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Abstract

Neurons in sensory ganglia are surrounded by satellite glial cells (SGCs) that perform similar
functions to the glia found in the CNS. When primary sensory neurons are injured, the surrounding
SGCs undergo characteristic changes. There is good evidence that the SGCs are not just bystanders
to the injury but play an active role in the initiation and maintenance of neuronal changes that underlie
neuropathic pain. In this article the authors review the literature on the relationship between SGCs
and nociception and present evidence that changes in SGC potassium ion buffering capacity and
glutamate recycling can lead to neuropathic pain-like behavior in animal models. The role that SGCs
play in the immune responses to injury is also considered. We propose the term gliopathic pain to
describe those conditions in which central or peripheral glia are thought to be the principal generators
of principal pain generators.
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Our understanding of the role and importance of glial cells in nervous system function has
changed a great deal since the original nineteenth century descriptions. The dogma that glial
cells are passive players only providing structural support to neurons has long since been
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replaced by the understanding that there are many different types of glial cell and that they are
involved in every function of the brain in both normal and pathological states.

Much of the new understanding of glia and pain comes from the study of CNS glia and less is
known about glial cells in the peripheral nervous system (PNS). In the PNS, the Schwann cell
might be the first, and for some the only, glial cell that comes to mind, and Schwann cell biology
has been extensively studied, particularly in relation to degeneration and regeneration of axons.
There are, however, other classes of glial cell in the PNS, most notably the satellite glial cells
(SGCs) that surround neuronal somata in sensory and autonomic ganglia. Other glial cells are
present in the PNS but are less well characterized and include microglia-like cells and possibly
a less differentiated cell type that might be related to Schwann cells and/or SGCs. Although
glial cells in the PNS have similar functions to their CNS counterparts, there are enough
differences in the morphology, biochemistry, and function between PNS and CNS glia that
they appear to be more analogs rather than homologs, and we need to be careful about making
too many generalizations.

In addition to playing a role in the function of the normal nervous system, there is now
increasing evidence that glial cells play a key role in dysfunction of the nervous system such
as in the generation and/or maintenance of pain. In the CNS several key findings have been
established. In many, if not all chronic pain models, astrocytes and microglial cells become
reactive, as shown by up-regulation in the spinal cord of the glia fibrillary acidic protein
(GFAP) and the cell-surface complement receptor 3 (or CD11b or OX-42), respectively Cao
and Zhang 2008). Spinal glia activation has been shown in pain models, such as peripheral
nerve injury (Raghavendra and others 2003; Sweitzer and others 2001), peripheral
inflammation (Watkins and others 1997), and bone cancer (Vit and others 2006b).

In the PNS, Schwann cells have long been known to play an important role in degeneration
and regeneration processes following nerve injury. More recently evidence has been
accumulating showing that Schwann cells also have a direct role in the generation and
maintenance of neuropathic pain (Campana 2007), directly by the secretion of pro-
inflammatory cytokines, and indirectly by recruiting immune cells, such as macrophages, to
the site of injury through the secretion of chemoattractants. On the other hand, there is good
evidence that Schwann cells can, in addition to producing pro-inflammatory mediators, also
release factors that facilitate the recovery from chronic pain states (Campana 2007).

In light of the role that CNS glia and PNS Schwann cells play in, or are altered by, pain states
we will examine some of the recent findings examining the relationship between pain and PNS
glia with emphasis on the least studied of the PNS glia, the SGC.

The basic cellular organization of sensory ganglia is well known and described in detail in
several excellent studies (Hanani and others 2002; Pannese 1981; Pannese and others 1972).
Inthis review we will highlight the major points with regard to sensory ganglia that are pertinent
to understanding this review. Similar to the CNS, sensory ganglia contain three general classes
of cells, neurons, glia, and peripheral support cells. The two most numerous, and best defined,
glial cells in the ganglia are the equivalent of the CNS macroglia and are Schwann cells and
the SGCs. The nature of other glial cell types such as microglia is less clear.

Schwann Cells

A distinct, and readily identifiable, glial cell in the primary sensory ganglia is the Schwann
cell (Fig 1B). Thereis a large literature on the structure and function of Schwann cells (Bhatheja
and Field 2006;Griffin and Thompson 2008;Jessen and Mirsky 2005;Simons and Trotter
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2007). Schwann cells have received a great deal of attention because of their role in nerve
pathology (Kuwabara 2004;Nave and others 2007;00i and Srinivasan 2004) and as possible
repair cells for CNS demyelinating conditions (Jasmin and others 2000;Lavdas and others
2008;Stangel and Hartung 2002;Woodhoo and others 2007). In the PNS, the Schwann cell is
a dynamic player and insulates nerve fibers in myelinating and nonmyelinating forms and,
following injury, de-differentiates to take part in repair processes including phagocytosis.
Similar to the astrocyte/SCG comparison, Schwann cells are compared with the CNS
oligodendrocytes in terms of function, but are very different in terms of their morphology and
myelination properties. Like the SGCs, Schwann cells are derived from the neural crest. As
already noted, Schwann cells are also known to contribute to the inflammatory response that
can change the nociceptive thresholds following nerve injury (Martini and others 2008).

Satellite Glial Cells

The neuronal component of sensory ganglia are the cell bodies of the large, spherical, unipolar,
dorsal root ganglion neurons and these are surrounded by a layer of SGCs (Fig. 1A-D). The
SGCs that surround the sensory neuron somata usually consist of a single layer and are
connected to each other by gap junctions. Each SGC is separated from its parent neuron by a
gap of about 20 nm and the non-neuronal face of the SGC has a basement membrane (Fig. 1C,
D). The SGC is often thought of as the PNS equivalent of the CNS astrocyte, but although
astrocytes and SGCs share common functions such as insulation, ion sink and neurotransmitter
recycling, the morphology of the two types of cell is quite different. The SGCs have a circular,
flattened “tortilla” morphology, whereas the astrocytes are commonly multipolar with very
attenuated cytoplasmic extensions. The SGCs share some immunocytochemical similarities to
astrocytes but, interestingly, seem to differ in the expression of GFAP, the signature marker
of astrocytes. GFAP immunoreactivity is readily detectible in the resting state in astrocytes but
is not readily detectable in SGCs, at least by immunohistochemistry. Similar to astrocytes,
however, GFAP expression does increase following nerve injury and become detectable by
immunocytochemistry (Fig. 1E, F). Both SGCs and astrocytes express many other components
in common including ion channels such as the inwardly rectifying K* channel, Kir4.1, and
glutamate recycling components such as the glutamate-aspartate transporter (GLAST).

A key difference between the astrocytes and SGCs is their embryonic origin. SGCs are derived
from multipotent neural crest cells (Jessen and Mirsky 2005) whereas astrocytes originate in
the ventricular and subventricular zone of the neural plate. The different embryonic origin of
the SGCs and astrocytes warns against drawing too many inferences about the other's function
based on studies of either cell type alone. Schwann cells (see below) are also derived from the
neural crest, a fact that underlies the close relationship between SGCs and Schwann cells (Le
Douarin and others 1991). Studies have shown that in several different types of dissociated
ganglion culture, SGCs can up-regulate Schwann cell markers such as Schwann cell myelin
proteins and the zinc finger transcription factor Krox-20 (Murphy and others 1996) and down-
regulate SGC specific markers such as Erm (Hagedorn and others 2000). In the adult, but not
in the embryonic stage, the SGC phenotype is probably maintained by the repression of genes
such as Krox-20 (Murphy and others 1996).

SGC Response to Injury

Proliferation

Unlike neurons, but like CNS astrocytes, SGCs divide following insult to the peripheral nerve
including nerve damage (Fig. 1G; Lu and Richardson 1991,1993), neuronal viral infection
(Elson and others 2003), and skin scarification (Elson and others 2004).
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SGC Reactivity and GFAP Up-Regulation

Following injury to the proximal or distal part of a peripheral nerve, there are many changes
that occur in ganglion neurons including injury responses, up- and down-regulation of
neurotransmitters, changes in neuron phenotype, and sometimes cell death (Devor 1991;
Zimmermann 2001).

Along with the neuronal changes following injury, there are also changes in the SGCs. One
noticeable change is an increase in GFAP expression in SGCs (Fig. 1E, F). This immediately
reminds one of activation of astrocytes in the CNS following injury. This indicates that SGCs
do express GFAP, but it is normally only present at levels in nonpathological conditions and
below the detectability of immunochemistry. Whether the increase in GFAP in SGCs is
associated with the same changes that trigger GFAP increases in astrocytes is not known. One
significant finding regarding GFAP expressions comes from studies investigating the role of
the neurotransmitter glutamate in neuron-to-glia signaling. In vitro studies show that an
increase in extracellular glutamate causes the activation of astrocytes, as measured by a marked
increase in GFAP. The glutamate activation of astrocytes is mediated by the type I1
metabotropic glutamate receptor mGIuR 2/3, which is expressed on astrocytes (Romao and
others 2008). Because GFAP acts to anchor GLAST at the plasma membrane of glial cells
(Sullivan and others 2007), an increase in extracellular glutamate triggers an increase in
GLAST, which necessitates the increase in GFAP.

If glutamate also activates SGCs, it is probably via the mGIuR8 receptor because this receptor
has the highest expression in L5 DRG and is abundant on SGCs whereas the other classes of
receptor are less common (Carlton and Hargett 2007). Based on the data shown in astrocytes
(Romao and others 2008) the increase in GFAP seen in SGCs after nerve injury may be
triggered by increased glutamate released in the sensory ganglion resulting from increased
neuronal firing Amir and Devor 2003a, 2003b).

Gap Junctions

The number of gap junctions between SGCs decreases with age (Procacci and others 2008)
and increases following nerve injury (Huang and others 2005; Ohara and others 2008; Vit and
others 2006a). Because gap junctions are a means for moving molecules between SGCs, both
for buffering and signaling, it is reasonable to suppose that changes in gap junctions could
cause alterations in the extracellular environment (Fig. 2A, B, D-F). One consequence of
changing the extracellular environment would be a change in neuronal excitability and
nociception. Because the number of gap junctions increases after nerve injury, it has been
speculated that changes in SGC gap junctions are a factor in generating or maintaining
neuropathic pain (Cherkas and others 2004; Hanani and others 2002). Recently we were able
to show this is indeed the case using RNA interference (RNAI; Ohara and others 2008) to
specifically target connexin 43 (Cx43), one of the major structural components of gap junctions
expressed by glial cells in the CNS (Nagy and others 1997; Ochalski and others 1997;
Yamamoto and others 1990), and in sensory ganglia (Procacci and others 2008; Vit and others
2006a).

The effects of reducing Cx43 expression in the ganglion are more complex than we anticipated
(Fig. 2D-F). As noted, nerve injury is associated with an increase in Cx43 expression in SGCs
(Ohara and others 2008). This is believed to increase the coupling between SGCs (Hanani and
others 2002; Huang and others 2005) and the intercellular passage of neuromediators associated
with pain and/or glial activation, such as ATP, cAMP, Ca2+, and IP3 (Dina and others 2005).
When we injected Cx43 dsRNA into the trigeminal ganglion in a model of facial neuropathic
pain, we reduced the number of gap junctions and produced analgesia whereas the number of
gap junctions remained unchanged in controls (Ohara and others 2008). These results were in
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agreement with pharmacological approaches using carbenoloxone, a broad gap junction
inhibitor, that has also been shown to produce analgesia in different pain models by inhibiting
the coupling between CNS astrocytes (Lan and others 2007; Qin and others 2006; Spataro and
others 2004) and glial cells in the sensory ganglion (Lamotte and Ma 2008). A confounding
element in these experiments is that it is likely that these gap junction inhibitors also had some
peripheral effects (Dublin and Hanani 2007). Unexpectedly, knockdown of Cx43 in uninjured
rats resulted in the expression of both spontaneous (increased eye closure) and evoked pain
(facial allodynia to von Frey hairs; Fig. 2A-F) and decreased tolerance to innocuous stimulation
in an operant conflict paradigm on the injected side. When the expression of Cx43 returned to
baseline values, the nociceptive threshold also returned to normal values. The fact that both a
decrease or an increase in Cx43 expression in SGCs leads to hyperalgesia highlights the
functional complexity of SGCs in the modulation of neuronal excitability.

lon Channels and K* Buffering

Recently, it has emerged that severe and characteristic changes in nociceptive processing can
result from altered expression of a single neuronal ion channel (Cox and others 2006). We
recently showed that silencing a single ion channel in SGC can also result in pain states. One
ion channel present on SGCs, but not found on ganglionic neuron, is the inwardly rectifying
potassium channel, Kir4.1 (Fig. 2A, C). We produced reversible silencing of Kir4.1 in SGCs
by directly injecting double-stranded RNA against Kir4.1 (Fig. 2H) into the trigeminal ganglion
(Vit and others 2008). Silencing Kir4.1 expression resulted in the appearance of both
spontaneous (increased eye closure) and evoked pain (facial allodynia to von Frey hairs, Fig.
21) and decreased tolerance to innocuous stimulation in an operant conflict paradigm on the
side of the injection. When Kir4.1 expression returned to baseline levels, normal pain behavior
was restored. The relevance of this result to chronic pain is highlighted by the finding that after
nerve injury, Kir4.1 expression in SGCs is reduced. Similarly, Kir4.1 expression is decreased
centrally after severe crush injury to the spinal cord (Olsen and Sontheimer 2008), a condition
also associated with chronic pain (Siddall and Loeser 2001).

Based on our previous observation, we hypothesize that when neuronal excitation occurs,

K™ is released in the perineuronal environment and the increased extracellular K+ leads to
increased neuronal excitability. Such hyperexcitability is associated with increased or
spontaneous pain sensation. Currently we are measuring changes in neuronal excitability in
the ganglia that lack Kir4.1 following dsRNA treatment, to validate this hypothesis. Kir4.1 is
not only involved in K* homeostasis but also in the uptake of glutamate by glial cells. Using
RNA.I, the suppression of Kir4.1 expression was shown to reduce glutamate uptake in cultured
astrocytes in vitro (Kucheryavykh and others 2007). Moreover, reduction of glutamate uptake
has been shown in astrocyte-specific Kir4.1 knockout mice in vivo (Djukic and others 2007).
Although we did not measure extracellular glutamate levels after transient inhibition of Kir4.1
dsRNA treatment, it is possible that glutamate levels were increased, which is also expected
to cause increased neuronal excitability. Thus the loss of Kir4.1 probably affects the clearance
of both K+ and glutamate, which are two of the main functions of astrocytes and SGCs in the
maintenance of neuronal excitability. Finally, it is worth mentioning that a recent genetic study
identified Kir4.1 as an essential component for the full effect of analgesic drugs (Smith and
others 2008).

Glutamate Recycling

Another important function of astrocytes is to recycle extracellular glutamate (Fig. 3A) (Bak
and others 2006). SGCs in peripheral ganglia appear to have similar capabilities. In the CNS,
astrocytes express at least two glial specific glutamate transporters, GLAST and glutamate

transporter-1 (GLT-1), are involved in the uptake of glutamate released by neurons at synapses.
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Once in the astrocyte, glutamate is amidated to glutamine by the enzyme glutamine synthetase.
Glutamine is returned to neurons where phosphate-activated glutaminase converts glutamine
to glutamate. Thus the astrocytes play the main role in the clearance of glutamate from the
extracellular space and as a consequence modulate neuronal activity. In peripheral sensory
ganglia, SGCs have been shown to express both GLAST and glutamine synthetase, suggesting
that these cells might have a role in the clearance of perineuronal glutamate.

Although we and others have shown that SGCs express GLAST and glutamine synthetase (Fig.
3B, C), it is not known if glutamate is released by neurons within the ganglia. Other
neuromediators such as ATP and substance P have been shown to be released by ganglion cell
bodies (Burnstock 2007; Takeda and others 2005; Zarei and others 2004), and this together
with the presence of the entire machinery for the glutamate-glutamine cycle in SGCs suggests
that glutamate is released in the ganglion and that SGCs may play a key role in modulating
glutamate homeostasis. In support of this idea, we found that reducing the expression of
GLAST in the trigeminal ganglia using RNA. (Fig. 3D, E) correlated with increased evoked
pain, in the form of facial allodynia to mechanical stimulation (Fig. 3F). The mechanism
underlying this sensory change is currently under investigation, but we believe that a lack of
glutamate clearance from the perineuronal environment by SGCs is involved. An increase in
extracellular glutamate brought about by reduced uptake by SGCs would be predicted to
increase neuronal excitability through the activation of glutamate receptors.

Our results are in agreement with several studies reporting a role for glutamate transporters in
different pain models. Nerve injury has been shown to lead to a decrease in expression of
astrocytic GLAST and GLT-1 in the spinal cord (Sung and others 2003). This decrease in
glutamate transporter expression is accompanied by reduced glutamate uptake and an increase
in extracellular glutamate, which in turn is associated with neuropathic pain behavior (Sung
and others 2003). Another study examined the expression of glial glutamate transporters in the
spinal cord of rats with chemotherapy-induced hyperalgesia (Weng and others 2005). Taxol-
treated rats showed a significant decrease of both GLAST and GLT-1 expression, suggesting
that glutamate transporters play a role in the development of hyperalgesia. Further studies are
needed to understand the underlying mechanism by which excess glutamate leads to chronic
pain, given that glutamate receptors are also present on glial cells and not just on neurons
(Porter and McCarthy 1997).

ATP Signaling

An important, but not obvious, underlying concept when discussing SGCs is that these cells
are rarely subject to direct injury. Rather, it is the neurons that are injured by damage to the
central or peripheral part of the axon. Thus, any change we see in SGCs must be a secondary
change driven by alterations to the neuron, and this implies some active signaling mechanism
between neurons and SGCs. There are, in fact, a large number of molecules that could be
involved in such signaling and many substances are released from injured (and noninjured)
neurons, such as nitric oxide, tumor necrosis factor-o. (TNF-a), and ATP.

ATP appears to be involved in pain-related processing through the activation of metabotropic
(P2Y family) or ionotropic (P2X) purinergic receptors. SGCs express several different
purinergic receptors, and there is evidence that these receptors are involved in neuron-to-SGC
communication and more specifically are involved in nociceptive related processes. The P2Y4
receptor has been shown to be exclusively expressed by SGCs in sensory ganglia (Vit and
others 2006a; Weick and others 2003). ATP released following nerve injury may activate P2Y4
receptors on SGCs resulting in an increase in intracellular CaZ* (Fig. 4), which, in turn, can
trigger activation of K* channels. The resulting change in extracellular K* may result in
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increased nociceptive neuron excitability (Filippov and others 2004; Weick and others 2003;
see section on K* buffering above).

More recent studies have focused on the role of the P2X7 receptors in SGCs and in astrocytes.
P2X7 receptors are expressed in the spinal cord and sensory ganglia (Kobayashi and others
2005; North 2002) and have been linked to excitotoxicity and nociception (Dublin and Hanami
2007; Sperlagh and others 2006). It has been shown recently that P2X7 receptors are expressed
only by SGCs in DRGs and that activation of P2X7 receptors reduced nocifensive behavior
and allodynia after complete Freund's adjuvant—induced inflammation (Chen and others
2008). P2X7 receptor—triggered analgesia is dependent on the down-regulation of P2X3
receptors in nociceptive neurons (Chen and others 2008).

An interesting finding relating to the glutamate studies detailed above is from CNS studies
showing that P2X7 receptors are involved in intercellular Ca?* signaling between astrocytes
and neurons not only in response to ATP but also in response to glutamate (Hamilton and others
2008; Suadicani and others 2006). In addition, activation of P2X7 receptors decreases
glutamate uptake and glutamine synthetase activity in astrocytes (Lo and others 2008).

In addition to the pathways discussed above, there are other routes by which ATP may be
involved in nociceptive processing such as by stimulating the secretion of pro-inflammatory
cytokines by SGCs (Inoue 2006). It also must be remembered that purinergic receptors are not
confined to SGCs. Other purinergic receptors such as the P2X3 receptor are expressed by
nociceptive neurons (Xiang and others 1998) and have been shown to play a role in pain
processing (Cook and others 1997; Souslova and others 2000), as they become sensitized in
response to inflammation or nerve injury (Chen and others 2005; Xu and Huang 2002).

Altogether, these studies reveal the importance of ATP as a mediator of pain acting on both
neurons and glial cells and the understanding that the effect of ATP depends on the intricate
relationship between both P2Y and P2X receptor families that is expressed on neuronal and
glial cells.

Immune System in the Sensory Ganglion

The sensory ganglion is in a unique position to interface with the immune system inasmuch as
there is no blood-brain barrier as found in the CNS. Similar to blood vessels outside the CNS,
the endothelial cells of blood vessels within ganglia have no tight junctions (Jacobs and others
1976), with the consequence that sensory ganglion cells are able to detect distant events such
as immune phenomena signaled by circulating peptides such as cytokines. Immune cells, in
general, and macrophages, in particular, are able to move more freely in and out of the ganglion
compared with almost any other part of the nervous system (Hu and McLachlan 2002). This
rapid and unrestricted movement of immune cell into ganglia may represent an adaptive
mechanism for rapid response to viral infection of sensory neurons. Although in the PNS there
is no blood-brain barrier as defined in the CNS, sensory ganglion neurons are separated and
protected from circulating molecules by blood vessel endothelial cell basement membrane,
SGC basement membrane, and the SGCs themselves (Fig. 5A—C). The SGC basement
membrane is recognized as an important part of the blood/ganglion-barrier, and anomalies of
the extracellular matrix are associated with abnormal neuronal function (Kaksonen and others
2002) and pain (Previtali and others 2008).

Each sensory ganglion harbors a large number of resident macrophages (Dijkstra and
Damoiseaux 1993; Fig. 5D). Macrophages are considered the equivalent of CNS microglial
cells (Mori and others 2003) and play a key role in regulating a number of pain conditions
(Milligan and Watkins 2009). Resident macrophages are the first immune cells to respond to
nerve injury, viral infection, and to foreign oligonucleotides, but within days, circulating
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macrophages, polymorphonuclear, and T lymphocytes invade the sensory ganglion (Hu and
McLachlan 2002; Morin and others 2007). Following an immune system trigger, the number
of macrophage in the sensory ganglion will peak at 3 to 7 days and can persist for weeks (Xie
and others 2006). This persistence of macrophages in the ganglion can occur in the absence of
any phagocytic event, for instance, in the presence of peripheral inflammation, and might favor
regenerative processes but also ongoing pain (Milligan and Watkins 2009).

Activated macrophages are prevalent in all immune responses involving the sensory ganglion
as well as for inflammation occurring in the vicinity of the ganglion (Dubovy and others
2007; Mori and others 2003; Xie and others 2006; Zhu and others 2005). Strikingly, signals
from neurons can trigger invasion of the ganglion by macrophages, even when the injury or
demyelination to the nerve is remote from the ganglion (Hu and McLachlan 2002). In the
ganglion, activated macrophages divide and persist much longer than in peripheral tissue,
contributing to the persistence of neuropathic pain (Hu and McLachlan 2002; Schreiber and
others 2002). Activated macrophages respond to a mix of molecules including
neurotransmitters, growth factors, and cytokines, most of which have been shown to cause
increased pain behavior in animal models. Cytokines known to elicit this pain behavior include
interlukin-1p (IL-1pB), IL-6, IL-8, and MCP-1 (Xie and others 2006). MCP-1 is critical in
attracting circulating macrophages by acting on the chemotactic cytokine receptor 2 (CCR2).
Following nerve injury, the expression of MCP-1 and its receptor increases markedly in sensory
ganglia. Reduction in the number of macrophages or antagonism of CCR2 blocks the
appearance and continued expression of neuropathic pain (Abbadie and others 2003; Liu and
others 2000), whereas stimulation of CCR2 is hyperalgesic (White and others 2005). These
data suggest a pivotal role for macrophages in combating pain.

SGCs exhibit features of inflammatory cells. For instance, SGCs release pro-nociceptive
peptides (Mori and others 2003). Similar to macrophages, SGCs are activated by MCP-1
through the CCR2 receptor (Jeon and others 2008; Lamotte and Ma 2008; Tanaka and others
2004). Intrathecal injection of MCP-1 induces tactile allodynia (Tanaka and others 2004), an
effect that could be mediated by both the SGCs and resident macrophages. Once activated,
SGCs, like macrophages, produce TNF-a (Dubovy and others 2006) and TNF-a activates SGCs
causing an increase in phosphorylated extracellular signal-regulated protein kinase (Perk;
Takahashi and others 2006). After nerve injury, the long-lasting increase of pERK in SGCs
has been associated with chronic pain (Doya and others 2005). Another way in which SGCs
behave similarly to immune cells is that activated SGCs also produce high levels of IL-1p
(Takeda and others 2007), which in the trigeminal ganglion increases the firing rate of
nociceptive neurons. Infusion of an IL-1p receptor antagonist blocks the pain behavior
associated with peripheral inflammation by restoring the threshold of nociceptive neurons
(Takeda and others 2008).

Some reports have suggested that following peripheral inflammation or nerve injury, activated
macrophages take up position around the perikarya of sensory neurons, displacing or replacing
SGCs (Dubovy and others 2007; Mori and others 2003). The basis for this interpretation is the
increase in perineuronal cells expressing ED-1, an activating macrophage marker (Fig. 5E) in
nerve-injured ganglia (Dubovy and others 2007), or Ibal (ionized calcium binding adapter
molecule 1, a specific marker of microglia/macrophages; Mori and others 2003) following
herpes simplex virus (HSV) injection. However, neither study included specific
immunocytochemical markers to identify SCGs, so it is not clear whether the SGCs had been
replaced by macrophages or whether the resident SGCs are themselves capable of up-regulating
ED-1 and Ibal. We think the latter possibility is more likely, but in either case the close
proximity to neurons of cells that can release a number of inflammatory mediators (Moalem
and Tracey 2006) will decrease the nociceptive threshold and cause an increase in spontaneous
activity of small fibers in the dorsal root (Xie and others 2006). Increased neuronal activity is
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probably mediated, in part, by an increase in extracellular glutamate because of a secondary
down-regulation of SGC glutamate transporters (Sung and others 2003).

Endothelial Cells

The vascular endothelium also plays a critical role in the immune response impacting glial
function and pain through the release of pro-nociceptive mediators and by attracting
inflammatory cells (Willis and Davis 2008). Capillaries in sensory ganglia lie in close
proximity to SGCs (Fig. 5A-C). Following nerve injury, angiogenic factors such as calcitonin
gene-related peptide, nerve growth factor, and vascular endothelial growth factor released by
neurons and SGCs (Chao and others 2008; Kutcher and others 2004; Pannese and Procacci
2002) cause an increase in vascularization of the sensory ganglion (Lamotte and Ma 2008). In
turn, endothelial cells release molecules, such as cytokines and adhesion molecules, that attract
macrophages and other leukocytes to the sensory ganglion (Han and Suk 2005). Many of the
factors released by the vascular endothelial cells, and possibly by adjacent fibroblasts, will
activate SGCs.

Conclusion

It is well established that SGCs undergo phenotypic changes following nerve injury. It is less
clear how the observed phenotypic changes in SGCs might affect neuronal function or sensory
perception in normal or injured states. The preponderance of experimental evidence and
theoretical considerations, however, support the notion that changes in SGCs, alone or in
concert with changes in neuronal function, do affect nociception. Thus the evidence that both
PNS and CNS glia play an integral, and possibly primary, role in some types of pain leads us
to suggest that the term “gliopathic pain” is appropriate for such conditions. The recognition
that we must include both central and peripheral glial cells in constructing our models of
sensory mechanisms certainly complicates our task in understanding nociception but also
provides more targets for therapeutic interventions aimed at reducing pain.
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Figure 1.

A, Methylene blue semi-thin Epon section showing a large dorsal root ganglion neuron (N)
surrounded by small, intensely stained satellite ganglion cells (SGCs, arrows). Only the soma
of the SGCs are easily visible at this magnification; the attenuated cytoplasm appears as a thin,
dark blue line surrounding the neurons. Asterisks indicate the lumen of capillaries. B, Electron
micrograph (EM) showing a neuron (N) and surrounding SGCs. A region of attenuated SGC
cytoplasm between the soma is indicated by the arrow. A Schwann cell is present (arrowhead).
C, At high magnification the relationship between two neurons (N1, N2) and their surrounding
SGCs (SGC1 and SGC2) is seen. Each SGC presents a basement membrane (bm) on its non-
neuronal face, and a fibroblast process (F) and collagen fibers (c) occupy the space between
the SGCs. D, The basement membrane is present around all SGCs. Green = laminin
immunostaining; red = neurons (NeuN). E, Gliafibrillary acidic protein (GFAP) is up-regulated
in both SGCs (arrows) and unidentified elongated processes (arrowheads) in the ganglion
following nerve injury. F, Only a few faintly stained GFAP elements (arrowheads) are visible
in control ganglia. G, Following nerve injury, BrdU-positive nuclei (arrows) are present in
SGCs (red, immunolabeled for SK3) surrounding neurons but are also present in non-SGC
nuclei (arrowhead) located in regions between SGCs.
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Figure 2.

A, Diagram illustrating the role played by connexin 43 (Cx43) in intercellular transport and
Kir4.1inthe uptake of K* ions. B, Cx43 postembedding electron micrograph staining (asterisk)
showing the location of a gap junction between two satellite ganglion cells (SGCs). Where
SGCs join there is commonly an interdigitation of processes from the SGCs (here labeled 1,
2, 3, 4). C, In the trigeminal ganglion, SGCs express the glia-specific K+ channel, Kir4.1
(green). Neurons (N) and axons are labeled with NF160 (red). D-I, Immunohistological and
behavioral results of using dsRNA against Cx43 (D, E) and Kir4.1 (G-I). For each dsRNA,
the control image (D, G) shows staining from an uninjected trigeminal ganglion and the second
image (E, H) shows staining from a trigeminal ganglion 5 days after dsSRNA injection. von
Frey scores were measured for 13 days following injection of the dsSRNAs (F, I). In each case
there was a transient and reversible increase in von Frey scores for the active dsSRNA but not
for the control (globin) dsSRNA nor on the side contralateral to the injection. *** P <.001,
compared with contralateral side. (Additional information on protocols, statistical analysis,
and results can be found in Ohara and others 2008; Vit and others 2008)
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Figure 3.

A, Diagram illustrating the role of satellite ganglion cells (SGCs) in glutamate recycling. The
glial glutamate transporter (GLAST) transports extracellular glutamate (Glu) into the SGC
where glutamine synthetase (GS) converts glutamate to glutamine (Gln), which is eventually
recycled to the neuron for conversion into glutamate. In the trigeminal ganglion, SGCs express
GLAST (B, red) and glutamine synthetase (C, green). D, GLAST immunostaining of SGC
from a control ganglion (green, arrow). E, Five days following injection of GLAST dsRNA
into the trigeminal ganglion there is an obvious reduction of GLAST immunostaining. F, von
Frey scores for 13 days following injection of the dSRNAs into the trigeminal ganglion. There
was an increase in von Frey scores for the GLAST dsRNA but no increase in von Frey score
was observed for the control (globin) dsSRNA, nor on the side contralateral to the injection. ***
P <.001, compared with contralateral side.
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Figure 4.

Calcium imaging of dissociated neurons and glia from the trigeminal ganglion. Dissociated
trigeminal neurons (N) and glial cells (G1, G2) loaded with the calcium indicator Fluo-4 are
shown before (A) and after (B) addition of 1 uM of ATP. C, D, Pseudocolor representation of
the calcium intensity of A and B, respectively. Green indicated low and red indicated high
calcium concentration. E, Shows the differences in the time course of calcium influx between
a representative neuron and a glial cell after ATP application.
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Figure 5.

A, Section of the trigeminal ganglion immunostained for satellite ganglion cells (SGCs) (SK3,
green; e.g., arrows) and endothelial cells (RECA, red) to show the plexus of capillaries. B,
Electron micrograph showing the relationship between a capillary (EC = endothelial cell), SGC
(arrows), and neuron (N). The area enclosed by the black square is shown at high magnification
in C. bm = basement membrane; ¢ = collagen; F = fibroblast. D, In the normal ganglion there
is a population of resident macrophages as shown by ED2 immunolabeling (red) scattered
throughout the ganglion between the SGCs (SK3, green). E, Following a chronic constriction
injury to the infraorbital nerve, there is an increase in activated macrophages (ED-1, red). In
some cases SGCs identified by SK3 immunolabeling (green) also appear to express ED-1
(arrow).
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