators like neurotransmitters, ionic channels and cy-
tokines have been identified being involved in the regulation
of pain through functioning on the DRG neurons. However, the
therapeutic effect is limited when focusing on these factors,
especially in the in vivo translational settings. Although the pe-
ripheral nervous system (PNS) is the major location of most
currently available local analgesics [7] particularly the DRG for
nerve injury-induced neuropathic pain [6], unfortunately, cli-
nicians still only depend on ineffective drugs for pain control.
Furthermore, only few basic research discoveries have been
translated from animal pain models into clinical pain therapy
[8]. The major reason for the inconsistency between robust ba-
sic reports and rare effective clinical translation is that we are
still unclear about the real etiology of pain, especially when
acute pain chronified after nerve injury.

In the past decades, four major categories of mediators were
identified contributing to the development of pain: neurotrans-
mitters, cytokines, endocrine and immune-mediators, and sec-
ond messengers and nuclear mediators [9]. No matter where
these mediators are located — DRG, spinal cord or brain, their
contents and expressions were determined by corresponding
levels of gene transcription and translation that largely depend
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on the modification and controlled by epigenetics [10]. As the
entrance site of pain transmitted into the CNS, DRG possesses
a pivotal role in the functional regulation of all those above-
mentioned mediators in the context of chronic pain. This dyad
review includes two parts. The first part (Part 1) is mainly fo-
cused on nerve injury-related alterations on the molecular and
cellular bases, and in the second part (Part Il), nerve injury-in-
duced activation of various singnaling pathways and epigen-
etic etiology will be discussed.

Nerve Injury and the Pathogenesis of CRPS

In terms of the pathologic causes of CRPS, two types of gene-
ses exist: non-nerve injury and nerve injury that result in types
1 and 2 CRPS, respectively. Although a definable nerve lesion
can be tracked for the type 2, it is still difficult for clinicians
to figure out the difference accurately between the two types
and diagnose patients following the entry criteria. In fact, CRPS,
like the term itself is a complex pathologic state with the man-
ifestations overlaid and mingled. One thing we do not know is
whether the changes like edema, skin color, temperature and
regional inflammatory responses can reflect or cause lesion
of peripheral or terminal nerve fibers.

As far as the nerve injury we know, it is a wide-spectrum def-
inition indicating the injury of the nerve tissue. Three major
types of injury demonstrate different levels of lesion on the
nerve fibers: level I, neurapraxia, the least severe and revers-
ible injury from compression of the nerve or disruption of the
blood supply without structural changes; level Il, axonotmesis,
a more severe injury due to crush or stretch resulting in axon
damage with intact myelin sheath; and level lll, neurotmesis,
the most severe and even transectional injury leading to loss
of nerve continuity [11]. Theoretically, nerve injury would re-
sults in loss of superficial sensation including pain (anesthe-
sia, hyposthesia, parathesia), but on the contrary the fact is
that nerve injury produces more severe pain [12]. Studies on
proximal nerve fibers showed that the density, structure and
function of these fibers encountered alteration in the context
of CRPS [13] suggesting that nerve lesion was either the cause
or the result of CRPS. Meanwhile, it indicated that nerve le-
sion is a critical contributor to the occurrence of CRPS which-
ever type of the pathologies the patient suffered. Therefore,
the injury on nerve fibers in CRPS can be resulted from both
internal (indirect lesion subsequent to tissue injury-induced
inflammation) and external (direct trauma) causes.

CRPS itself appears to be the final result of all kinds of patho-
logical injuries. s it the fact? Currently, almost no studies there
paid attention to this question. When a patient was diagnosed
CRPS, which means this patient had a “complex” pathologic con-
dition where tissue injury, inflammation and nerve injury perform
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Figure 1. Complex connections among factors in CRPS.

function on each other in a positive feedback manner that results
in the so-called regional pain dubbed as a “syndrome” (Figure 1).

Nerve Injury Induced Cellular and Molecular
Changes

When nociceptive signals produced at distal nerve fibers, and
travelled through DRG neurons and then conveyed centrally
into the CNS, the whole pain coding and transducing process-
es completed within several seconds even shorter. Following
nerve injury, DRG neurons become hyperexcitable, generating
spontaneous action potentials (APs) or abnormal high-frequen-
cy activity (especially when the injury lasts longer from sever-
al weeks to months) that substantially contributes to neuro-
pathic pain. The development of chronic pain was considered
as a mixed result of multiple factors needing the involvement
of neurons, immune cells and glia, whereas neurons are still
the core and immuno- and glial cells are only the supplemental
contributors to the establishment of chronic pain. We hereby
merely focus on DRG neurons for its role in the formation of
nerve injury associated pain, and review the association be-
tween the DRG neuronal changes after nerve injury and CRPS.

lon Channels and Nerve Injury

lonic channels are pivotal contributors to the pain. Sodium
channels are the major structural component of the formation
of APs, and also are the functional target of local anesthetics.
Voltage-gated sodium channels (Nav) on the DRG neurons play
a crucial role in contributing to the development and main-
tenance of chronic pain [14]. According to the alpha subunit
of Nav channels, a total of seven Nav channels thus far were
found to be involved in different pain conditions. Potassium
channels, the most widely distributed type of ion channels,
were found to be involved in the regulation of pain. Voltage-
gated potassium channel 1.1 (Kv1.1) acts as a mechanosensitive
brake that regulates mechanical sensitivity of fibers related to
mechanical perception [15]. Kv7/M channels expressed large-
ly in DRG neurons take an important part in the nociceptive
modulation and in the analgesic action of celecoxib, a widely
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prescribed cyclooxygenase 2 inhibitor [16]. Kv9.1 dysfunction
or down-regulation leads to spontaneous and evoked neuro-
nal hyperexcitability in myelinated fibers and DRG neurons,
coupled with development of neuropathic pain [17]. The role
of T-type calcium channels in sensory and nociceptive path-
ways has been well documented [18]. Cation-chloride cotrans-
porters have been considered to play an essential role in con-
trolling intracellular chloride concentration ([Cl']) of neurons,
and this action hence produces modulation on the GABAergic
function [19]. These major ionic and cationic channels func-
tion on each other and form a balancing matrix that controls
over the final sensitivity of the DRG neurons.

Neurotransmitters and Nerve Injury

Alterations in the expression of neurotransmitters and corre-
sponding receptors play a significant role in sensitizing or de-
sensitizing DRG neurons after nerve injury. The imbalanced
levels of excitatory and inhibitory transmitters including their
receptors make the whole DRG be easier to be sensitized to
stimulation depicting a reduced threshold or spontaneous ac-
tivity. Meanwhile, nerve injury induced changes in the synap-
tic plasticity and homeostasis of the neural micro-environment
giving way to hypersensitivity. These are the underlying rea-
sons resulting in the complex refractory CRPS.

Glutamatergic Transmission After Nerve
Injury

Glutamate is the great majority of excitatory neurotransmit-
ter in our nervous system. Cumulating evidence indicated that
glutamatergic transmission contributes to the pathogenesis
and pathophysiology of pain allowing for an increasing ap-
proach to drug development. From its synthesis to release to
reuptake, the contents of glutamate are kept in a reasonable
level. Nerve injury, one of the major pathogenic reasons, will
overbalance the glutamatergic homeostasis and will lead to
hypersensitivity. As the metabolic precursor to gamma-ami-
nobutyric acid (GABA), the level of glutamate elevated consid-
erably due to the dysfunction of glutamic acid decarboxylase
65 (GAD65) under the condition of nerve injury [20]. Before
released into the cleft, cytosolic glutamate first need cross
the vesicular membrane via the activity of vesicular gluta-
mate transporters (VGLUTSs), but interestingly the expression
of VGLUTs up-regulated in DRG neurons after peripheral nerve
injury [21] and the vesicular VGLUT content was critically es-
sential for the quantal size and the VGLUT2-mediated reduc-
tion of excitation affects sensory processing [22] suggesting
that VGLUT-associated increase in the glutamate release was
an another important contributor to the elevated glutamater-
gic transmission.
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Once released into the cleft, glutamate needs bind to its recep-
tors for further function. lonotropic glutamate receptor (iGluR)
including N-methyl-D-aspartate (NMDA), kainate and 2-ami-
no-3-[3-hydroxy-5-methyl-isoxazol-4-yl]propanoic acid (AMPA)
receptors forms the ion channel pore when glutamate binds
to the receptor, but metabotropic glutamate receptor (mGluR)
indirectly activates ion channels through a G-protein coupled
signaling cascade. The expression of NMDA receptors (NRs) in
DRG neurons was confirmed using double fluorescence stain-
ing and was involved in the regulation of the release of sub-
stance P (SP) from primary afferent nociceptors [23]. In later
1970s, DRG neurons were found to be depolarized by kain-
ate, and peripheral administration of kainate receptor agonists
elicited nociceptive signaling followed by pain behaviors [24].
Electrophysiological studies indicated that kainate receptors
are located both postsynaptically (mainly mediating excitato-
ry neurotransmission) and presynaptically (modulating excit-
atory and inhibitory transmissions). Activation of presynaptic
AMPA receptors caused inhibition of glutamate release from
the terminals showing that primary afferent depolarization is
also mediated by glutamate acting on presynaptically local-
ized AMPA receptors [25]. Although current evidence demon-
strated that glutamate-mediated DRG neuronal activation is
an important component of pain subsequent to nerve injury,
the exact mechanisms are still not well understood.

GABAergic Transmission After Nerve Injury

GABA functions as the chief inhibitory transmitter through
binding to its specific receptors resulting in negative change in
the transmembrane potential. A number of data demonstrat-
ed that both subtypes of GABA receptors (GABA, and GABA,)
in the DRG neurons take part in the pathologic processes of
pain due to nerve injury, and inhibition in GABAergic trans-
mission was considered as the underlying reason. Nerve inju-
ry induced changes in the expression of the GABA receptors,
and structural remodeling, and GABA metabolism abnormali-
ty and function reduction all make the DRG neurons easier to
be excited in response to stimulation.

Regarding the expression of GABA receptors in the DRG after
nerve injury, different results reported. Some found a down-
regulation of GABA, 2 subunit [26], but some showed an up-
regulation of GABA, a5 subunit [27] in ipsilateral DRG neu-
rons after nerve injury. No matter the expression of GABA,
receptor subunits and their precise role in pain modulation,
one thing confirmed is that direct use of muscimol, a specific
GABA, agonist, to the ipsilateral DRG prevented the develop-
ment of hyperalgesia in rats subjected to sciatic nerve injury.
GABA, was found to be positioned presynaptically modulat-
ing primary afferent transmission, and loss of GABA, on DRG
neurons contributes to the development of hyperalgesia after
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nerve ligation [28]. Blockade of GABA, with pertussis toxin
prevented the increase in the Nav1.7 protein that character-
ized the regulation of the phenotype of the DRG and primary
afferent [29]. In addition, GABA, receptor associated protein
(GABARAP) functions as an important component of the tran-
sient receptor potential vanilloid (TRPV1) signaling complex
that contributes to the desensitization of DRG neurons [30].
Introducing recombinant adeno-associated virus 2 (rAAV2)-
GADG65 using transgene delivery to the DRG increased the
contents of GABA and consequently relieved pain from sciat-
ic nerve injury [31]. Based on these findings, timely enhance-
ment of the GABAergic transmission at the level of DRG can
prevent the occurrence and development of hypersensitivity
and may promote early recovery form peripheral nerve injury.

Monoaminergic Transmission After Nerve
Injury

Monoaminergic neurotransmitters like dopamine (DA), norepi-
nephrine (NE) and serotonin (5-HT) are critical components of
neural activity modulation. When they are released into synap-
tic cleft through specific transporters, their levels are balanced
by corresponding reuptake process. In the CNS, both ascend-
ing and descending pathways are composed. In term of the
origination of these pathways, serotonergic fibers come from
raphe nuclei, and noradrenergic projections stem from locus
coeruleus (LC), and dopaminergic fibers derived majorly from
ventral tegmental area (VTA) and substantia nigra (SN). The
projections of these pathways are disturbed by nerve injury,
and their function overlay and double or triple reuptake inhibi-
tors are recommended in the relief of pain. Tetrahydrobiopterin
(BH4), an essential co-factor in the production of monoamines,
and its synthesis cascade were considered as targets of anti-
neuropathic pain drug development.

Dopaminergic Transmission

By focusing on the two brain dopaminergic pathways, com-
pelling evidence suggested a crucial role for dopamine neuro-
transmission in modulating pain perception and analgesia. In
developing brain, the glutamatergic phenotype of the VTA DA
neurons is highly plastic, repressed toward the end of normal
embryonic development, and derepressed postnatally follow-
ing injury indicating that glutamate and DA are co-released
by mesencephalic neurons [32]. Unilateral chronic constric-
tion injury (CCI) of the sciatic nerve induced specific and lat-
eralized adaptations in the dopaminergic circuitry of the nu-
cleus accumbens (NAcc) [33]. Activation of D,-like dopamine
receptor or inhibition of D,-like receptor in the ventrolateral
orbital cortex (VLO) produced anti-hypersensitivity effect [34].
Moreover, activation of the striatal dopamine D, receptors

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License




WangF. et al.:
Epigenetic of DRG in CRPS (Part )
© Med Sci Monit, 2014; 20: 1067-1077

attenuated neuropathic hypersensitivity via the suppression
of impulse discharge of presumably pronociceptive neurons in
the rostroventromedial medulla [35]. Reduction in mu-opioid
receptor (MOR) function and in extracellular signal-regulated
kinase (ERK) activity of dopaminergic neurons in the VTA con-
tributed to the suppression of the morphine-induced reward-
ing effect under a neuropathic pain condition [36]. All these
studies observed the dopaminergic contribution to the nerve
injury evoked pain, but they only focused on the brain ascend-
ing dopaminergic pathways but not on the descending path-
way. Meanwhile, what the potential effect of DRG dopamine
transmission after nerve injury still needs to be investigated.

Noradrenergic Transmission

NE is released from postganglionic neurons in the sympathetic
nervous system. Recent evidence showed that majority of nor-
adrenergic fibers derived from the LC exert inhibitory and fa-
cilitating function on pain modulation. Intrathecal application
of NE or clonidine produced antinociceptive effects by inhib-
iting Ad and C-fiber-mediated sensory transmission through
activating a2-adrenoceptors (ARs) indicating that descending
noradrenergic projections to the spinal cord characterized as
an inhibitory control over the pain. In contrast to this, lesion of
noradrenergic LC markedly reduced tonic behavioral responses
to peripheral inflammatory injury produced the idea that the
LC might contribute to the induction or/and maintenance of
hyperalgesia in the context of nerve injury-induced pain [37].
Furthermore, inhibition of the catechol-O-methyltransferase
(COMT), an enzyme that metabolizes catecholamines, result-
ed in an increase in pain sensitivity through p2/3-adrenergic
activation suggesting that f2/3 AR antagonists may benefit
patients suffering from pain [38]. For the role of DRG norad-
renergic transmission in pain, studies found that NE enhanced
the excitability of DRG neurons via a2-ARs activation indicat-
ing that NE plays a pivotal role in the development and per-
sistence of pain by exciting a2-ARs located on DRG neurons
[39]. Therefore, we can conclude from recent findings that ac-
tivation of different subtypes of noradrenergic receptors at
different sites of the CNS produces contrasting results under
the condition of pain.

Serotonergic Transmission

Like noradrenergic transmission, activation of the serotonergic
pathway also possesses bidirectional effect on the modulation
of pain. On the one hand, the descending 5-HT from the rostral
ventromedial medulla (RVM) functioned as an essential contrib-
utor to pain facilitation during the development of persistent
pain. Activation of the spinal 5-HT2A receptors produced a pro-
nociceptive role, and spinal 5-HT3 receptor activation induced

REVIEW ARTICLES

behavioral hypersensitivity via a neuronal-glial-neuronal sig-
naling cascade [40]. In further, 5-HT increased the activity of
capsaicin-sensitive peripheral nociceptors, which can be atten-
uated by pharmacologically blocking peripheral 5-HT receptors.
These results suggest a facilitating role of the descending 5-HT
in the development of persistent pain after tissue and nerve
injury. However, on the other hand, 5-HT could enhance the
release of GABA and glycine by activating the 5-HT2A, 5-HT2C
and/or 5-HT3 receptors expressed on inhibitory spinal inter-
neurons to inhibit sensory transmission [41], and the inhibito-
ry descending serotonergic systems may be involved, through
5-HT1A and 5-HT3 receptors, in the production of an anti-no-
ciceptive effect [42]. As thus an inhibitory effect of the sero-
tonergic transmission exists on the nerve injury-induced pain.

For the DRG neurons, 5-HT also has dual effect on pain mod-
ulation. 5-HT can increase hyperpolarization-activated cation
current (1) especially the cells with T-type Ca?* current ampli-
tude and large-diameter DRG cells suggesting that 5-HT-induced
changes in |, possibly be involved in the modulation the ec-
topic spontaneous discharges of DRG neurons subsequent to
peripheral nerve injury [43]. On the contrary, enhanced sero-
tonergic transmission stimulated secretion of oxytocin (OXT)
[44], a molecule was found to be involved in the anti-noci-
ceptive regulation through acting on vasopressin-1A recep-
tor (V1AR) expressed in DRG neurons. So, further studies are
needed to decipher the exact role of serotonergic system in
pain subsequent to nerve injury.

Opioidergic Transmission After Nerve Injury

Opioid is still the mainstay of pain control, although great prog-
ress has made in the study of analgesia and other types of an-
algesics were developed. Exogenous opioid functions through
binding to opioid receptors (ORs), a group of G-protein cou-
pled receptors functioning as the bases of the endogenous
opioidergic system, which plays an important role in the bal-
ance regulation of pain by mingling with other systems like
GABAergic, noradrenergic, serotonergic, dopaminergic and cho-
linergic in both peripheral and central nervous systems [45].
GABA receptor stimulants and GABA-transaminase inhibitors
enhance the analgesic effect of opiates; on the contrary, mu-
opioid receptor (MOR) activation inhibits presynaptic GABA
release, and this effect can be suppressed by CCK-8S, an en-
dogenous anti-opioid substance. Chronic morphine consump-
tion increases GABA synaptic activity that consequently leads
to morphine tolerance [46]. The endogenous opioidergic anal-
gesia was inhibited by increased presynaptic GABA release in
the periaqueductal gray (PAG) under neuropathic pain. Taken
together, acute and chronic activation of both opioidergic and
GABAergic systems produce completely opposite effects on
each other (Figure 2).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License




REVIEW ARTICLES

A Acute situation B Chronic situation

OR Agonists Chronic Consumption

l(+) l(+)
Opioid R - Opioid R -
(+)< e (—)< i)
GABAR o GABAR o

T(+) T(+)

GABA R Stimulans Neuropathic Pain
GABA Transaminase Inhibitors

Figure 2. Interaction between opioid and GABA systems.
Activation of opioidergic and GABAergic systems
produce opposite effect on each other under acute (A)
and chronic (B) circumstances. OR: opioid receptor;
GABA: y-aminobutyric acid; R: receptor.

Adrenergic and serotonergic fibers in the spinal cord form two
neurochemically different descending inhibitory systems, and
most of the adrenergic fibers are succeeded by the propriospi-
nal opioidergic neurons while a few of the serotonergic fibers
have such a succession. On the one hand, opioidergic activa-
tion itself is involved in the antinociceptive effect of 5-HT or
serotonin reuptake inhibitor. For the cortical descending con-
trol, opioidergic and serotonergic systems synergically inhibit
hypersensitivity under different pain conditions, and the in-
teraction of both systems functions as the underlying mech-
anism of many analgesic substances like oleanolic acid, gab-
apentin, eugenol, and paroxetine [47], acupuncture [48], and
high-intensity extended exercise [49]. On the other hand, opi-
oid interacts with a2-adrenoceptors showing higher affinity
for the 2B and 0:2C than for the a:2A subtype in brain [50]. In
the spinal cord, a2A is not directly involved in morphine anal-
gesia, and even antagonists of «2A augment the antinocicep-
tive actions of partial opioid agonists, but a2C favors the spi-
nal antinociceptive and synergic effect of opioid. In DRG, the
analgesic effect of a2 agonist can be enhanced by systemic
daily morphine via up-regulation of the a2A, «2B and a2C ARs
[51]. Meanwhile, B2 AR agonists potentially offer an antino-
ciceptive role in the treatment of neuropathic pain by impli-
cating the endogenous opioidergic system [52]. Collectively, a
functional connection formed among opioids, 5-HT and nor-
adrenalin by affecting each other, but the precise relationship
still needs to be clarified.

There is a tight connection between the rostromedial tegmental
nucleus (RMTg) and the VTA/SN which is mediated by dense,
opioid-sensitive GABA innervations suggesting that the RMTg is
a key structure in the MOR-dependent regulation of dopamine
neurons. Activation of dopamine D, receptors induces analge-
sia through involving a MOR related opioidergic link, and D,
receptor agonists potentiate opioid-induced antinociception.
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Besides, cholinergic transmission activates endogenous opi-
oidergic interneurons, which inhibits GABAergic neurons that
finally are associated with antinociception in the hippocam-
pus [53] and the amygdala [54]. So we can conclude that the
interaction of opioidergic with dopaminergic or with choliner-
gic needs the modulating involvement of GABAergic neurons.

Gaseous Mediators Being Involved in Pain
Modulation After Nerve Injury

Hydrogen sulfide (H,S) is an endogenous gaseotransmitter
synthesized by the endogenous enzymes cystathionine-3-
synthetase (CBS) and cystathionine-y-lyase (CSE). Recent data
showed that H_S functions as a signaling molecule in the en-
teric nervous system, and emerging evidence indicated that
H.S is a critical mediator of pain. Most data showed that H,S
is a pro-nociceptive molecule. H,S participates in formalin-in-
duced nociception in diabetic and non-diabetic rats, but H.S
levels were decreased in sciatic nerve, DRG and spinal cord
during diabetes-associated peripheral neuropathy develop-
ment [55]. In addition, H,S increases excitability through sup-
pression of sustained potassium channel currents of trigem-
inal ganglion neurons [56]. Spinal and peripheral application
of NaHS, an H.,S donor, sensitizes Cav3.2 T-type Ca** channels
expressed in the DRG and spinal nociceptive neurons which
lead to hyperalgesia and such an H,S-mediated potentiation
of T-type Ca?* channels will result in enhanced neuronal firing
in concert to depolarization of TRPA1 in nociceptive sensory
neurons. These findings were further convinced that mechan-
ical hyperalgesia and allodynia induced by NaHS/H,S require
activation of both Cav3.2 and TRPA1 channels [57]. In contrast
to its pro-nociceptive role, H,S was also found exert antinoci-
ception in a rodent model of visceral pain by transactivating
the MORs [58]. As thus, H,S possesses pro- and anti-nocicep-
tive effects under different pain settings.

Nitric oxide (NO) is a gaseous signaling molecule synthesized
by nitric oxide synthases (NOSs). New evidence showed that
the NOS/NO pathway plays an important role in the develop-
ment and maintenance of neuropathic pain after nerve inju-
ry. For the peripheral sensory neurons, the nociceptive action
of NO is mediated by both TRPV1 and TRPA1 [59]. NO can
down-regulate the function of TRPV1 through activation of
the cGMP-PKG pathway, which participates in the local anti-
allodynic effects of morphine after peripheral nerve injury, and
NO is implicated in the down-regulation of MOR during neuro-
pathic pain [60]. For the spinal cord, the NO-dependent long-
term potentiation (LTP) of nociceptive pathways is a crucial
mechanism behind long-term central pain sensitization [61].
Therefore, NO functions as a sensitizer of peripheral and spi-
nal nociceptive neurons, but at the early stage of inflammato-
ry pain, NO plays as an analgesic in the periphery.
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Carbon monoxide (CO), an atypical gaseous neurotransmit-
ter in the nervous system, has been found to be involved in
a wide variety of neuronal activities including in nociception
processing. Chronic pharmacological activation of heme oxy-
genase (HO)-1/CO pathway may prevent the development of
behavioral symptoms of neuropathic pain, through an activa-
tion of anti-inflammatory and anti-oxidant mechanisms [62].
In further, HO-CO-cGMP pathway plays a key phasic antinoci-
ceptive role modulating noninflammatory acute pain and in-
flammatory pain, and an antinociceptive synergy exists be-
tween peripheral and spinal HO-CO pathways [63]. Application
of both carbon monoxide-releasing molecule Il (CORM-2) and
heme oxygenase 1 inducer (cobalt protoporphyrin IX, CoPP)
improved the local antinociceptive effects of morphine dur-
ing chronic inflammatory and neuropathic pain by interaction
with NO [64] and enhancing MOR peripheral expression and
inhibiting spinal microglial activation and overexpression of
NOS suggesting that an interaction between CO and NO sys-
tems is taking place following nerve injury.

Inflammation After Nerve Injury

Inflammatory responses subsequent to nerve injury play an es-
sential role in defending further lesion and in promoting axon
regeneration, but simultaneously contribute to the pathogene-
sis of hypersensitivity. As the natural consequence of nerve in-
jury, inflammation was considered as one of the keys of the de-
velopment and maintenance of pain, and also as the potential
target of analgesia. For CRPS, the presence of a pro-inflamma-
tory state is found to be an essential component contributing
to its pathogenesis. There are important clinical implications
for how to take advantage of nerve injury-induced inflamma-
tion to obtain a “double-win” effect, i.e. controlling inflamma-
tory responses at a proper level to promote recovery from in-
jury and suppress neural sensitivity.

Cytokines

Cytokines are small, nonstructural proteins functioning as the
regulators of host responses to infection, immune responses,
inflammation, and trauma. Functionally, cytokines are catego-
rized into pro- and anti-inflammatory cytokines, which partic-
ipate in balancing the inflammatory responses. Tumor necro-
sis factor (TNF) is a principal composition of pro-inflammatory
cytokines. Emerging evidence indicated that TNF-induced in-
flammation is strongly associated with cellular harm and pain
behavior, and also are bound by temporal and spatial resolu-
tions [65]. TNF takes function by binding to its receptor-either
TNF receptor type 1 (TNFR1) or TNFR2 or both. Majorly, three
signaling cascades are activated by TNF: nuclear factor kap-
pa B (NF-kB), mitogen-activated protein kinase (MAPK) family,
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and the death signaling. Of the MAPK cascades, TNF induces a
strong activation of the stress-related c-Jun N-terminal kinase
(JNK) group, evokes moderate response of the p38-MAPK, and
is responsible for minimal activation of the classical ERK. TNF
is involved in the sensitization of both peripheral and central
neurons through inducing production of other inflammatory
mediators, promoting overbalance between excitatory and in-
hibitory neurotransmitters, and facilitating plasticity of syn-
aptic connection [66].

Macrophage migration inhibitory factor (MIF) is the first cy-
tokine defined for its inhibition on the random migration of
lymphocytes in 1960s’, and a number of data showed that
MIF is a pluripotent regulator of inflammatory responses.
Cumulating evidence indicated that MIF is a pivotal contrib-
utor to the pathogenesis of pain subsequent to nerve injury
[67,68]. CD74 takes an essential part as the functional recep-
tor of MIF in the mediation of downstream signaling pathway
of MIF, and is considered as a promising therapeutic target of
MIF-associated inflammatory responses. In consideration of
MIF’s counter-regulation of glucocorticoids’ anti-inflammato-
ry function [69], and the analgesic role of glucocorticoids [70],
it is worthwhile for studying the correlation between MIF and
glucocorticoids in pain, and the accurate role of MIF in the
DRG neurons in the context of nerve injury associated CRPS
also warrants further investigation.

Interleukin 1 (IL-1) is not only a product, but also an evoker
of inflammation. Direct application of IL-1 into plantar caused
hypersensitivity to mechanical stimulation, and IL-1 increased
excitability of sensory neurons. Under the condition of pain,
the levels of IL-1 mRNA, protein, and IL-1 receptors are up-reg-
ulated in nociceptors suggesting that IL-1 directly affects the
excitability of primary afferents [71]. IL-1-induced inflammato-
ry cascades make the sensory neurons be susceptible to sub-
threshold stimuli [72], and IL-1 functions as a key mediator in
the interaction between glia and neurons [73] indicating that
blockade of IL-1 or IL-1R possesses therapeutic property. IL-6
is another key mediator of inflammation. Emerging evidence
indicates that IL-6 is strongly associated with nerve injury-in-
duced hyperalgesia. Bilateral elevation of IL-6 protein and mRNA
is not limited to DRG homonymous to the injured nerve, but
also extended to DRG that are heteronymous to the injured
nerve, which suggests that the neuroinflammatory reaction
of DRG to nerve injury is propagated alongside the neuroaxis
from the lumbar to the remote cervical segments. However,
IL-6 exerts disinhibitory role in promoting axon regeneration
after injury via janus kinase/signal transducers and activators
of transcription-3 (JAK/STAT3) and phosphatidylinositide 3-ki-
nase/protein kinase B (PI3K/Akt) pathways [74]. These imply
that attenuation of nerve injury-induced pain by preventing
the actions of TNF, MIF, IL-1, and IL-6 may be beneficial to the
restoration of function of the impaired nerve.
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Prostaglandins

Multiple lines of evidence indicate that eicosanoid signaling
is crucial in initiation and progression of pain that have neu-
roinflammatory pathologic component. Spinal prostaglandin
(PG) synthesis is enhanced by spinal nerve injury, and phar-
macological disruption of this cascade significantly reverses
such allodynia. Injured sciatic nerves produce PGE, and 6-keto-
PGF1a through COX-2 activity by macrophages in response to
soluble factors [75]. In further, PGE, participated in the mainte-
nance of neuropathic pain in vivo not only by activating spinal
neurons, but also by retaining microglia in the central termi-
nals of primary afferent fibers via EP2 subtype and via EP1-
mediated NO production, during which p38 MAPK activation
is the underlying pathway[76]. Besides, PGE, induced allodyn-
ia by stimulation of neuropeptide/opioid peptide nociceptin/
orphanin FQ (N/OFQ) release in the spinal cord via PGE recep-
tor 4 (EP4) subtypes [77]. Homeostasis of neuronal connec-
tion is an important property of the stable nervous system,
but the inflammatory episodes after COX 2 is rapidly upregu-
lated subsequent to nervous injury and its product PGE, ex-
erts contrast functions in the nervous system by working on
the homeostatic plasticity, and new evidence revealed that
COX2-PGE, system takes an essential part in balancing exci-
tation and inhibition of the synaptic activities at a new set-
point [78]. Therefore, targeting on PG for pain therapy prom-
ises patients as showed in the COX inhibitors in the treatment
of pain related to inflammatory responses.

Others

Inflammation is orchestrated by means of the body’s immu-
nity process and displayed as an intertwining connection
among different types of inflammatory mediators. Except for
the abovementioned factors being involved in the regulation
of inflammation, there are other kinds of essential mediators
contributing to the initiation and maintenance of inflamma-
tory responses.

Kinins are a group of polypeptides produced at sites of injury
and inflammation and serve an important role in signaling as
well as organizing tissue distress and responsiveness to inju-
ry. Bradykinin (BK) and kallidin are two major components of
kinin, and found to be involved in the regulation of a number
of biochemical transduction mechanisms including vasodila-
tation, increased vascular permeability, the stimulation of im-
mune cells and peptide-containing sensory neurons to induce
pain. Several mechanisms have been proposed to account for
hyperalgesia including the direct activation or sensitization of
primary sensory neurons. Evidence indicated that BK B2 re-
ceptors are associated with acute pain state, but BK B1 re-
ceptors are responsible for the prolonged and maintenance
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of hyperalgesia [79]. At the primary afferent level, it is B2 but
not B1 receptor mediates the sensitivity of C-fiber nociceptors
to BK to a persistent inflammatory state [80]. Collectively, the
utilization of kinin receptor antagonists is useful in alleviating
CNS inflammation and in treating peripheral and central pain.

Substance P (SP) is a pivotal neurotransmitter and neurmod-
ulator compound involving in the regulation of neurogenic in-
flammation to nerve injury by activating mast cells to release
inflammatory mediators such as arachindonic acid compound,
cytokines/chemokines and histamine. In rostroventromedial
medulla (RVM)-spinal cord-projecting neurons, SP regulates
the function of 5-HT and GABA. Interestingly, in the striatum,
the activation of NK1R leads to pain suppression rather than
facilitation, and volume transmission of SP appears to be in-
dispensable for pain control suggesting that modulation of
striatal NK1R could be a useful method of inducing analgesia
[81]. Moreover, cocaine exposure and the knockdown of MOR
affect the SP mRNA expression in zebrafish indicating that SP
is connected with and affected by the opioidergic system [82].
SP also is involved in the sex differences in formalin-induced
pain in males and females [83]. In the context of CRPS, SP was
found to be a critical contributor to mast cell accumulation,
degranulation, and sensitization through acting through the
NK-1 receptor [84], to the vascular and nociceptive changes
[85], and to the spontaneous extravasation, edema, warmth,
and mechanical hyperalgesia [86]. Taken together, SP from dif-
ferent regions of the CNS functions differently in pain states
by connecting with other modulating systems.

Histamine acts as a neurotransmitter and involved in the lo-
cal immune responses as well as triggering the inflammato-
ry response. Mast cells, the original source of histamine pro-
duction play a key role in inflammation and the development
of neuropathic pain. The H1 receptor-positive neurons were
exclusively IB4 labeled ones, but not those with immunore-
active to SP and calcitonin gene-related peptide (CGRP) [87].
Selective blockades of H4 receptors and H3 receptors pro-
duce significant anti-nociception in inflammatory and neuro-
pathic pain. A number of evidence underlined the critical role
of histamine receptors in inflammation and its promising role
as drug target in inflammatory diseases and nerve injury-as-
sociated pain states [88].

Hydrogen lons determine the strength of acids, i.e. the pH val-
ue. Tissue acidosis is a common feature of many painful con-
ditions. Tissue injury induces release of protons indeed among
the first factors involving in depolarizing peripheral free ter-
minals of nociceptors and leading to pain via reducing local
pH value reached by the modulation of acid-sensing ion chan-
nels (ASICs) located principally in neurons. In sensory neurons,
ASICs act as “chemo-electrical” transducers and are involved
in the nociceptive regulation, and targeting ASICs at different
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levels of the nervous system was considered as a promising
strategy for the relief of pain [89]. In consideration of the con-
tribution of the up-regulated and overactivated ASICs to var-
ious forms of chronic inflammation and pain, ASICs and re-
ceptors are considered as targets for novel therapeutics [90].

Nerve growth factor (NGF) is crucial for the development and
maintenance of sympathetic and sensory neurons in the ner-
vous system, including nociceptors. A large number of evidence
indicated that NGF is expressed at high levels in injured tis-
sues, and in involved in the facilitation of pain transmission
by nociceptive neurons in the context of acute and chronic
pain. Intradermal application of NGF induces long-lasting ax-
onal and mechanical sensitization in C nociceptors that corre-
sponds to hyperalgesia, and prolonged injections of NGF into
muscle produced a progressive manifestation of muscle sore-
ness, mechanical hyperalgesia, temporal summation of pressure
pain, and pressure-induced pain distribution [91]. Furthermore,
inhibition of mature NGF degradation induces a sprouting of
sympathetic fibers into the upper dermis of the skin that cor-
related with an increase in pain-related sensitivity [92]. In the
context of diabetes neuropathy, NGF can reverse loss of the
functional MOR on central terminals of sensory neurons [93],
and NGF-TrkA signaling or NGF-p75 receptor inhibition pro-
tects somatic sensory neurons from viral protein exposure in
HIV-induced neuropathy [94]. Overall, NGF is a critical media-
tor and modulator of pain. Due to its dual effects, detrimen-
tal and regenerative activities, NGF can be used as a poten-
tial therapeutic intervention of pain through applying either
NGF antagonists or recombinant NGF.

Adenosine triphosphate (ATP) is a homo- and hetero-cellular
neurotransmitter released from both neurons and astroglia,
and the released ATP activates the ionotropic P2X receptors
which regulate glia-driven modulation of fast synaptic trans-
mission and synaptic plasticity. In the sensory nervous system,
ATP is suggested to be one of first mediators of tissue damage,
which activates primary afferents, and a multiple microglial P2Y

References:

—

. Stanton-Hicks M, Janig W, Hassenbusch S et al: Reflex sympathetic dystro-
phy: changing concepts and taxonomy. Pain, 1995; 63: 127-33

N

. Maihéfner C, Seifert F, Markovic K: Complex regional pain syndromes: new
pathophysiological concepts and therapies. Eur J Neurol, 2010; 17: 649-60

w

. Parkitny L, McAuley JH, Di Pietro F et al: Inflammation in complex regional
pain syndrome: a systematic review and meta-analysis. Neurology, 2013;
80: 106-17

. Campero M, Bostock H, Baumann TK, Ochoa JL: A search for activation of
C nociceptors by sympathetic fibers in complex regional pain syndrome.
Clin Neurophysiol, 2010; 121: 1072-79

. Ochoa JL, Verdugo RJ: Neuropathic pain syndrome displayed by malinger-
ers. ) Neuropsychiatry Clin Neurosci, 2010; 22: 278-86

. Sapunar D, Kostic S, Banozic A, Puljak L: Dorsal root ganglion — a potential
new therapeutic target for neuropathic pain. J Pain Res, 2012; 5: 31-38

»

(%}

[=2)

REVIEW ARTICLES

metabotropic receptors activated by peripheral nerve injury
play a key role in the development of neuropathic pain in the
DRG and spinal cord [95]. Peripheral nerve entrapment increas-
es ATP release in DRG neurons, and neuropathic injury causes
DRG neurons to become hyperexcitable to ATP-evoked P2X re-
ceptor-mediated depolarization, a phenotypic switch sensitive
to PKC modulation and mediated by increased activity of TTX-
sensitive voltage-gated Na+ channels (VGSCs) [96]. Injury of
DRG itself up-regulates functional P2X3 receptors suggesting
that enhanced purinergic responses after chronic compression
of DRG (CCD) are mediated by P2X3 receptors. Moreover, nor-
adrenaline stimulates ATP release from DRG neurons as me-
diated via B3 adrenoceptors involving PKA activation to cause
allodynia [97]. Currently, cumulating evidence convinced that
purinergic neurotransmission, involving release of ATP as an
efferent neurotransmitter functions in the peripheral and cen-
tral nervous systems as a cotransmitter with glutamate, nor-
adrenaline, GABA, Ach and dopamine [98].

Conclusions

CRPS as the name indicates is complex conditions with unclear
pathology and unsolved underlying mechanisms. Neural sen-
sitization refers to amplification of behavioral responses oc-
curring following presentation of an aversive or noxious stim-
ulus. Understanding the cellular and molecular underpinnings
of the sensitization has been an overarching theme of nerve
injury-induced pain. Focusing on these changes possesses piv-
otal value in seeking and discovering novel interventional tar-
gets for nerve injury-induced pain condition. These also are
the bases of the next part of this review (Part Il) to give fur-
ther discussion on their downstream signaling cascades and
epigenetic modifications on corresponding gene expression.
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