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Abstract

Studies of the structural organization and functions of the cell body of a neuron (soma) and its
surrounding satellite glial cells (SGCs) in sensory ganglia have led to the realization that SGCs
actively participate in the information processing of sensory signals from afferent terminalsto the
spinal cord. SGCs use a variety ways to communicate with each other and with their enwrapped
soma. Changes in this communication under injurious conditions often lead to abnormal pain
conditions. “What are the mechanisms underlying the neuronal somaand SGC communication in
sensory ganglia” and “how do tissue or nerve injuries affect the communication?’ are the main
questions addressed in this review.
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Introduction

Dorsal root ganglion (DRG) and trigeminal ganglion (TG) neurons are the primary afferent
neurons responsible for transmitting sensory information from the periphery to the central
nervous system (CNS). DRGs are situated in the posterior root of spinal nerves;, TGs are
located on the cerebral surface of the temporal bone. Neurons in these ganglia have a unique
pseudo-unipolar structure (Fig. 1). The cell body (soma) of each neuron in the ganglia gives
out one axon that bifurcates into two branches. The peripheral branch of the neuron travels
distally to various parts of the body, including skin and viscera (for DRG) and orofacial
areas (for TG), to receive peripheral sensory stimuli through nerve endings. The central
branch of the neuron travels proximally to the dorsal horns of the spinal cord or to the
medullary dorsal hornsin the trigeminal spinal tract nucleus to deliver incoming signalsto
the CNS through synaptic terminals. Even though afferent spikesinitiating at the periphery
can bypass the somata and reach spinal dorsal horns directly (Amir and Devor 2003a), spike
invasion to somata provides the necessary information for protein synthesis and maintaining
optimal levels of receptors and ion channels in both nerve terminals. In addition, the activity
in somata actively contributes to the nerve signaling to dorsal horn cells (Amir and Devor
2003b). Following spinal nerve ligation injury, the neuronal somatain DRGs often develop
persistent spontaneous firing (Liu et al. 1999). The ectopic discharges are thought to
enhance peripheral signals reaching the spinal cord and trigger amplified responses, i.e.,
sensitization, in spinal neurons (Liu et al. 2001; Sukhotinsky et al. 2004). Anincreasein
neuronal sensitivity to ATP (Zhou et al. 2001), sensitization of adjacent un-injured DRG

"Correspondence to: Department of Neuroscience and Cell Biology, University of Texas Medical Branch, 301 University of Blvd,
Galveston, TX, 77555-1069, USA. Phone: 409-772-6555, LmHuang@utmb.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang et al.

Page 2

neurons (Shim et al. 2005; Wu et a. 2001) and changes in transmitter expression (Devor
2009) have been proposed to be the mechanisms underlying the development of ectopic
discharge and the production of chronic pain.

Recent studies of neuronal functions suggest that the neuron is not the only cell type
contributing to neuronal signaling, non-neuronal cells, including astrocytes,
oligodendrocytes and microglia play important roles in affecting neuronal activity through
glia-neuron interactions (Chiang et al. 2011; Hanani 2005; Ji et a. 2006; K ettenmann et al.
2011; Tsuda et al. 2005; Watkins et al. 2007). An interesting structural feature of sensory
gangliaisthat somata of sensory neurons do not form synaptic contacts with one another in
the ganglion (Pannese 1981). Instead, each somaistightly enwrapped by alayer of satellite
glia cells (SGCs) and enclosed by a connective tissue sheath to form a structural unit (Fig.
1). Multiple (2-3) soma-SGC unit clusters enclosed by one tissue sheath have been observed
only in asmall percentage (< 6%) of adult rat DRGs (Pannese 2010; Pannese et al. 1991).
This structural arrangement between neuronal soma and SGCs suggests that their
communication is akey determinant of somatic activity. Assessing changesin the
communication after injury is essential for understanding the development of abnormal
ectopic discharges in somata that influence afferent signaling.

Communication between SGCs through gap junctions

SGCsin sensory ganglia are similar to brain astrocytes with distinct characteristics (Franke
et a. 2012; Verderio and Matteoli 2011). Like astrocytesin the CNS, SGCs express the
intermediate filament protein, glial fibrillary acidic protein (GFAP). In response to injury,
GFAP in SGCsis upregulated, i.e., reactive astrogliosis -- a defensive reaction of astroglia
(Franke et al. 2012; Hanani 2005; Liu et a. 2012; Zhang et al. 2009). Astrocytes in the brain
have complex branches of processes that make contacts with numerous neuronal somata,
dendrites or sites of action potential generation, i.e., nodes of Ranvier, in myelinated axons
(Franke et al. 2012; Freeman 2010). Unlike brain astrocytes, SGCs in peripheral ganglia
form aglia sheath that envelops one or occasionally two neuronal somata (Pannese 2010;
Pannese et al. 2003).

One of the ways that SGCs communicate with each other is through gap junctions. Under
the electron microscope (EM), gap junctions were seen only between adjacent SGCs
surrounding a single soma in control DRGs. Gap junctions have not been shown to exist
between the SGC sheath and its enclosed neuronal soma or between somata (Huang et al.
2006; Pannese 2010). After nerve transection, SGCs were found to contact neighboring SGC
sheaths surrounding another neuron through the formation of SGC bridges and new gap
junctions (Hanani et al. 2002; Pannese 2010; Pannese et al. 2003). Gap-junction mediated
coupling between SGCs has also been studied by injecting lucifer yellow fluorescent dye
into individual SGCs and determining dye spread into other SGCs. In control ganglia, dye
coupling islimited to SGCs that surround a single neuron, consistent with the EM
observations. In gangliaisolated from rats with inflammation or nerve injury, the number of
coupled SGCs surrounding a given neuron increased 2-3 fold (Dublin and Hanani 2007). In
addition, a substantial number (up to 20%) of SGCs surrounding different neurons become
dye-coupled in DRGs (Dublin and Hanani 2007; Hanani et a. 2002; Huang et al. 2010) and
in TGs (Cherkas et al. 2004).

After inflammation or nerveinjury, the threshold current for action potentia firing in
neuronal somatais significantly lowered, resulting in alarge increase in the percentage of
neuronal somatain DRGs exhibiting spontaneous firing (Huang et al. 2010). Gap junction
blockers were found to reduce the spontaneous activity of neuronsin injured DRGs, but
have little effect on the electrical properties of neuronsin control ganglia (Huang et al.
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2010). This observation suggests that increased gap junctions mediate ectopic discharges of
DRG neurons after injury. Since gap junction blockers also reduce injury-induced chronic
pain behaviors, the results are consistent with the idea that gap junction-mediated ectopic
discharges contribute to chronic pain conditions. The time course of changesin SGC-
coupling was studied in whole ganglia following chronic compression of DRG (Zhang et a.
2009). The increase in the dye coupling among SGCs surrounding a single neuronal soma
peaked at 7 days after injury and returned to normal 14 days later, even though the injury-
induced pain behaviors lasted for at least 35 days (Song et al. 1999). The results suggest that
anincrease in SGC gap junction coupling contributes to the development but not the
maintenance of the chronic pain state. The generality of this conclusion awaits studies of
temporal changes in the SGC gap junction coupling in other injury models. It was found that
knockdown of the expression of the gap junction, connexin 43 (Cx43), using RNA
interference (RNAI) decreased orofacia pain behavior induced by chronic constriction
injury of the infraorbital nerve (Jasmin et al. 2010; Ohara et al. 2008). This observation is
consistent with the observations that non-sel ective pharmacological gap junction blockers
inhibit DRG-mediated nociceptive pain behaviors (Dublin and Hanani 2007). Surprisingly,
the same RNAI treatment in normal TGs was found to enhance the nocieptive pain behavior
(Oharaet a. 2008). The mechanism underlying the opposite consequences of a block of
SGC gap-junction coupling in uninjured and injured rats has yet to be determined.

SGC-mediated changes in the ionic environment

Changes in the expression of inwardly rectifying potassium channels

V oltage-dependent potassium (K™) channels, including the inwardly rectifying K* channels
(Kir) and voltage-dependent outward K+ channels and the small-conductance Ca2*-activated
SK 3 channel, are the mgjor ion channels expressed in SGCs in DRGs and TGs (Cherkas et
al. 2004; Takedaet al. 2011; Vit et a. 2006; Zhang et al. 2009). Since the inward K*
currents are sensitive to the Kir blockers, Ba?* and Cs™ (Cherkas et a. 2004; Takedaet al.
2011; Vit et a. 2008; Zhang et a. 2009), much reduced by Kir4.1 RNAI treatment (Vit et a.
2008) and entirely absent in Kir4.1 -/- mutant mice (Tang et al. 2010), the inward K* current
in SGCsis mediated by Kir4.1 in DRGs and TGs and the Kir4.1 is the primary ion channel
setting the resting membrane potential in SGCs (Tang et a. 2010). Furthermore, Kir4.1 was
not found in neuronal somata (Vit et al. 2006). Following inflammation or nerve
compression injury, Kird.1-mediated currents in SGCs reduced significantly. One of the
reasons for the reduction is a decrease in the expression of Kir4.1 (Takedaet a. 2011; Vit et
al. 2008). Since reducing Kir4.1 expression in SGCs with RNAI treatment can induce pain-
like behaviorsin un-injured animals (Vit et a. 2008) and Kir4.1 is known to regulate
extracellular K* concentration in brain astrocytes (Neusch et al. 2006), K* buffering
hypothesis has been proposed. It is suggested that a decrease in Kir4.1 expression after
injury reduces K* buffering capacity of SGCs, raises extracellular K* concentration in the
vicinity of neurons and thus resultsin depolarization and hyperexcitability of neuronal
somata to give rise to chronic pain (Tang et a. 2010; Vit et al. 2008; Zhang et al. 2009). On
the other hand, the K* buffering mechanism is not entirely consistent with the observation
that the reversal potentials of K* measured in /n vivo SGCs of TGs did not change after
inflammation (Takeda et a. 2011). Following chronic compression of DRG injury, many
neurona somata were found to be spontaneously active while the Kir-mediated currentsin
the SGCs associated with these neuronal somata were transiently reduced (Zhang et al.
2009). Seven days after the compression injury, the Kir currentsin SGCs returned to the
control level but the increased spontaneous activity in neurons persisted. The Kir is not
likely to be responsible for the maintenance of the neuronal spontaneous activity in thispain
model (Takedaet a. 2011; Zhang et a. 2009).
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Changes in glutamate transporter expression

One of the major functions of astrocytes in the CNS isthe rapid removal of glutamate from
the perineuronal space to prevent the cytotoxic effects of alarge accumulation of glutamate
resulting from overstimulation of glutamate receptors (Anderson and Swanson 2000; Gadea
and L opez-Colome 2001). Thisis accomplished through the glutamate-glutamine cycle (Bak
et al. 2006). The glutamate transporters, e.g., glutamate-aspartate transporter (GLAST) and
glial glutamate transporter (GLT-1), in astrocytes are responsible for the uptake of glutamate
released by neurons into synaptic clefts. Glutamate is then converted into glutamine by
glutamine synthetase (GS) and released from astrocytes to the interstitial space. Glutamineis
returned to presynaptic terminals of neurons through glutamine transporters and converted
back to glutamate to be reused. In the spinal dorsal horns, the expression of glial GLAST
and GLT-1 and the neuronal glutamate transporter, EAACL, have been found to increasein
thefirst 5 days after constriction sciatic nerve injury, followed by adecrease in their
expression (Sung et a. 2003). Blocking the transient increase in the expression of these
glutamate transporters was shown to exaggerate pain behaviors. These observations suggest
that theinitial increase in the transporters isto protect dorsal horn neurons from the
damaging effect of glutamate accumulation induced by nerve injury. Enhancing transporter
activity by a glutamate transporter activator, riluzole, during the late transporter reduction
phase was found to reverse abnormal pain behaviors. Thus, glutamate uptake in spinal
astrocytes has an important role in the development and maintenance of chronic pain (Sung
et al. 2003). We have shown that vesicular release of glutamate occursin the neuronal
somata of DRGs (Gu et al. 2010). Immunocytochemical studies found that GLAST and
GLT-1 are expressed in SGCsin DRGs (Berger and Hediger 2000; Carozzi et a. 2008;
Hanani 2005) and in TGs (Ohara et al. 2009). Reducing the expression of GLAST and
GLT-1 by RNAI in gangliawas found to enhance nociceptive behaviors induced by formalin
or von Frey filament mechanical stimulation (Jasmin et al. 2010; Ohara et al. 2009).
Therefore, SGCs surrounding neuronal somata in ganglia appear to have similar glutamate
homeostasis functions as those observed in astrocytesin the spinal cord. It is of interest to
determine if thereis a similar time-dependent change in glutamate transporter expression in
SGCsduring different phases of development of chronic pain.

Neuronal-soma ---> SGC ---> soma communication through purinergic
signaling
Transmitter release from neuronal somata

The common way that a neuron communicates with other neurons or cellsis through the
activation of receptors induced by transmitters. Being tightly wrapped by SGCs and lacking
synaptic contact with each other, neuronal somatain DRGs are likely to communicate with
other cells through somatic transmitter release. We showed that somata of DRG neurons
undergo Ca2*-dependent exocytosis and substance P (SP) release in response to membrane
depolarizations (Huang and Neher 1996). Capsaicin can evoke the release of SP, calcium
gene-related peptide (CGRP) and adenosine-5’-triphosphate (ATP) from the somata of DRG
and TG neurons (Matsuka et al. 2001; Ulrich-Lai et al. 2001). Using the sniffer patch
technique, we found that electrical stimulation of the neuronal soma of DRG elicits Ca?*-
dependent vesicular release of ATP and glutamate (Gu et a. 2010; Zhang et a. 2007). Since
ATP release is much more abundant and robust than glutamate release, ATP is the major
transmitter used by sensory gangliafor SGC-soma communication.

Involvement of P2XRs and P2YRs

ATP activates both ionotropic purinergic P2X receptor channels and G-protein coupled
metabotropic P2Y R receptors in the ganglia. Among the seven P2XR subtypes (P2X 1-
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P2X7R) cloned, P2X 7R is the only subtype that is not expressed in neurons of DRGs and
TGs (Dunn et al. 2001; Kobayashi et al. 2005; Nakatsuka and Gu 2006). The P2X 3R, which
is often found in small-diameter sensory neurons and mediates nociceptive responses, is the
most abundant (Dunn et al. 2001; North 2002; Xiang et al. 1998). Homomeric P2X3Rs and
heteromeric P2X 2/3Rs are the major receptors expressed in the neuronal somata (Burgard et
al. 1999; North 2002). The data on the expression of P2XR subtypesin SGCs are less clear.
P2X2, 4 and 5 receptors have been found in SGCs (Kobayashi et a. 2005; Kushnir et al.
2011). It is generally agreed that in SGCs, P2X 1R and P2X3R are absent and P2X7R isthe
subtype most abundantly expressed (Chen et al. 2008; K obayashi et a. 2005; Zhang et a.
2005). The exclusive expression of P2X3R in neurons and P2X7R in SGCs greatly facilitate
our study of the communication between neuronal somata and SGCs.

Studies of the roles of metabotropic P2Y Rs in nociception began more recently. P2Y Rs
have been divided in two groups based on their G protein coupling characteristics. The first
group, consisting of P2Y'1, 2, 4, 6 and 11 receptors, are coupled to G¢/Ga; to activate
phospholipase C (PL C)/IP3/Ca2* signaling pathway. The second group P2YRs, including
P2Y 12, 13 and 14 receptors, are coupled to G;/G, to inhibit adenyl cyclase and cAMP
synthesis. The P2Y 11R isdually coupled to both G¢/G;; and to Gsto activate adenyl
cyclase (Malin and Malliver 2010). Among eight P2YR subtypes, i.e., P2Y 1, 2, 4, 6, 11, 12,
13 and 14 receptors, al, except P2Y 11R, were found in rodent DRG neurons (Magni and
Ceruti 2013; Malin and Molliver 2010). P2Y 1, 2, 4 and 6 receptors were expressed in TG
neurons (Magni and Ceruti 2013). P2Y 1R and P2Y 2R are the two most abundant subtypes
expressed in ganglion neurons. P2Y 1, 12 and 14 receptors are found in DRG SGCs and
P2Y 1, 2, 4, 5, 13 and 14 receptors are expressed in TG SGCs (Magni and Ceruti 2013).
Activation of G;j/G, coupled P2Y Rs was shown to reduce behavioral hyperalgesia, whereas
activation of G¢/G11 coupled P2Y Rs promotes hyperalgesia (Malin and Molliver 2010). The
effect of activation of G¢/G11 coupled P2Y Rsis not necessarily excitatory. P2Y 1R
activation has been found to reduce the P2X 3R expression and activity in DRG neurons
(Chen et al. 2008; Gerevich et al. 2005) and to inhibit N-type voltage-activated Ca?*
channels (Gerevich et al. 2004). P2Y 2R activation inhibits P2X3R currentsin DRG neurons
(Mo et a. 2013). Unlike P2XRs, activation of P2Y Rs modulates the activity of other
channels or receptors through second messengers. For example, P2Y 1R activation inhibits
Kv7 and P2Y 2R activation increases TRPV 1 currents (Y ousuf et al. 2011). P2Y R-mediated
responses can be differentiated from those mediated by P2XRs through the analyses of
intracellular Ca2* ([Ca2*];) responses. Activation of ionotropic P2XRs induces Ca2* influx
through open receptor channels, whereas activation of P2Y Rs gives rise to G-protein-
mediated Ca?* release from intracellular stores. Thus, P2X3R-mediated [Ca2*]; responsesis
sensitive to extracellular Ca2* concentration. In contrast, an increase in [Ca2*]; dueto P2YR
activation persistsin Ca2* free external solution but isinhibited by cyclopiazonic acid, a Ca-
ATPase inhibitor that depletes intracellular Ca2* in the endoplasmic reticulum (Villaet al.
2010; Weick et a. 2003). P2Y Rsisindeed involved in SGCs-soma communication to
produce chronic pain. For example, P2Y 12 expression in SGCsis enhanced after lingual
nerve crush and results in chronic pain production (Katagiri et al. 2012). Since CGRP is
present only in TG neurons, stimulation of bradykinin receptors in neurons induced CGRP
release from somato activate P2Y Rsin SGCs resulting in an increase in cytokine release
(Ceruti et al. 2011). The mechanism underlying P2Y R-mediated neuropathic pain has not
been extensively studied. To focus our discussion of the mechanisms underlying SGC-soma
communication, P2Y R receptor literature will not be extensively discussed here (see (Franke
et al. 2012; Magni and Ceruti 2013) for additional references).
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To determine how the neuronal somain DRGs uses ATP somatic release to communicate
with surrounding SGCs, i.e., soma ---> SGC communication, Ca?* signaling between
neuronal somata and SGCs in response to afferent fiber stimulation was studied (Gu et al.
2010; Zhang et a. 2007). Monitoring [Ca2*]; in the soma and surrounding SGCs
simultaneously, we found that upon nerve stimulation, Ca2* inflow through the activated
voltage-dependent L-type Ca2* channels increases [Ca2*]; in the neuronal soma first,
followed by an [Ca2*]; increase in SCGs with adelay (Zhang et al. 2007). With increased
nerve stimulus frequency, the [Ca2*]; increases in both soma and SGCs are larger and the
delay between the two Ca2* signals is shorter. Following the treatment with enzyme apyrase
to degrade extracellular ATP and ADP, nerve stimulation still causes [Ca2*]; increasein the
soma but can no longer produce any [Ca?*]; increase in SGCs. These observations strongly
suggest that ATP is the transmitter mediating the soma ---> SGC communication (Zhang et
al. 2007). Taking advantage of the observation that the P2X3R is expressed only in neuronal
somata and the P2X7R is expressed only in SGCs in DRGs (Chen et al. 2008; Chessell et al.
2005; Kobayashi et al. 2005; Zhang et al. 2005), we tested the effects of P2X7R antagonists
on [Ca2*); signaling in DRGs following nerve stimulation and found that blocking P2X7R
activity abolishes [Ca2*]; increase in SGCs without changing [Ca?t]; increase in the soma
(Fig. 2, Left). These studies suggest that soma ---> SGC communication is accomplished
through ATP release from the neuronal somato activate P2X7Rs in SGCs (Gu et al. 2010;
Zhang et al. 2007).

SGC --> soma communication

The mechanism used by SGCs to communicate with neuronal soma, i.e., SGC ---> soma
communication, is less well understood. In the absence of voltage-dependent Na* channels
(Zhang et al. 2009), SGCs are not electrically excitable. Aside from inwardly rectifying and
voltage-dependent K* channels, SGCs express a variety of receptors, including P2XRs and
P2Y Rs. Following the activation of P2Rs, the intracellular [Ca?*]; in SGCs cellsincreases as
aresult of Ca2* inflow through open Ca2*-permeable ionotropic P2XRs (Ceruti et al. 2008;
Gu et al. 2010; Suadicani et a. 2010; Zhang et al. 2007) or as aresult of Ca* mobilization
from intracel lular Ca?* stores induced by the activation of metabotropic P2Y Rs (Ceruti et al.
2008; Weick et al. 2003). We found that P2X7Rsin SGCs mediate a significant portion of
the basal ATP release in DRGs. Furthermore, activation of P2Y 1Rsin the somata inhibits
the expression and activity of P2X3Rsin neurons (Chen et al. 2012; Chen et al. 2008). To
determine the functional consequence of this modulation, the P2X 7R-mediated [Ca?*];
changes in both SGCs and neurons in whole ganglia with and without the P2Y R antagonist,
reactive blue 2 (RB), were compared (Chen et a. 2008) (Fig. 2 Right). In the absence of RB,
we found that the P2X 7R agonist, BzATP, induced alarge [Ca?*]; increasein SGCs and a
rather small [Ca?*]; change in neuronal soma. Following RB treatment, BzATP produced a
large [Ca2*]; increase in neurons while the P2X 7R-mediated [Ca2*]; in SGCs remained
unchanged. The RB-sensitive [Ca?*]; increase in neurons was blocked by the specific
P2X3R antagonist, A317491 (Fig. 2, Right).Thus, the SGC--> soma communication is
accomplished by P2X7R-mediated ATP release from SGCsto activate P2Y 1Rs in neurons
which in turn inhibit the activity of P2X3Rsin the soma, i.e., P2X7R--P2Y 1R--P2X3R
inhibitory control. Measuring the magnitude and propagation of intercellular Ca2* waves
allows one to monitor changes in the SGC-soma communication (Suadicani et al. 2010).
Mechanical stimulation of SGCs has been shown to evoke Ca?* waves that spread to the
neighboring neuron and nearby SGCsin trigeminal neuron-SGC mixed cultures. The Ca2*
waveislargely inhibited by the P2R antagonist, suramin (Suadicani et a. 2010). Both of
these observations suggest that SGCs use receptor-activated changes in the intracellular
Ca?* to induce ATP release to affect SGC---> neuronal soma communication. Aside from
mediating ATP release, P2X 7Rs have been found to mediate the release of glutamate,
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GABA, in astrocytes and microgliain the CNS (Franke et al. 2012). It is not known if those
P2X7R-mediated transmitter releases also play arole in soma-SGC communication in
sensory ganglia.

Soma and SGC interactions after injury

Since the transmission of neuronal signals from afferent-fibers to the spinal and medullary
dorsal hornsis strongly affected by purinergic receptor-mediated soma-SGC-soma
communication in sensory ganglia (Chiang et al. 2011; Hanani 2005; Ohara et al. 2009),
understanding changes in the communication in response to injury is essential for
developing strategies to reduce transmission of chronic pain signals. An important
characteristic of purinergic receptor-mediated nociceptive signaling in sensory neuronsisits
large amplification in response to injury. Studies of ATP-induced P2XR-mediated currents
in DRG somataisolated from rats with inflammation or nerve injury have led usto conclude
that alarge increase in P2X 3R expression and an enhancement in membrane trafficking of
P2X3Rs are the two major mechanisms underlying the sensitization in DRG neurons (Chen
et al. 2005; Xu and Huang 2002; Xu and Huang 2004). By producing much enhanced
P2X3R-mediated responses after injury, ATP-induced depolarizations would be large
enough to lead to action potential firing in nociceptive neurons (Burnstock et al. 2011; Xu
and Huang 2002).

In addition to the intrinsic changes in P2Rs in neurons induced by injury, it is of interest to
determine the participation of P2Rs in SGCsin changing neuronal activity. The observation
that inflammation and nerve injury fail to produce hyperalgesiain the hindpaw of mice that
are devoid of P2X7Rs, i.e., P2X7R-/- (Chessell et al. 2005) suggests that the P2X 7R plays
an important role in the development and maintenance of chronic pain states. The
modulation of neuronal activity by the activation of P2X7R in SGCsis rather complex.
Studying P2X7R-- P2Y 1R--P2X 3R inhibitory control in complete Freund adjuvant (CFA)
rats, we found that even though the P2X7R-mediated inhibitory control persists under
inflammation conditions, CFA treatment still produces hyperalgesia (Chen et al. 2008). The
over-excitation of DRG neurons may result from CFA-induced upregulation of P2X3Rs and/
or P2X7R-mediated cytokine release. Kushnir et a (2011) showed that the threshold
concentration of ATP required to evoke the [Ca?*]; increase in SGCsin cultured and whole
TGsis 100-fold lower following CFA-induced submandibular inflammation or infraorbital
nerve axotomy. The [Ca?*]; response is mediated by P2Y Rs in the control cells but becomes
P2X2, P2X5 and possibly P2X4 receptor-mediated after inflammation. The mechanism
underlying the P2Y R to P2XR switch has yet to be determined. Furthermore, P2X7R-
mediated Ca?* responsesin TGs are not altered by the CFA treatment (Kushnir et al. 2011).
This observation isin contrast with the observations that the P2X7R expression in SGCs,
measured with immunostaining, is substantially upregulated in human DRGs after nerve
injury (Chessell et al. 2005). Using Western analyses, we found that the P2X 7R expression
issignificantly elevated in DRGs of CFA rats (Chen et al. 2008).

Under injurious conditions, the activation of P2X7Rs has been found to be closely
associated with the maturation and release of cytokines from immune and glia cells
(Colomar et al. 2003; Ferrari et al. 2006; Honore et a. 2009; Skaper et al. 2010; Solleet a.
2001). Cytokine released onto surrounding neurons enhances neuronal excitability and thus
elicits pain and protective nocifensive behaviors (Heinzmann and McMahon 2011). The
inflammatory cytokines, TNFa, IL-1p and IL-6, and their respective receptors TNFR1,
IL-1R and IL-6R have been found in neurons and SGCsin sensory ganglia (Hanani 2005).
In general, the expression of these cytokinesin sensory gangliaislow under control
conditions and increases by several-fold after inflammation (Takeda et al. 2007) and nerve
injury (Dubovy et al. 2010; St-Jacques and Ma 2011). Injury-induced changes in cytokines
and their receptors vary among pain models. After sciatic nerve crush injury, TNFa
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expression increases only in SGCs while the level of its receptor TNFRL1 is elevated in both
neurons and SGCs of DRGs (Ohtori et al. 2004). Following ventral root transection, TNFa
expression istransiently elevated in both neurons and SGCs whereas TNFR1 expression
increases only in DRG neurons (Xu et al. 2006). Since inhibition of TNFa synthesis blocks
chronic pain only when it is applied right before the nerve transection not after hyperalgesia
being established (Xu et a. 2006). The upregulation of TNFa. and TNFR1 appears to be
essential for the development, but not the maintenance of chronic pain.

Cytokines have been found to exert avariety of effects on the activity of sensory ganglia.
IL-1p was found to reduce both sustained outward potassium current (l) and transient
potassium current (1) in TG neurons. The inhibition is potentiated after inflammation
(Takeda et al. 2008a). Studying the expression of IL-1f and its receptor IL-1RI in TGs,
Takeda et a (2007) found that inflammation induces upregulation of IL-1p, whichis
expressed only in SGCsin TGs, and increases the expression of IL-1RI, which isfound only
in small diameter nociceptive neurons. Application of IL-1f onto acutely dissociated
trigeminal neurons from inflamed rats significantly increases the depolarization-induced
firing of these neurons and application of IL-1RI inhibitors reduces the firing activity of
trigeminal neurons both in vitro(Takeda et al. 2007) and /n vivo (Takeda et al. 2008b).
Acute treatment of DRG neurons with another cytokine, TNFa, was found to evoke
ryanodine- and thapsigargin-sensitive [Ca2*]; transients in DRG neurons (Pollock et al.
2002). Long-term exposure of TNFa was shown to enhance TRPV 1R-mediated currentsin
DRG neurons through the production of PGE2 (Nicol et al. 1997) and to upregulate TRPV 1
expression through ERK activation (Hensellek et a. 2007). In DRGs, we found that tetanic
sciatic nerve stimulation, which mimics cellular responses to injury, evokes alarge increase
in P2X7R-mediated TNFa release from SGCs (Zhang et al. 2007). TNFa enhances ATP-
induced depolarization and increases the firing of DRG neurons. These examples clearly
show that SGCs use cytokine release, in addition to the release of small transmitter
molecules, e.g., ATP, to modify neuronal somatic activity under injurious conditions.

Mechanisms of P2X7R-mediated ATP and cytokine release

Since P2X 7R-mediated ATP and cytokine release have such an important role in SGC-->
soma communication, it is of interest to understand the mechanisms underlying the P2X7R-
dependent release from SGCsin order to identify a strategy for controlling the
communication. Compared with other P2XRs, the P2X 7R requires ~10-fold higher
concentrations of ATP for its activation (North 2002). Furthermore, the ion permeability of
the P2X7 receptor channel changes with ATP treatment. Responding to prolonged or
repeated ATP stimulations, the P2X7R channel becomes less selective, i.e., pore dilation,
allowing the passage of large molecules (up to 900 daltons) (Khakh et al. 1999; North 2002;
Virginio et a. 1999). Can the large pore in the P2X7R channel provide a conduit for ATP
release? The answer to this question has been controversial. Studying the permeation of N-
methyl-D-glucamine (NMDG*, MW=195 daltons) and the uptake of a cationic propidium
fluorescent dye, Y o-Pro-1 (MW=629 daltons) in P2X7R channels, Jiang et al (2005) found
that NMDG, but not Y o-Pro-1, depends on the external Na* concentration and P2X7R
composition for its permeation. The observation has led to the suggestion that NMDG*
permeates through the dilated pore in the P2X7R channdl itself while Y o-Pro-1 enters cells
through a different permeation pathway (Jiang et al. 2005). A hemichannel protein, pannexin
(Panx), has been found to co-immunoprecipitate, thus physically associating with the
P2X7R (Pelegrin and Surprenant 2006). Panx1 forms channels of large conductance (475
pS), is activated by the stimulation of P2X7Rs (Iglesias et al. 2009) and allows the passage
of ATP (Bao et al. 2004; Locovei et a. 2006). Blocking Panx1 activity with an inhibitory
peptide, 10Panx, or down-regulating Panx1 with Panx1-siRNA inhibits P2X 7R-mediated

Y o-Pro-1 uptake or the release of ATP without altering ATP-induced P2X 7R-mediated
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currents in expressed HEK cells and astrocytes (Iglesias et a. 2009; Pelegrin and Surprenant
2006). These results are consistent with the idea that Panx1 is responsible for the P2X7R-
mediated ATP release. The observation that ATP release and Y o-Pro-1 uptake are much
reduced in astrocytes isolated from Panx1-/- mutant mice further supports the conclusion
(Suadicani et a. 2012). On the other hand, arecent finding that the voltage-dependence of

Y 0-Pro-1 uptake is similar to that of ATP currents measured with an external saline solution
containing normal concentration of Na* suggests that the P2X 7R channel allows direct
passage of Y o0-Pro-1 and possibly ATP. This observation, however, does not preclude the
possibility of Panx1 participating in the P2X7R-mediated ATP release. Most of these studies
were conducted in expressed cells. It isimportant to determine if P2X7R channelsin SGCs
have similar release properties. Studies of the involvement of Panx in SGC and soma
interactions in sensory ganglia have just begun. We recently found that both Panx1 and
Panx2 are expressed in DRG somata and SGCs, the Y o-Pro-1 uptake in SGCsis mediated
by P2X7Rs and Panx1 (Huang and Gu 2012) and spared nerve injury-induced allodyniais
partially blocked by 19Panx (preliminary observations). All suggest the involvement of Panx
in SGC-soma communication. Hanstein et al (2012) (Hanstein et a. 2012) showed that
Panx1 expression increased in TGs after inflammation and the hypersensitivity was blocked
in TG cellsisolated from Panx1-null, P2X7R-null and glia-specific deletion of Panx1 mice,
supporting the participation of Panx1 in TG pain processing. We currently know very little
about the mechanism underlying P2X7R-mediated cytokine release in SGCs. In
macrophage, the activation of Panx1-P2X7R complex appearsto be involved in the
activation of inflammasome/caspase which leads to the release of cytokine IL -1 (Baroja-
Mazo et al. 2013; MacVicar and Thompson 2010; Pelegrin et a. 2008; Schroder and
Tschopp 2010).

Sorge et a (2012) (Sorge et a. 2012) studied the coding sequence of the P2X7R genein
various strains of mice that show tactile hypersensitivity after spina nerve injury and
genotyped human patients that display chronic pain following mastectomy or the
development of osteoarthritis retrospectively. They found an association between the
reduced pore dilation of the P2X7R channel and diminished pain responses under
inflammatory or nerve injurious conditions. These results further highlight the essential role
of the pore-dilation property of P2X7Rs in the production of chronic pain and the possible
influence of P2X7R-mediated ATP and cytokine release from SGCs on the activity of
sensory neurons and pain signaling.

Conclusion

SGCs use gap junctions to communicate with each other, use Kir and glutamate transporters
to change the environment surrounding the neuronal somaand use ATP release and
purinergic signaling to communicate with their enwrapped neuronal soma and other SGCsin
sensory ganglia (Fig. 3). Following injury, there is alarge increase in the expression of gap
junction, a decrease in Kir expression, an enhancement in ATP release and an increase in
P2XR and P2Y R expression. The resultant changes, including an increase in gap-junction
mediated SGC coupling, areduction in Kir currents and glutamate recycling, a potentiation
of P2X3R activity and an increase in P2X7R-mediated ATP and cytokine release, giverise
to chronic pain conditions. A better understanding of the mechanisms by which SGCs
interact with soma and with other SGCs under normal and injurious conditions will help us
identify new therapeutic targets and design better approachesto treat chronic pain.
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Fig. 1. Structural characteristics of dorsal root ganglia

(Left) Locations of L4 and L5 DRGsin the spinal column. (Upper right) A micrograph
showing a neuron being tightly wrapped by SGCs. (Lower right) An enlarged view of the
pseudo-unipolar structure of a DRG neuron.
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Fig. 2. Dependence of neuronal soma-SGC-soma communication on P2X7R activation

(Left) Soma-SGC communication. Images of Ca2*-dependent fluorescence changesin a
neuronal somaand SGCsin response to a 20 Hz, 30 sec nerve stimulus are shown on the
left. The number above each column is the time that the images were taken. Enlarged views
of the SGC are shown directly below each panel. The time courses of the fluorescence
change following nerve stimulation (NS) are given on the right. The NS caused an increase
in the fluorescence in the neuronal soma ((F-Fg)/Fg =AF/Fg (Soma)) and an increasein the
SGC, i.e., (AF/Fy (SGC)) with adelay. Fqisthe basal fluorescence in either the somaor in
the SGC before NS. The AF/Fy in the somawas not affected by the application of the
reversible P2X 7R antagonist, BBG (1 M) while AF/Fgin SGCswas inhibited by BBG.
Thus, NS induced ATP release from the neuronal somato activate P2X7Rs in SGCs. (Right)
SGC-soma communication. Application of the P2X7R agonist, BZATP (100 uM) (arrows),
evoked alargeincrease in AF/Fyin SGCsbut arelatively small increase in somata. Fy isthe
basal fluorescence before the BzZATP application. Preincubation of DRGs with the P2YR
antagonist, RB (1 M), had no effect on the BzATP-induced AF/Fy changein SGCs, but
enhanced the AF/Fy change in somata. The enhancement was inhibited when P2X3R
activity in somata was blocked by the P2X 3R antagonist, A31749 (60 uM). Thus,
stimulation of P2X7Rsin SGCs affects the activity of P2YRs and P2X3Rsin neuronal
somata. The thick lines are the average fluorescences; the thin lines are the standard errors
of the average values. Adapted from Zhang et al (2007) and Chen et a (2008)(copyright
#2007 and #2008 by National Academy of Sciences, USA).
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Soma

Fig. 3. Mechanismsinvolved in Neuronal soma - SGC- soma communication in the DRG

A schematic drawing to illustrate that gap junctions (GapJ) are involved in SGC--SGC
communication, GIuT (glutamate transporter) and Kir (inwardly rectifying K* channels)
regulate glutamate and K* concentration surrounding the soma respectively and P2X7Rs in
SGCsand P2Y 1Rs and P2X3Rs in the soma participate in neuron---> SGC--> soma
communication. Nerve stimulation evokes Ca2*-dependent ATP release from the soma (1,
2) to activate P2X7Rs in SGCs (3). P2X 7R activation promotes the cytokine, e.g. TNFa.,
release from SGCs (4) to increase activity of P2X3Rsin the soma (5). ATP release resulting
from P2X7R activation increases P2X3R activity (6). In addition, ATP also activates

P2Y 1Rs (6), which in turn down-regulate P2X 3R expression (7).
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