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Abstract: Pain in the head and face, which can be very severe and debilitating, often involves activation of trigeminal
ganglion nerves. The craniofacial symptoms can manifest as acute or transient conditions such as toothaches and
headaches, or can transform into more chronic conditions such as migraine, rhinosinusitis, temporomandibular joint
(TMJ) disorder, or trigeminal neuralgia. Traditionally, it is known that peripheral tissue injury or inflammation leads to
excitation of trigeminal nerves that release inflammatory molecules in the periphery as well as facilitate transmission of
nociceptive signals to the central nervous system. However, findings from recent studies have demonstrated that
peripheral tissue injury or inflammation also leads to increased interactions between neuronal cell bodies and satellite glial
cells within the trigeminal ganglion. These cell-to-cell interactions, which involve the transfer of key regulatory mediators
via channels or gap junctions as well as paracrine signaling, are thought to play an important role in the induction and
maintenance of peripheral sensitization of trigeminal nociceptors. The focus of this review will be on understanding the
importance of the increased signaling between neuronal cell bodies and satellite glia cells in trigeminal ganglia to the

development of persistent pain.
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TRIGEMINAL NERVES

Pain in the head and face can be very severe and
debilitating. In fact, the head and face represent some of the
most common pain sites in the body [1-3]. These craniofacial
symptoms can manifest as acute or transient conditions such
as toothaches and headaches, or can transform into more
chronic conditions such as migraine, rhinosinusitis,
temporomandibular joint (TMJ) disorder or trigeminal
neuralgia. While physiological pain is typically of short
duration and facilitates an appropriate response to noxious
stimuli, pathological pain is persistent, does not have long-
term benefits to the organism and can lead to tissue damage
and hence is maladaptive. Chronic diseases involving the
head and face often involve activation of trigeminal ganglion
nerves. The trigeminal nerve consists of three major
branches that provide somatosensory innervation of distinct
regions of the head, face, as well as nasal, sinus, and oral
cavities [4]. Activation of a particular branch can be caused
by peripheral tissue injury or compression of the nerve
processes resulting in neuroinflammation or caused by tissue
inflammation mediated by release of pro-inflammatory
molecules at site of injury initiating a neurogenic
inflammatory response. Following activation, trigeminal
nerves release neuropeptides and other inflammatory
molecules from peripheral terminals that initiate and
maintain neurogenic inflammation, which is characterized by
vasodilation, protein plasma leakage, mast cell activation,
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and immune cell recruitment Fig. (1). The release of
additional inflammatory molecules can lead to peripheral
sensitization of trigeminal nociceptors. In addition,
activation of trigeminal nerves by noxious stimuli will cause
release of neuropeptides as well as glutamate from central
terminating processes and cause excitation of second order
neurons within the brainstem and spinal cord that are
involved in transmission of nociceptive information leading
to pain, central sensitization, and allodynia. More recently,
peripheral activation is also thought to lead to excitation of
the cell bodies of trigeminal neurons that increases glia-glia
and neuron-glia signaling via gap junctions, as well as
paracrine and autocrine mechanisms that together play a
central role in regulating the excitability state of trigeminal
neurons. Importantly, increased gap junction communication
and release of ions and small signaling molecules within the
ganglion is likely to also contribute to sensitization of
nociceptive neurons. In this review, we will focus on recent
studies that provide evidence of increased neuron-glia
interactions during pathological conditions that are likely
involved in the underlying pathology of persistent painful
trigeminal nerve-mediated diseases.

The trigeminal or fifth cranial nerve is the largest and
most complex of the twelve cranial nerves [4]. It has a large
sensory (afferent) component and a small motor (efferent)
component as it originates from the lateral border of the
pons. The afferent fibers conduct the sensory information
from various parts of the face, head, internal cranial
structures, and TMJ. The efferent fibers send motor
information to the muscles of mastication [4]. The trigeminal
nerve is comprised of myelinated and unmyelinated nerve
fibers that are responsible for conduction of nociceptive
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Fig. (1). Schematic of trigeminal ganglion neuron and associated satellite glial cells. In response to axon injury or inflammatory stimuli, the
trigeminal neuron functions to transduce nociceptive signals from the periphery to the trigeminal nucleus resulting in central sensitization,
allodynia, and pain. In addition, axon injury or inflammatory stimuli can cause increased neuron-glia interactions within the trigeminal

ganglion that are involved in peripheral sensitization.

information from the peripheral tissues to the central nervous
system [5]. Two types of myelinated nerve fibers that
transmit nociceptive signals are seen in the trigeminal nerve:
the thin myelinated Ad fibers that can function as low-
threshold mechanoreceptors,  thermoreceptors,  and
nociceptors and the unmyelinated C fibers whose primary
function is nociception [5]. The trigeminal nerve after
exiting the skull forms a trigeminal ganglion where the cell
bodies of the neurons reside. The trigeminal nerve then
divides into the ophthalmic (V1) branch, the maxillary (V2)
branch and the mandibular (V3) branch [4]. Activation of the
V1 branch is implicated in the pain of migraine, cluster
headache, sinus pathology, and trigeminal neuralgia, while
activation of the V2 branch is associated with sinus
pathology and trigeminal neuralgia, and TMJ disorders
involve activation of the V3 branch.

TRIGEMINAL GANGLION

The trigeminal ganglion, also known as the gasserian or
semilunar ganglion, is a large, flattened, semilunar shaped
ganglion lying in the middle cranial fossa close to the
cavernous sinus inside the skull, ensheathed between the two
layers of the dura mater [4]. The ganglion contains the first
order neurons of the sensory nerve fibers of the trigeminal
nerve. The neurons in the trigeminal ganglion are
pseudounipolar, where the cell body gives rise to a single
axon from its axon hillock segment pole that then divides
into a T or Y shape to give rise to a peripheral and a central
projecting branch, a morphology similar to adult dorsal root
ganglion neurons [6]. The peripheral fibers emerge from the
convex side of the semilunar trigeminal ganglion as V1, V2,
or V3 branches of the nerve, whereas the central processes
project out of the concave side of the ganglion, enters the
brainstem and terminates in the spinal trigeminal nucleus [4,
5].

The trigeminal ganglion is comprised of both neurons
and glial cells. There are two distinct types of glia found in
the trigeminal ganglion, the Schwann cells and the satellite
glial cells [7]. Schwann cells are found in close proximity to

the neuronal processes or axons where they function to
produce myelin sheaths around axons that increase the
conduction velocity of the nerve [8]. In contrast, neurons and
satellite glial cells are arranged in discreet bands or clusters
within each region of the adult rat trigeminal ganglion as
seen in Fig. (2). Electron microscopic studies have shown
the close proximity of the satellite glial cells with the
neuronal cell bodies, with a distance of about 20 nm between
the two cells [7]. Numerous flattened processes extend from
satellite glial cells to the cell membrane of the neurons and
are thought to facilitate communication between the neurons
and the satellite glial cells via exchange of ions and small
molecules. Similar to the cellular arrangement described for
dorsal root ganglion, cell bodies of trigeminal ganglion
neurons are completely surrounded by satellite glia that
together form distinct, functional units [7]. Hence, satellite
glial cells are thought to play an essential role influencing
the activity of the neurons in response to peripheral injuries
that lead to inflammation and pain [9]. The seminal work by
Hanani and colleagues provided evidence that gap junction
mediated signaling between satellite glial cells within the
dorsal root ganglion is increased following nerve injury or
inflammation [10-12]. However, the role of gap junctions
within the trigeminal ganglion in promoting and sustaining
trigeminal nerve mediated inflammation and pain is just
beginning to be elucidated.

Gap Junctions

Gap junctions are specialized intercellular membrane
channels that allow molecules less than 1 kDa (i.e. secondary
messengers, ions, and metabolic precursors) to pass directly
from one cell to another [13, 14]. Gap junctions, which are
present in nearly all mammalian cell types [15, 16], are
dynamic structures preprogrammed to be continuously
biosynthesized and degraded in the cell that typically exhibit
a short in vivo half-life between 1-5 hours [17-19]. Gap
junctions do not typically function as a single unit but rather
cluster together to form a tightly packed array known as a
gap junction plaque. Importantly, evidence suggests that gap
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Fig. (2). H & E staining of trigeminal ganglion. An image of a longitudinal section of the entire ganglion is shown at 40X magnification in
the left panel. As seen in the middle panel neurons and satellite glial cells are organized in bands or clusters within the ganglion. At higher
magnification, individual satellite glial cells (thick arrows) are seen surrounding neuronal cell bodies, while individual Schwann cells (thin

arrow) are found associated with neuronal fibers.

junction channels may not open and thus be functional until
they cluster into plaques [20].

Gap junctions are composed of polytopic membrane
proteins known as connexins (Cxs). Currently, the Cx family
has 20 human members, ten of which have been identified in
the nervous system [21, 22]. All members of the Cx family
share a similar structure, where the proteins pass through the
membrane four times creating two extracellular loops with
the amino and carboxyl termini exposed to the cytoplasm
[17]. Since Cx differ greatly in the size of the cytoplasmic
loop region and the length of the carboxy terminal tail, each
individual Cx is identified by their molecular weight [15, 23,
24].

Six Cx proteins from one cell oligomerize into hexamers
that are commonly referred to as either ‘connexons’ or
‘hemichannels’. Thus, two adjacent hemichannels from
opposing plasma membranes come together to form the gap
junction channel [23]. In the nervous system, gap junctions
have been shown to facilitate neuron-neuron, glia-glia, and
neuron-glia communication [25, 26]. Under normal
neurological  conditions, gap junction intercellular
communication helps maintain a homeostatic environment
by spatial buffering of important cellular ions such as K,
Na" and Ca®" [27-30]. Consequently, changes in the
expression of Cxs and hence, disruption of gap junction
intracellular communication has been implicated in a number
of CNS pathologies including: Alzheimer’s disease,
Parkinson’s disease, epilepsy, and cortical spreading
depression [25]. More recently, findings from studies on
trigeminal ganglia designed to mimic nociceptive events that
occur in human diseases have provided evidence of a key
role of gap junction communication and increased neuron-

glia interactions in modulating neuronal excitability and
hence nociception.

ROLE OF NEURON-SATELLITE GLIAL CELL IN-
TERACTIONS IN MODELS OF NEUROPATHIC
PAIN

In the seminal work by Hanani and colleagues [11],
axotomy of the infraorbital nerve resulted in significant
changes in both neurons and satellite glial cells within the
trigeminal ganglion. In response to nerve injury, there was
increased coupling of satellite glial cells that temporally
correlated with increased neuronal excitability as
exemplified by an increase in the percentage of neurons
firing spontaneously and a decrease in the threshold of
activation. In an elegant study by Vit et al. [31], the
investigators provide evidence of a fundamental role of gap
junctions formed by Cx43 that couple trigeminal ganglion
satellite glial cells in the development of spontaneous pain
behavior. Specifically, their findings using in vivo RNAI
demonstrated that increased Cx43 expression in satellite glial
cells in response to chronic constriction of the infraorbital
nerve was sufficient to induce pain. In a more recent study,
the same investigators provided more definite evidence of
the importance of glia in regulating the excitability state of
trigeminal neurons under normal unstimulated conditions
[32]. In support of their earlier findings, reducing Cx43
expression using RNAI in rats with a chronic constriction
injury of the infraorbital nerve reduced pain-like behavior.
However, somewhat surprisingly, suppressing Cx43
expression in non-injured animals increased pain-like
behaviors to a level comparable to that of rats with chronic
constriction injury. These results provide evidence that
satellite glial cells play an important role in neuropathic pain
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states but also that disruption of their normal function can
lead to pain.

In addition to gap junctions, other channels that are
expressed by satellite glial cells are involved in regulating
neuronal excitability. In particular, satellite glial cells were
recently shown to express two ion channels, the inwardly
rectifying potassium (K*) channel Kir4.l as well as the small-
conductance calcium activated potassium channel SKS,
which function to maintain normal levels of extracellular K*
around neuronal cell bodies [31]. The control of K* levels is
crucial for regulating the neuronal resting membrane
potential and hence neuronal excitability. Importantly,
increased neuronal excitability of primary sensory neurons is
known to contribute to the development of persistent
neuropathic pain by causing them to become spontaneously
active or fire at a lower than normal threshold [11, 33-35]. In
a well-designed proof-of-concept study, compelling evidence
of the importance of the Kir4.1 channel to regulate neuronal
excitability and ultimately, the development of neuropathic
pain was recently published [36]. Initially, the expression of
Kird.1l in satellite glial cells was found to decrease in
response to chronic constriction injury of the infraorbital
nerve. To determine the relevance of this finding to the
development of neuropathic pain, expression of Kir4d.1 in
satellite glial cells was silenced using RNA interference.
Decreased expression of Kir4.1 channel activity was found
to cause spontaneous and evoked pain like behavior in free
moving rats. Significantly, silencing Kir4.1 resulted in a
reversible change in nociceptive threshold and nociceptive-
related behavioral changes, demonstrating that neuropathic
pain can occur in response to changes in satellite glial cells
to control the extracellular concentration of K* ions. It is
likely that these findings will have important implications for
regulation of extracellular glutamate levels as well since
satellite glial cells express the glutamate transporter GLAST
[31] whose ability to remove excess glutamate is modulated
by Kir4.1 channel activity [37-39].

In a more recent study, a novel approach for reducing
neuronal excitability and pain conditions using viral gene
therapy was tested that involved increasing the level of the
inhibitory transmitter gamma-aminobutyric acid (GABA) in
trigeminal ganglia [40]. Injection of an adenoviral vector that
contained the glutamic acid decarboxylase (GAD) gene
directly into trigeminal ganglia caused increased expression
of the GADG65 isoform and GABA synthesis mainly in
satellite glial cells. Significantly, six days after injection,
there was a statistically significant decrease in pain behavior
in the orofacial formalin test, which is used as a model of
inflammatory pain. Thus, transfection of glial cells in the
ganglion with a GAD gene resulted in elevated levels of
GABA that were sufficient to suppress acute pain behavior
by acting on GABA receptors on neuronal cell bodies. This
finding is in agreement with the work of Naik and colleagues
that provided evidence that direct injection of a GABAAa
receptor agonist into the dorsal root ganglion was anti-
nociceptive in a model of peripheral nerve injury [41]. Taken
together, data from these studies demonstrate the potential
therapeutic benefit of directly increasing the amount of
GABA in the ganglion, which functions to suppress neuronal
activity that occurs in response to nerve damage and the
development of peripheral and central sensitization.
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INCREASED NEURON-GLIA INTERACTIONS IN
RESPONSE TO NOXIOUS STIMULI

Neuronal-glial interactions are implicated in normal
information processing, neuroprotection, and modulation of
neuronal activity including rate of spontaneous firing and
threshold of activation [7, 42-44]. Data from a recent study
provided the first evidence of direct neuron to satellite glial
cell communication within trigeminal ganglion in response
to peripheral noxious stimuli [45]. Specifically, findings
from dye coupling experiments demonstrated that direct
neuronal—glial cell coupling via gap junctions was rapidly
and markedly enhanced following activation of trigeminal
neurons by the noxious stimulatory agent capsaicin.
Stimulation of sensory neurons with capsaicin, which binds
the TRPV1 receptor and causes excitation of nociceptive C
fibers [46], is used as model of trigeminal nerve activation, a
central event implicated in migraine pathology [47]. An
interesting finding from the Thalakoti study [45] was that in
response to capsaicin stimulation of only a few neurons
within the V3 region of the ganglion, a time-dependent
increase in the amount of the retrograde tracer dye True Blue
in the cytosol of adjacent satellite glial cells and neighboring
neurons was observed. Most of the dye, which was
concentrated in neuronal cell bodies prior to stimulation, was
localized in satellite glial cells surrounding neuronal cell
bodies in the V3 region after 2 hours. It should be noted that
although the dye was primarily localized in cell bodies of
neurons under basal, unstimulated conditions, there did
appear to be some minimal level of gap junction coupling
between neurons and satellite glia, since some dye was found
in a small percentage of satellite glial cells. However,
increased gap junction coupling was only observed between
neurons and satellite glial cells but not between neurons and
Schwann cells. This finding is probably due to the fact that
Schwann cells are physically not close enough to neuronal
cell bodies in the trigeminal ganglion to facilitate direct
signaling via gap junctions. Thus, based on these in vivo dye-
coupling experiments, it appears that there is increased
coupling and hence, increased communication between
neurons and adjacent satellite glia in response to capsaicin-
mediated neuronal activation in the stimulated region of the
ganglion.

What is the potential significance of increased signaling
between neurons and glia within the trigeminal ganglion in
response to nerve activation? While not fully understood, it
has been shown that gap junctions formed between glial
astrocytes allow for a syncytium-like organization that is
responsible for the observed coordinated response and long-
distance propagation of calcium waves in the CNS [48].
Thus, it is possible that satellite glial cells might perform a
similar function to facilitate activation-dependent coupling
that contributes to a coordinated inflammatory response
within trigeminal ganglia. It is well established that gap
junctions facilitate the movement of small molecules and
ions such as calcium from one cell to another that allows
them to be functionally coupled. Furthermore, capsaicin
activation of trigeminal neurons has been reported to cause
increased intracellular calcium levels [49]. In the Thalakoti
study [45], levels of S100B, a member of the S100 family of
calcium-binding proteins, were increased in neurons as well
as satellite glial cells in the V3 region of the ganglion in
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response to capsaicin stimulation of V3 trigeminal nerves via
injection into the TMJ capsule. Similar to the findings from
the dye coupling experiment, there was no observed increase
in S100B expression in Schwann cells. Functionally, S100
proteins are reported to regulate cell proliferation and
differentiation as well as modulate the activity of key
proteins such as signaling kinases, transcription factors, and
cytoskeletal components in a calcium-dependent manner
[50]. For example, S100B is reported to increase neuronal
and glial levels of the transcription factor NF-xB, which is
known to stimulate expression of many genes involved in
mediating inflammatory and nociceptive responses [51]. In
addition to its involvement in intracellular signaling, S100B
can be secreted from cells in response to inflammatory
stimuli and function as a paracrine factor to cause changes in
neighboring cells via activation of the cell surface receptor
RAGE, which is expressed by neurons and glial cells [52].
Importantly, S100B has been reported to modulate neuronal
function and its activation of RAGE has been shown to
activate intracellular signaling pathways involving mitogen-
activated protein (MAP) kinases [53]. The important
contribution of MAP Kkinases in the induction and
maintenance of peripheral sensitization and generation of
persistent pain has recently been summarized [54].

A somewhat surprising finding from the Thalokoti study
[45] was that activation of a few sensory neurons in the V3
region of the trigeminal ganglion resulted in intracellular
changes in neighboring neuronal and glial cells within that
same region but also in the V2 and V1 regions. In response
to capsaicin injection into the TMJ capsule, S100B
expression was observed not only in V3 neurons and satellite
glial cells but was seen in both neurons and satellite cells in
the V2 and V1 regions. A similar pattern was observed
throughout the ganglion for the phosphorylated, active form
of p38 MAP kinase in response to selective activation of
neurons in the V3 region in response to tumor necrosis
factor-alpha (TNF-a) or nitric oxide (NO) donor and
protons. Intraganglion communication involving cross-
depolarization or cross-excitation was reported to occur
between sensory neurons via release of diffusible molecules
from the neuronal cell body in nodose ganglion [55]. This
type of nonsynaptic communication, which has also been
reported to occur in dorsal root ganglion, [56-58] would
allow for a coordinated response to inflammatory stimuli.
Activation of the p38 pathway in neuronal and glial cells has
been reported to contribute to persistent inflammatory and
neuropathic pain and its activation in nociceptive neurons
may participate in generating pain hypersensitivity [59].
Further evidence for the involvement of p38 in pathological
pain was demonstrated in a study in which inhibition of p38
was shown to alleviate inflammatory and neuropathic pain in
animal models [60]. The role of increased p38 activation in
neurons and satellite glial cells in trigeminal ganglia in
response to inflammatory stimuli is not known. However,
based on studies on dorsal root ganglion, increased p38
activity in neuronal and glial cells will likely contribute to
peripheral sensitization of trigeminal nociceptive neurons
and play an important role in the generation and maintenance
of pathological pain [54].

Another protein likely involved in mediating cross-
excitation of neurons and satellite glial cells within the
trigeminal ganglion is the neuropeptide calcitonin gene-
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related peptide (CGRP), which is implicated in the
underlying pathology of migraine and TMJ disorders [61-
64]. While most studies have focused on understanding the
functions of CGRP released from peripheral or central
terminals, there is evidence that sensory ganglion cell bodies
are transiently depolarized and become more excitable by
repetitive action potential activity in neighboring axons in
the same ganglion [57, 58, 65]. Based on results from our
study [45] and other studies on trigeminal ganglion [56, 66],
CGRP released from the cell body of activated neurons
would excite other neuronal cells and satellite glial cells via
CGREP receptors expressed on these cells [67, 68]. It is also
likely that activation of trigeminal neurons would lead to
CGRP release from neuronal processes that span across
neuron-satellite glia bands within the ganglion. Interestingly,
both neuronal cell bodies and neuronal processes express the
vesicle docking protein SNAP-25 [69], which is involved in
facilitating the stimulated release of CGRP from trigeminal
neurons [70]. Thus, CGRP release from neuronal cell bodies
or neuronal processes within the ganglion can function as an
autocrine signal to increase synthesis and further release of
CGRP [68].

In addition, CGRP release could function in a paracrine
manner to excite other neurons as well as satellite glial cells.
Toward this end, results from several in vitro studies provide
evidence that CGRP activation of satellite glial cells
stimulates increased release of several cytokines [45] and
NO as well as upregulates the expression of inducible NO
synthase (iNOS) via MAP kinase pathways [67]. Thus,
release of cytokines, NO, and other inflammatory molecules
known to modulate neuronal function would generate a
pathological inflammatory loop within the ganglion that
sustains a hyperexcitable state of the neurons [71, 72]. In
support of this notion, findings from a recent study provide
evidence for the existence of a CGRP-cytokine inflammatory
loop involving trigeminal ganglion neurons and satellite glial
cells [73]. Data from this study demonstrate that satellite
cells actively modulate trigeminal neuronal activity by
amplifying and sustaining inflammatory processes within the
ganglia. It is also likely that an inflammatory loop exists
between CGRP and ATP within the trigeminal ganglion.
Towards this end, CGRP has been shown to selectively
increase membrane expression and activity of the ATP
receptor P2X3, leading to a sensitized state of trigeminal
neurons [74]. Based on a study on dorsal root ganglia [65],
ATP released from the soma of sensory neurons would
activate P2X3 receptors on trigeminal neurons and facilitate
release of CGRP and other neurotransmitters that promote
nociception. In addition, ATP released from the soma could
activate P2X7 receptors on satellite glial cells, leading to the
release of TNF-a, which in turn, potentiates P2X3 receptor
mediated responses and increases the excitability of
nociceptive neurons. Furthermore, activation of satellite glial
cells has recently been shown to lead to ATP release from
those cells that would facilitate neuron-glia interactions [75].
This type of inflammatory loop has also been reported in
response to pathological conditions in dorsal root ganglion
where cross-depolarization and cross-excitation of neurons
contributes to a hyperexcitability state characteristic of
injured dorsal root ganglion nerves [55]. Collectively, these
results support a model by which activation of neurons and
satellite glial cells in one region of the ganglion initiate an
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inflammatory cascade involving other neurons as well as
satellite glial cells, leading to increased intraganglion and
neuron-glia communication in sensory ganglia. Taken
together, these data may provide a cellular basis for the
significant comorbidity associated with diseases involving
trigeminal nerves [76, 77].

MODEL OF COMORBID DISEASES - SINUS PA-
THOLOGY AND MIGRAINE

Interestingly, patients with migraine headache often cite
sinus pain and pressure as a cause or trigger of their
headaches [76, 78, 79]. Is it possible that cross-excitation
(propagation of inflammatory signals) within the ganglion
lowers the activation threshold of neurons involved in
migraine pathology and thus helps explain the commonly
reported symptoms of comorbid conditions associated with
migraine? A recent in vivo study was designed to directly
test the hypothesis that the unique cellular morphology of the
trigeminal ganglion allows cell to cell signaling within the
ganglion that mediates activation of other branches leading
to comorbidity as reported for migraine and allergic rhinitis
and acute sinusitis [80]. In the study by Damodaram et al.
[81], injection of TNF-o, a cytokine whose levels are
elevated in nasal secretions during allergic rhinitis and acute
sinusitis [82-85], in a facial region (whisker pad) that is
innervated by V2 neurons lowered the activation threshold to
capsaicin in V1 neurons. Sensitization and activation of
trigeminal neurons originating in the V1 region of the
ganglion that provide sensory innervation of the meningeal
blood vessels are thought to be involved in the pathology of
migraine [86]. Importantly, it was shown that TNF-o or
capsaicin treatment alone was not sufficient to cause cellular
changes in V1 neurons. However, the combination of both
chemical stimuli at subthreshold levels was sufficient to
facilitate gap junction communication between trigeminal
neurons and satellite glial cells and increase active p38 levels
in both cell types within the V1 and V2 regions. In
agreement with our previous study [45], the increase in gap
junction signaling and p38 levels was observed not only in
the V1 region but also in the V2 region of the ganglion.
Based on results from these studies, it appears that this type
of intraganglion signaling may be a normal cellular response
to peripheral stimulation of trigeminal neurons. While
increased expression of signaling molecules across different
regions of the trigeminal ganglion is likely to involve neuron
to glia signaling via gap junctions and paracrine signaling as
discussed above, other mechanisms may also play a central
role. Interestingly, retrograde labeling of neurons whose cell
bodies were thought to be localized exclusively in one
branch of the ganglion revealed an overlapping distribution
of neuronal cell bodies in the V1 and V2 regions. As an
example, injection of the tracer dye True Blue in the whisker
pads, which is thought to be innervated solely by V2
neurons, labeled neuronal cell bodies organized in bands in
the V2 region but also labeled neuron cell bodies in the V1
region. Thus, the observed overlapping distribution of
neuronal cells in bands within the V1 and V2 regions would
allow for a coordinated response to inflammatory stimuli that
may account for why cellular changes in one branch leads to
coordinated changes in the other region of the trigeminal
ganglion. In addition, it should be noted that comorbidity is
likely to not only be caused by changes within the ganglia
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but will involve convergence of primary afferents at the level
of the trigeminal nucleus caudalis and central sensitization of
secondary neurons involved in pain transmission [87, 88].
Taken together, these findings provide evidence that may
help, at least in part, to explain how rhinosinusitis or acute
sinusitis may act as a trigger of migraine as well as provide a
possible explanation for the significant comorbidity seen
between migraine and rhino-sinus diseases.

In the same study, increased neuron-satellite glial cell
signaling via gap junctions was greatly increased in both V1
and V2 regions of the trigeminal ganglion in response to
TNF-0 and then capsaicin treatment [81]. Based on data
from this study, gap junctions that allowed for direct dye
coupling of neurons and satellite glial cells in trigeminal
ganglion appear to be primarily composed of Cx26 proteins.
This is the first report of Cx26 being expressed by neurons
and satellite glial cells in the trigeminal ganglion. While
Cx26 expression had previously been reported in CNS
neurons and astrocytes [17, 21, 24], this was the first
demonstration of Cx26 expression in satellite glial cells. A
significant finding from this study was that the drug
tonabersat, a member of a family of novel benzoylamino-
benz compounds, was shown to greatly diminish dye
coupling between trigeminal neurons and satellite glial cells
and decrease the levels of Cx26 in both cell types [81]. In
addition, tonabersat treatment was shown to block the
stimulatory effect of TNF-o and capsaicin treatment on
active p38 levels. It is not known if the inhibitory effect of
tonabersat on p38 levels is mediated by a direct mechanism
or an indirect mechanism by reducing signaling via Cx26
gap junctions. Results from this study provided evidence to
suggest that tonabersat can inhibit key cellular events that
contribute to peripheral sensitization in trigeminal ganglia,
and therefore should be effective as a therapeutic for
migraine, allergic rhinitis, TMJ disorders, and possibly the
neuropathic pain associated with trigeminal neuralgia.

NEURON-GLIA INTERACTIONS IN A MODEL OF
TMJ PATHOLOGY

A novel in vivo model of acute TMJ inflammation was
used to investigate the cell signaling pathways activated in
trigeminal ganglion neurons and glia in response to nerve
stimulation with NO donor and protons [89]. The decision to
study the effects of NO-protons was based on the fact that
elevated levels of these molecules in human TMJ capsules
are implicated in joint inflammation and pain [90, 91]. While
NO can exert direct stimulatory effects on the neurons, the
stimulatory effect of protons on trigeminal neurons likely
involve activation of the proton-sensitive ion channels
TRPV1 or ASIC3, which are known to be expressed by
trigeminal nociceptors [45, 92-95]. In the study by Freeman
et al., [89] injection of an NO donor diluted in HBS at pH
5.5 into both joint capsules resulted in temporal and spatial
changes in the expression of MAP kinases and MAP kinase
phosphatases (MKPs)in both neurons and satellite glial cells
in all regions of the trigeminal ganglion. Specifically, the
phosphorylated, active forms of p38 and ERK, but not the
MAP kinase JNK, were significantly elevated in the cytosol
and nucleus of neurons and satellite glial cells within 15 min
of NO-proton stimulation of V3 trigeminal neurons. Active
levels of these proteins remained elevated at the 2 h time
point when compared to control levels. Although cytosolic
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and nuclear staining for p38 remained greater than basal
levels even 24 h after injection, the level of ERK staining in
the cytosol and nucleus had returned to control levels. The
rapid increase in these MAP kinases may be involved in
posttranslational events mediated by phosphorylation of ion
channels and receptors that are reported to occur within
minutes and lead to peripheral sensitization of nociceptors
[59]. The prolonged increase in p38 in neurons and satellite
glia would regulate pro-inflammatory and pro-nociceptive
genes responsible for maintaining peripheral sensitization as
well as an enhanced pain state [54]. In other models of tissue
injury and inflammation, sensitizing agents such as NO and
protons that are released from inflammatory cells and nerve
terminals have been reported to cause activation of multiple
protein kinases involved in neuronal signal transduction
including ERK and p38 MAP kinases [59].

Increased expression of p38 and ERK in the nucleus of
trigeminal ganglion neurons is likely to cause increased
expression of genes such as CGRP and iNOS that are known
to be MAP Kinase-responsive [96, 97] and that are
implicated in the underlying pathology of TMJ disorders [63,
64]. Similarly, increased expression of p38 and ERK in
satellite glial cells would be expected to lead to induction of
pro-inflammatory genes such as cytokines and interleukins
reported to be regulated by these MAP Kkinases and
expressed by satellite glial cells [98, 99]. Of clinical
relevance, elevated levels of interleukin 1-B, interleukin 6,
and TNF-o have been reported in synovial fluid obtained
from TMJ patients [100, 101]. In another study, chemical
activation of trigeminal neurons that provide sensory
innervation to the whisker pads caused increased expression
of interleukin 1-B, which mediates inflammation and
hyperalgesia and is known to be MAP kinase-responsive, in
satellite glial cells [102]. Thus, it is now thought that
activation of satellite glial cells mediate enhanced
excitability of nociceptive trigeminal ganglion neurons
following peripheral inflammation [44, 102].

An important point to consider is how MAP kinase levels
in neurons and satellite glial cells return to basal levels
following trigeminal nerve activation since the magnitude
and duration of MAP kinase stimulation is a crucial
determinant of the biological outcome. In mammalian cells,
the active levels of MAP kinases are negatively regulated by
the activity of MKPs. In the study by Freeman et al. [89],
NO-proton stimulation of sensory afferents in the TMJ
caused spatial and temporal changes in the levels of several
MKPs in the neurons and satellite glial cells in all regions of
the trigeminal ganglion. Interestingly, MKP-1 expression
was readily detectable in satellite glial cells in all regions of
the ganglion under basal conditions, in contrast to levels in
trigeminal neurons that were barely detectable. It is possible
that this level of MKP-1 in satellite glial cells is important
for regulating the expression and possibly release of
cytokines, interleukins, as well as other inflammatory
molecules. In support of this notion, MKP-1 regulates the
output of cytokines involved in an inflammatory response by
limiting the strength and duration of p38 and JNK activation
[103]. While only MKP-1 levels were elevated in satellite
glial cells under basal conditions, the expression of MKP-1,
MKP-2, and MKP-3 were all significantly elevated in both
neurons and glial cells in all regions of the ganglion 2 h after
NO-proton stimulation. However, only the levels of MKP-2
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and MKP-3 remained significantly elevated 24 h after
injection of inflammatory stimuli. While it is likely that
induction of these three MKPs play a role in modulating the
levels of p38 and ERK in neuronal and satellite glial cells, it
is not known which MKP is primarily responsible for
decreasing p38 or ERK levels. In addition, it is possible that
other members of the MKP family may also be involved in
regulating p38 and ERK, and hence, activation and
excitation of trigeminal neuronal and satellite glial cells.
Thus, it appears that NO-proton stimulation of trigeminal
neurons leads to an initial increase in the active levels of p38
and ERK in neurons and satellite glial cells as well as a
prolonged induction of several MKPs. The increased levels
of these MKPs, and possibly others, would lower elevated
p38 and ERK levels to basal levels and be expected to
suppress peripheral sensitization in the trigeminal ganglion
nerves, inhibit inflammation in the TMJ, and prevent
transmission of painful stimuli.

CHANGES IN CONNEXIN EXPRESSION IN RE-
SPONSE TO ACUTE OR CHRONIC NOXIOUS
STIMULI

Data from previous studies had provided evidence of
increased communication via gap junctions between
trigeminal ganglion neurons and the surrounding satellite
glia in response to acute inflammatory stimuli [45, 81] and
between satellite glia in a neuropathic pain model [31, 32,
36]. While neuron-satellite glial cell interactions were shown
to involve increased expression of Cx26, satellite glia-
satellite glia signaling through gap junctions was mediated
by Cx43. In a recently published study, temporal and spatial
changes in Cx expression in both trigeminal ganglion
neurons and satellite glial cells under basal conditions as
well as in a chronic and an acute model of TMJ
inflammation were investigated [104]. Under basal
conditions, mRNA and protein for Cxs 26, 36, 40, and 43
were present in trigeminal ganglia isolated from untreated
animals. A significant finding from this study was that the
duration of Cx expression in trigeminal ganglion neurons
and satellite glial cells temporally correlated with the type of
inflammatory stimulus injected into the TMJ capsule. For
example, injection of complete Freund’s adjuvant (CFA),
which is known to cause a strong and long-lasting
inflammatory response in the joint [105-108], into the TMJ
capsule resulted in a sustained increase in Cx26 expression
in neurons and satellite glial cells as well as sustained
expression of Cx36 and Cx40 in neurons when compared to
basal levels. It is most probable that a sustained increase in
Cx26 expression in both neurons and satellite glial cells
facilitates gap junction communication by allowing
molecules such as cCAMP, glutamate, as well as K*, Na*, and
Ca’* ions to pass directly between these cells in the ganglion
for a prolonged period of time. Importantly, increased
neuronal-glial cell signaling via gap junctions has been
documented in CNS inflammatory diseases and is considered
an important factor in the underlying pathology by
increasing neuronal excitability [109]. Thus, similarly
increased neuron-satellite glia coupling via gap junctions in
trigeminal ganglia would facilitate increased neuronal
excitability and lower the activation threshold to
inflammatory stimuli. In addition, given that Cx36 and Cx40
expression was increased primarily in neurons and the fact
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that these Cxs are known to form hemichannels [110, 111],
their increased expression in response to inflammatory
stimuli could result in enhanced autocrine and paracrine
signaling within the ganglion that also would increase the
excitability state of the neurons and satellite glial cells. In
support of this notion, hemichannels have been found to act
through paracrine signaling by releasing molecules such as
ATP, NAD+, glutamate, and prostaglandins, which can
modulate neuronal and glial cell activity [23, 112-116].

In contrast to the sustained increase in Cx expression
observed in response to CFA, injection of capsaicin caused a
transient elevation in Cxs 26, 36, and 40 levels [104].
Elevated levels of those three Cxs were observed within 15
minutes after capsaicin injection and remained elevated for
at least 2 hours post injection. However, by 24 hours, levels
of Cxs 26, 36, and 40 had returned to basal levels. Despite
the temporal differences in response to CFA and capsaicin
injections observed in our study, the spatial expression of
each Cx was similar. For example, while Cx26 expression
was markedly increased in both neurons and satellite glial
cells in response to capsaicin, increased Cx36 and Cx40
expression was primarily localized to neuronal cell bodies as
seen following CFA injections. Based on previous studies
[45, 81], the changes in Cx expression likely facilitate direct
communication of neurons and satellite glial cells via gap
junctions and possibly enhanced autocrine and paracrine
signaling in the ganglion that contributes to increased
neuronal and glial excitability. Of relevance to TMJ
pathology, an increase in nociceptor excitability is
characteristic of both peripheral sensitization, which occurs
in response to an acute inflammatory stimulus, and priming,
which is a condition involving long-term changes in the
excitability state of sensory nociceptive neurons [117].
Peripheral sensitization, which can last from minutes to
hours, is characterized by increased neuronal excitability and
a lowering of the threshold stimulus for increasing gene
expression, ion channel activities, and release of
inflammatory molecules [42]. More recently, a primed state
of nociceptors has been proposed in which significantly
lower concentrations of inflammatory mediators are required
to elicit a heightened state of pain (hyperalgesia) that can
persist for several weeks [117]. Thus, given the importance
of glial cells in the regulation of neuronal excitability and
activation thresholds [7, 102, 118], it is possible that the
transient increased Cx expression observed in response to
capsaicin contributes to peripheral sensitization, while the
more stable expression of Cxs in response to CFA is
involved in the generation and/or maintenance of the primed
state. Furthermore, it is probable that the sustained increase
in Cx expression may play a central role in the transition
from acute episodic pain in the TMJ to a more chronic pain
state.

A particularly interesting finding was that expression of
Cx43 was not increased in response to CFA or capsaicin
injection into the TMJ, although Cx43 mRNA was detected
in trigeminal ganglia from untreated animals and a low level
of Cx43 immunoreactivity was detected in satellite glial cells
[104]. These data are in contrast to the increased expression
of Cx43 reported in trigeminal ganglion satellite glia in
response to trigeminal nerve injury [31, 32]. Thus, it appears
the Cx43 expression in satellite glial cells is differentially
regulated based on the type of stimulus. Furthermore, this
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fundamental difference in the response of satellite glial cells
to activation of trigeminal neurons due to injury or noxious
stimuli is likely to have important therapeutic implications.

SUMMARY

In conclusion, findings from animal studies designed to
mimic some aspects of human disease have provided
evidence of increased neuronal—-glial cell interactions in
trigeminal ganglion in response to peripheral nociceptor
activation caused by tissue injury or inflammation. Results
from those studies support an emerging central role of
neuron-glia interactions within trigeminal ganglia in
peripheral sensitization as well as induction and maintenance
of persistent pain states. Given the prevalence and
comorbidity associated with migraine, rhinosinusitis, and
TMJ disorders as well as neuropathic pain, a better
understanding of the normal function of satellite glial cells
and ways to modulate their activity under pathological
conditions has considerable health implications. While there
is much evidence to support the important role of increased
neuron-glia interactions to the development of hyperalgesia
as well as chronic pain within the CNS, the significance of
neuron-satellite glial cell interactions within trigeminal
ganglia is only now being elucidated. In particular, it is
becoming clear that satellite glial cells function in a capacity
beyond merely supporting neuronal cell bodies but play an
essential function in neuronal homeostasis by regulating the
extracellular levels of K* jons and glutamate and thus, the
excitability state of trigeminal nociceptors. Furthermore, we
propose that neuronal-glial cell communication via gap
junctions and paracrine signaling are also involved in the
development of peripheral sensitization within the trigeminal
ganglion, and therefore play an important role in the
underlying pathology of diseases involving trigeminal nerve
activation.
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