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Abstract Peripheral tissue inflammation can alter the
properties of somatic sensory pathways, causing behavioral
hypersensitivity and resulting in increased responses to
pain caused by noxious stimulation (hyperalgesia) and
normally innocuous stimulation (allodynia). These hyper-
sensitivities for nociception are caused by changes in the
excitability of trigeminal ganglion (TG) neurons. These
changes alter sensory information processing in the neu-
rons in the medullary trigeminal nucleus of caudalis.
Increasing information is becoming available regarding
trigeminal neuron—neuron/neuron—satellite glial cells
(SGCs) communication. The activation of intraganglionic
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communication plays an important role in the creation and
maintenance of trigeminal pathological pain. Therefore, in
this review, we focus on the recent findings for sensory
functions and pharmacological modulation of TG neurons
and SGCs under normal and pathological conditions, and
we discuss potential therapeutic targets in glia—neuronal
interactions for the prevention of trigeminal neuropathic
and inflammatory pain.
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Introduction

It is well known that trigeminal ganglion (TG) neurons are
involved in various sensory functions in the orofacial
region, such as non-noxious or noxious mechanical, ther-
mal and chemical sensations [1-3]. Following the appli-
cation of noxious stimuli to the orofacial region, a barrage
of action potentials is generated in small-diameter primary
afferent neurons, and those are conveyed to the small TG
neurons [3, 4]. On the other hand, non-noxious stimuli
cause action potentials in large-diameter nerve fibers [3, 5].
Various ion channel proteins and neuropeptides are up- and
down-regulated following non-noxious and/or noxious
stimuli under normal conditions [1-3]. In addition to these
physiological functions under normal states, TG neurons
are known to change in their excitability and molecular
expression under pathological conditions [3-5, 11-19].
Expression of a variety of molecules in TG neurons and
changes in morphological and physiological properties of
these neurons are thought to be involved in orofacial sen-
sory dysfunctions associated with trigeminal nerve injury
or orofacial inflammation [4-13]. Furthermore, satellite
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glial cells have been known to be involved in orofacial
sensory abnormalities associated with trigeminal nerve
injury or orofacial inflammation [14-19]. It has recently
been reported that neuron—glia interaction is an important
system involved in modulation of the excitability of TG
neurons [4-19]. Based on many previous data, TG neurons
and satellite glial cells (SGC) are thought to have a pivotal
role in exerting these orofacial sensory functions.

Many new findings regarding sensory functions of TG
neurons and satellite glial cells under normal and patho-
logical conditions have been reported in many recent
papers [4-26]. In this review, we introduce basic research
findings regarding morphology and physiological features
of TG neurons and satellite glial cells, and potential
pharmacological approach to treat trigeminal pain, focus-
ing on following themes: (1) The 02/56-1 subunit L-type
calcium channel of dihydropyridine receptor in the TG, (2)
ATP transporter, vesicular nucleotide transporter (VNUT)
regulates ATP signaling in TG, (3) modulatory mecha-
nisms of inflammatory nociceptive signals in the trigeminal
ganglia, (4) involvement of intra-TG communication in
ectopic orofacial pain, (5) pharmacological action of
eugenol on TG neurons.

The 22/6-1 subunit L-type calcium channel
of dihydropyridine receptor in the trigeminal
ganglion

L-type voltage-dependent Ca*" channels are heteromulti-
meric polypeptide complexes of al-, a2/3-, and B-subunits
[27]. The o2/5-1-subunit possesses a stereoselective, high-
affinity binding site for gabapentin, widely used to treat
epilepsy and postherpetic neuralgic pain [27]. We studied
immunohistochemical analysis for 02/5-1 subunit of L-type
calcium channel on the rat TG neurons. The immunore-
activity (IR) was detected in one-third of TG neurons. A
double immunofluorescence method revealed that half of
o2/8-1-immunoreactive  (IR)  neurons were  also
immunoreactive for calcitonin gene-related peptide. In
addition, o2/8-1-IR sensory neurons which contained

A

transient receptor potential vanilloid 1 (TRPVI) were
abundant. However, co-expression of 02/3-1 with TRPV2
was infrequent in the TG. A retrograde tracing method also
demonstrated that o2/3-1-IR was common among cuta-
neous TG neurons and relatively rare among tooth pulp TG
neurons (Fig. 1). Transection of the infraorbital nerve
dramatically increased the number of 92/5-1 subunit-IR
neurons in the TG. Taken together, our findings suggest
that primary nociceptors with unmyelinated axons contain
a 02/3-1 subunit of L-type calcium channel in the TG.
These results suggest that the subunit in TG neurons may
be associated with orofacial nociceptive transmission via
augmented neurotransmitter release from trigeminal nerve
terminal and/or cell soma under neuropathic condition.

Vesicular nucleotide transporter (VNUT) regulates
ATP signaling in trigeminal ganglion

Although no synaptic transmission has been found in the
primary sensory ganglia, it has been discovered that the
activity of neighboring neurons elicits a functional cross-
excitation in the somata of affected sensory neurons under
normal conditions, indicating that non-synaptically
released diffusible chemical messengers (ATP, substance
P, cytokine) modify the neuronal excitability of the sensory
ganglia [3, 28]. Anatomically, the SGCs form a distinct
sheath around nearly all individual sensory neurons in the
TG neurons and are associated with the transport and
metabolism of various molecules, such as glutamate and
glucose, and maintain ionic homeostasis, including extra-
cellular potassium [19, 29]. Recent study focused on ATP
as a neurotransmitter, and investigated the association of
the VNUT ATP transporter with neurons and SGCs in TG
using immunocytochemistry, reverse transcription poly-
merase chain reaction (RT-PCR), and in situ hybridization
(ISH) in rats after rat upper molar extraction. We found the
results as follows: after extraction, the activating tran-
scription factor (ATF) 3-IR neurons appeared in the
maxillary nerve region; ATF3-IR was damaged, neurons
were surrounded by GFAP-IR, and active SGCs.

Fig. 1 Immunofluorescent microphotographs of 42/3-1-subunit (a), CGRP (b) and both (c¢) in the facial skin. Photographs are from the same

field of view and at the same magnification. Bar (a) 50 pm

@ Springer



J Physiol Sci (2016) 66:381-386

383

Fig. 2 Schematic
representation for ATP signal

transduction between TG

neurons and satellite grail cells
(SGCs). Peripheral nerve injury
induces the mutual activation of
TG neurons and SGCs, possibly
by VNUT-mediated ATP
release

\~"

Interestingly, ATF3 immunonegative neurons were also
surrounded by GFAP-IR SGCs. The number of GFAP-IR
SGCs and P2X5; receptor (P2X3R)-IR neurons was
increased after extraction in a time-dependent manner. RT-
PCR and ISH confirmed the expression of VNUT mRNA
expression in neurons and SGCs in TG. Therefore, the
results suggest that peripheral nerve injury induced the
mutual activation of TG neuron and SGCs, possibly by
VNUT-mediated ATP release (Fig. 2). VNUT may play an
important role in the communication between neurons and
satellite glial cells located at a distant area in the TG.

Modulatory mechanisms of inflammatory
nociceptive signals in the trigeminal ganglia

Peripheral tissue inflammation can alter the properties of
somatic sensory pathways, causing behavioral hypersensi-
tivity and resulting in increased responses to pain caused
by noxious stimulation (hyperalgesia) and normally
innocuous stimulation (allodynia). We recently investi-
gated possible mechanisms underlying mechanical allody-
nia/neuronal changes in sensitivity at sites remote from the
temporomandibular joint (TMJ) inflammation by using
behavioral, electrophysiological, immunohistochemical
and molecular approaches [5, 11-13]. Both in vitro and
in vivo studies revealed that, under TMJ inflammation,
substance P (SP) released from the Ad-/C-TG neuronal
soma (nociceptive) innervating inflamed TMJ via the
paracrine mechanism play an important role in the modi-
fication of the excitability of AB-TG neurons (non-noci-
ceptive) innervating intact facial skin with up-regulated
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neurokinin 1 (NKI1) receptors [5-12]. The enhanced
excitability of TMJ nociceptive TG neurons was mainly
due to the suppressing A-type voltage-gated potassium
currents via a hyperpolarizing shift in the inactivation
curve [13]. These results suggest that the paracrine mech-
anism via the SP-NKI1 receptor in the trigeminal ganglia
may explain the development of ectopic inflammatory
mechanical allodynia without sprouting non-nociceptive
fibers in the medullary dorsal horn. Peripheral inflamma-
tion also up-regulates NK1 receptor expression in satellite
glial cells and SP stimulates the production of interleukin
(IL)-1B in glial cells [19]. This may potentiate the synthesis
and/or release of IL-1f via paracrine mechanisms in
satellite glial cells [17, 18]. It is therefore possible that IL-
1B suppresses voltage-gated potassium currents in TG
neurons via protein kinase C/G-protein-coupled signaling
pathways, and that this contributes to the potentiation of
the neuronal excitability of TG neurons innervating the
inflamed tissue [19]. It can be assumed that the amplified
discharge frequency of Ad TG neurons contributes to the
sensitization of secondary neurons and the development of
hyperalgesia [19]. Since we also obtained the evidence that
early stages of blockade of NKI1 receptor within the
trigeminal ganglia can attenuate sensitization of trigeminal
subnucleus caudalis neurons [3], these results clearly
indicated that early stages of suppression of peripheral
sensitization contribute to prevent central sensitization.
Therefore, the modulation of the neuronal signal by cross-
talk in the trigeminal ganglia contributes to inflammatory
pain, and is a potential therapeutic target for the prevention
of allodynia/hyperalgesia.
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Involvement of intra-trigeminal ganglionic
communication in ectopic orofacial pain

Pathological orofacial pain which spreads to a wide area in
the trigeminal territory occurs with orofacial inflammation
or trigeminal nerve injury. However, the peripheral
mechanisms underlying such ectopic orofacial pain remain
unclear. We investigated the involvement of intra-TG
communication in ectopic orofacial pain via nitric oxide
(NO), nerve growth factor (NGF) or calcitonin gene-related
peptide (CGRP) following orofacial inflammation or
trigeminal nerve injury [7-9]. Heat or mechanical hyper-
sensitivity was induced in the ipsilateral whisker pad skin
following inferior alveolar nerve transection or lower lip
inflammation, and suppressed by TRPV1 or P2X3;R
antagonism, respectively [8]. Neuronal nitric oxide syn-
thase (nNOS), NGF and CGRP expression in the TG was
increased following lower lip inflammation [8]. Moreover,
intra-trigeminal administration of tyrosine kinase receptor
or nNOS inhibitor diminished the heat or mechanical
hypersensitivity [9]. The lower lip inflammation increased
the number of P2X;R- and TRPV1-positive TG neurons
that innervate the whisker pad skin, which was attenuated
by anti-NGF intra-TG administration [7-9]. The present
findings suggest that intra-TG communication via NO,
NGF or CGRP signaling resulted in up-regulation and/or
sensitization of TRPV1 or P2X3R in TG neurons following
orofacial inflammation or trigeminal nerve injury, which
may develop ectopic orofacial pain.

Pharmacological action of eugenol on trigeminal
ganglion neurons

It is well known that eugenol, an active ingredient of
essential oil extracted from cloves and other herbs, is used
extensively in dentistry as an analgesic. However, the
molecular mechanism underlying the analgesic activity of
eugenol is mostly unknown. A series of investigations have
revealed that eugenol modulates various ion channels that
are responsible for nociception, generation of neuronal
spikes, and synaptic transmission in the trigeminal system
[20-26]. Pharmacological action of eugenol includes
inhibition of action potential firing by reducing voltage-
gated sodium, calcium and potassium channels in TG
neurons [23-25]. In addition, eugenol inhibits hyperpolar-
ization-activated cyclic nucleotide-gated (HCN) channels
that play a crucial role in mechanical allodynia in neuro-
pathic pain state [21]. Concurrently, eugenol successfully
reversed mechanical allodynia in an experimental trigem-
inal neuropathic pain animal, at much smaller dose than it
blocks sodium channels [21]. Modulation of P2X3R, an
ionotropic ATP receptor, might be another mechanism by
which eugenol exerts its analgesic activity [22]. Activation
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of TRPV1 and TRP ankyrin 1 (TRPA1) by eugenol might
also contribute to the analgesic effect, since pharmaco-
logical activation of TRPV1 and TRPA1 has been shown to
produce biphasic action of the initial pungent and sustained
inhibition of nociception [20, 26]. In conclusion, eugenol, a
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Fig. 3 Schematic representation for a possible molecular mechanism
involved in the trigeminal nociceptive and pathological pain.
a Trigeminal nociceptive pain. Eugenol inhibits the generator
potential by acting transient receptor potential ankyrin 1 (TRPAI)
and P2X; receptor. Also eugenol suppress the action potential firing
by reducing voltage-gated sodium (Nav), calcium (Cav) and potas-
sium (Kv) channels and hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels of the small-diameter TG neurons. Up arrows
excitation, down arrows inhibition. b Trigeminal pathological pain.
Possible molecular mechanism for a activation of trigeminal neuron—
neuron/neuron—satellite glial cells contributes to pathological pain
(ectopic allodynia and hyperalgesia) following orofacial inflamma-
tion/trigeminal nerve injury. Interaction between neuron and satellite
glial cells via substance P (SP), adenosine triphosphate (ATP), and
interleukin-1f (IL-1f) signaling resulted in augementation of neu-
ronal firing in small-diameter TG neurons following orofacial
inflammation or trigeminal nerve injury, which may develop hyper-
algesia. Neuron—neuron communication via SP, ATP, nerve growth
factor (NGF), and nitric oxicide (NO) signaling resulted in the
activation of neighboring neuronal firing in medium-/large-diameter
TG neurons following orofacial inflammation or trigeminal nerve
injury, which may develop ectopic allodynia pain. TRPV transient
receptor potential vanilloid 1, /L-1RI IL-receptor type I, TrkA tyrosine
kinase A, NKIR neruokinine 1 receptor, VNUT vesicular nucleotide
transporter. Up arrows up-regulation, down arrows down-regulation
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natural compound that displays a number of pharmaco-
logical actions for affecting the nociceptive transduction
and transmission mechanisms, could have a therapeutic
potential for versatile analgesic applications under patho-
logical conditions in the trigeminal system.

Conclusions

In this review, we summarize the recent findings for sen-
sory functions of TG neurons and SGC cells under normal
and pathological conditions (see Fig. 3).

Eugenol modulates various ion channels that are
responsible for nociception, generation of neuronal
spikes, and synaptic transmission in the trigeminal
system and displays a number of pharmacological
properties with therapeutic potential for versatile anal-
gesic applications (Fig. 3a).

The paracrine mechanism via SP-NK1 receptor and IL-
1B in satellite glial cells may contribute to the
development of ectopic inflammatory mechanical allo-
dynia/hyperalgesia. The modulation of the ganglionic
neuron—glial signaling may contribute to potential
therapeutic target for the prevention of pathological
pain (Fig. 3b).

Intra-TG communication via NO, NGF or CGRP
signaling resulted in up-regulation and/or sensitization
of TRPV1 or P2X3R in TG neurons following orofacial
inflammation or trigeminal nerve injury, which may
develop ectopic orofacial pain (Fig. 3b).

The a2/3-1 subunit of the L-type calcium channel in the
TG neuron may be associated with orofacial nocicep-
tive transmission via augmented neurotransmitter
release from the trigeminal nerve terminal and/or cell
soma under neuropathic condition.

Peripheral nerve injury induced the mutual activation of
TG neurons and SGCs modulate ATP transportor,
VNUT-related ATP release (Fig. 3b).
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