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Summary  Peripheral  nociceptive  stimuli  from  orofacial  structures  are  largely  transmitted  by
the trigeminal  nerve.  According  to  the  peripheral  noxious  stimuli,  neurons  in  the  trigeminal
ganglion (TG)  produce  neuropeptides  such  as  substance  P,  and  calcitonin-gene-related  peptide,
etc. Beside  the  production  of  neuropeptides,  there  exists  unique  non-synaptic  interaction  sys-
tem between  maxillary  and  mandibular  neurons  in  the  TG.  Neurons  in  the  TG  are  surrounded
by satellite  glial  cells  (SGCs),  which  initially  receive  the  signal  from  TG  neurons.  These  acti-
vated SGCs  secrete  a  transmitter  to  activate  adjacent  SGCs  or  TG  neurons,  thereby  amplifying
the signal,  for  example,  from  mandibular  neurons  to  maxillary  neurons  in  the  TG.  Similar  to
the dorsal  root  ganglion,  in  the  TG,  microglia/macrophage-like  cells  (MLCs)  are  activated  by
uptake of  a  transmitter  from  TG  neurons  or  SGCs.  This  communication  between  neurons,  SGCs,
and MLCs  results  in  responses  such  as  ectopic  pain,  hyperesthesia,  or  allodynia.  The  focus  of
this review  is  the  cooperative  interaction  of  the  maxillary  and  mandibular  nerves  in  the  TG
by neuropeptides,  and  adenosine  3′-phosphate  (ATP)  signaling  from  neurons  to  SGCs  and  MLCs.

Stimulated  neurons  either  secrete  ATP  by  means  of  vesicular  nucleotide  transporters,  or  secrete
neuropeptides  from  the  neuronal  cell  body  to  mediate  signal  transmission.
© 2017  The  Author(s).  Published  by  Elsevier  Ltd  on  behalf  of  Japanese  Association  for  Dental
Science. This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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. Introduction

eripheral  nociceptive  stimuli  from  intra-  and  extra-oral
tructures  are  largely  transmitted  by  the  trigeminal  nerve.
he  primary  afferent  neurons  of  the  trigeminal  nerve  are
ainly  located  in  the  trigeminal  ganglion  (TG)  and  par-

ially  localized  in  the  mesencephalic  trigeminal  nucleus
n  the  brain  stem.  The  trigeminal  nerve  consists  of  three
ain  branches:  the  ophthalmic  (V1),  maxillary  (V2),  and
andibular  (V3)  nerves,  each  of  which  provides  somatosen-

ory  innervation  of  a  specific  region  of  the  head.  Trigeminal
erve  neurons  are  pseudounipolar  and  are  distributed  within
istinct  areas  of  the  TG.  In  the  rat,  the  neuronal  distribution
s  evident  in  the  rostral  and  caudal  regions  of  the  TG  [1].

Neuropathic  pain  caused  by  peripheral  nerve  injury  is
ommon  following  procedures  such  as  tooth  extraction  and
ften  leads  to  ectopic  orofacial  pain  [2]  via  two  possible
echanisms.  The  first  is  related  to  the  coincidental  cross-
igration  of  V2  and  V3  neurons  such  that  they  are  found

utside  their  respective  regions.  In  fact,  some  V2  neurons
re  located  in  the  region  of  V3  neurons  and  vice  versa.
lternatively,  neurotransmitters  secreted  by  damaged  neu-
on  affect  not  only  adjacent  neurons  but  also  neurons  in
ther  regions.

The  signal  from  TG  neurons  is  initially  transmitted  to
he  surrounding  satellite  glial  cells  (SGCs)  via  the  gap  junc-
ions  between  them  [3].  Neurotransmitters  secreted  in  TG
eurons  may  also  act  on  SGCs  through  the  latter’s  surface
eceptors.  SGCs  activated  by  TG  neurons  secrete  transmit-
ers,  which  act  on  adjacent  SGCs  or  TG  neurons  and  result
n  signal  amplification,  including  from  the  region  of  V3  neu-
ons  to  that  of  V2  neurons.  In  addition,  as  in  the  dorsal  root
anglion  (DRG),  responses  such  as  hyperesthesia  or  allody-
ia  are  enhanced  by  microglia  distributed  in  the  TG  that  are
ctivated  by  neurotransmitters  released  by  TG  neurons  or
GCs.

The  focus  of  this  review  is  the  molecular  signaling  from
G  neurons  to  SGCs  and  from  SGCs  to  other  cells,  includ-

interaction  system  between  maxillary  and  mandibular  neu-
rons  in  TG.

2. Neuropeptides in TG neurons

Neurons  of  the  TG  secrete  several  different  neuropeptides,
including  substance  P  (SP),  calcitonin  gene-related  pep-
tide  (CGRP),  vasoactive  intestinal  peptide  (VIP),  pituitary
adenylate-cyclase-activating  polypeptide  receptor  type  1
(PACAP),  neuropeptide  Y  (NPY),  and  somatostatin  (SS).
These  neuropeptides  are  present  in  neurons,  and  by  act-
ing  as  neuromediators  or  neuromodulators,  are  involved  in
signal  transmission.  The  neuropeptides  in  the  TG  were  previ-
ously  well  reviewed  by  Lazarov  [4]; here  we  present  several
recent  findings  on  this  group  of  signaling  molecules.

2.1.  Substance  P

As  a  member  of  the  tachykinin  family  of  neuropeptides,  SP  is
distributed  not  only  in  neurons  but  also  in  the  cells  of  periph-
eral  tissues  [5,6].  Accordingly,  its  effects  are  not  limited  to
the  nervous  system  but  are  more  extensive.  In  the  TG,  >99%
of  the  nerve  fibers  that  store  SP  are  unmyelinated,  and  most
are  small  and  medium-sized  neurons  (cross-sectional  area
<800  m2) [7]. In  untreated  animals,  SP-containing  cells  with
diameters  of  15—50  �m  are  distributed  throughout  the  TG
and  comprise  10—30%  of  all  TG  cells  [8]. SP-containing  affer-
ents  are  unmyelinated  C-fibers  in  which  SP  is  secreted  from
both  central  and  peripheral  nerve  terminals  [9].  Although  SP
can  be  released  from  terminals  within  the  brain  stem  and
peripheral  tissues,  its  transport  is  mostly  to  the  latter  [10].
SP  in  TG  neurons  may  be  associated  with  neurogenic  inflam-
mation,  a  tissue  reaction  that  develops  in  acute  conditions
such  as  wound  repair,  in  which  damaged  TG  neurons  release
SP,  resulting  in  a  temporal  decrease  in  SP-immunoreactive
(IR)  neurons.  The  injury  of  peripheral  neurons  induces  an
increase  in  SP  production;  however,  the  increase  in  the
proportion  of  SP-IR  neurons  occurs  not  only  in  the  maxil-
ng  other  TG  neurons,  SGCs,  and  microglia/macrophage-like
ells  (MLCs).  We  also  discuss  the  signaling  molecules  used
y  these  cells,  particularly  neuropeptides  and  adenosine  3′-
hosphate  (ATP),  and  the  possible  role  of  the  non-synaptic
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ary  nerve  but  also  in  mandibular  nerves  (Fig.  1).  Because
rimary  afferent  neurons  in  TG  are  anatomically  isolated
rom  one  another  and  not  synaptically  interconnected,  other
eans  of  interaction  must  exist  between  maxillary  and
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Figure  1  The  proportion  of  SP-immunoreactive  (IR)  neurons  per  PGP-9.5-IR  neuron  (all  neuron)  in  maxillary  (A)  and  mandibular
nerve region  (B)  in  the  TG  at  3  h  to  21  days  after  the  maxillary  first  molar  extraction.  Control  proportion  indicated  as  Cont.  Max
(maxillary nerve  region)  and  Cont.  Md  (mandibular  nerve  region)  and  extracted  proportion  indicated  as  Ext  Max  and  Ext  Md.
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Mean ±  SD.  Significant  differences  from  control  value  at  each  ti

mandibular  nerves.  Similarly,  neurokinin  1-receptor  (NK1-R),
which  has  a  high  affinity  for  SP,  is  also  found  in  TG  neu-
rons  and  its  expression  in  both  maxillary  and  mandibular
nerve  regions  increases  after  injury  induced  by  maxillary
molar  extraction  [11].  These  findings  suggest  that  peripheral
nerve  injury  upregulates  neuropeptide  expression  to  cause
an  autocrine-like  reaction  in  the  TG.  Additional  studies  are
needed  to  better  understand  the  synergistic  upregulation  of
SP  and  its  receptor  in  maxillary  and  mandibular  regions  of
the  TG  in  response  to  injury.

2.2.  Calcitonin-gene-related  peptide

CGRP  is  widely  expressed  within  the  trigeminal  pain  path-
way,  both  in  the  peripheral  nervous  system  (PNS)  and  the
central  nervous  system  (CNS).  CGRP  has  two  isoforms,  �-
and  �-CGRP.  Where  �-CGRP  is  widely  distributed  in  both  the
PNS  and  CNS  [12],  �-CGRP  is  found  in  the  enteric  nervous
system  and  pituitary  gland  [13].  �-CGRP  is  predominantly
expressed  in  TG  neurons  and  is  a  key  neuropeptide  involved
in  both  neural  and  vascular  responses.  CGRP  is  present  in
small  neuronal  cells  and  ∼50%  of  TG  neurons  are  CGRP-
positive,  whereas  SP  is  present  in  ∼33%  [14].  However,  all
SP-containing  TG  cells  are  also  immunopositive  for  CGRP
[15,16].  Studies  in  guinea  pigs  have  shown  that  most  neurons
expressing  SP  are  nociceptors,  whereas  those  expressing
CGRP  are  either  nociceptive  or  non-nociceptive  [17]. SP-  and
CGRP-containing  sensory  nerve  terminals  have  been  iden-
tified  in  the  gingivae  and  periodontium  of  many  species,
including  rats  and  humans  [18—20].  The  expression  of  CGRP
is  increased  in  local  nerve  terminals  innervating  the  inflamed
periodontium  [21],  and  the  release  of  this  neuropeptide
from  primary  afferents  modulates  pain  transmission  through
interactions  with  SP  and  excitatory  amino  acids  [22,23].  The

role  of  this  neuropeptide  in  trigeminal  vascular  nociception
was  confirmed  by  the  discovery  of  an  association  between
the  sensitization  of  nociceptive  systems  and  CGRP  release
from  the  TG  [24,25].  Moreover,  there  is  evidence  support-
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oint  (*p  <  0.05  and  **p  <  0.01,  tested  by  one-way  ANOVA).

ng  the  involvement  of  CGRP  in  migraine,  as  its  levels  in  the
erum,  cerebrospinal  fluid,  and  saliva  of  migraine  patients
re  increased  during  migraine  attacks  [26—29].  In  addition,
he  administration  of  triptans  that  are  serotonin  receptor
gonists,  and  CGRP  inhibitors  leads  to  a  reduction  in  cir-
ulating  CGRP  levels  [30],  and  the  intravenous  infusion  of
mall  doses  of  CGRP  induces  migraine  in  patients  suffer-
ng  from  migraines  characterized  by  aura  formation  [31].  In
G  neurons,  prolonged  treatment  with  acetaminophen  that

s  the  inhibitor  of  cyclooxygenase,  induces  an  increase  in
GRP  expression  [32]. These  findings  suggest  that  several
gents,  including  both  small-molecule  CGRP  receptor  antag-
nists  and  monoclonal  antibodies,  would  be  effective  for  the
reatment  of  migraines  [33].

.3.  VIP  and  PACAP

IP  and  PACAP  belong  to  the  secretin/glucagon/VIP  super-
amily  of  neuropeptides.  VIP  was  first  isolated  as  a  very
otent  neuropeptide  from  ovine  intestine  [34]  and  was  sub-
equently  found  to  be  widely  distributed  in  the  CNS  and  PNS
35,36].  The  biological  effects  of  VIP  in  mammals  include
mbryonic  brain  development,  pain  perception,  and  inflam-
ation  [37]. VIP-positive  cells  constitute  10—12%  of  the  total
G  neurons  [38,39]  and  are  located  in  the  vicinity  of  SP-
ontaining  TG  cells.  PACAP  was  originally  isolated  from  rat
ypothalamus  [40]  and  occurs  in  two  forms:  C-terminally
runcated  PACAP-27  and  PACAP-38  (27  or  38  amino  acids).
ACAP  shares  two-thirds  sequence  homology  with  the  N-
erminal  domain  of  VIP.  Both  forms  of  PACAP  have  a  broad
ange  of  biological  effects  including  vasodilation,  relaxation
f  the  lower  airways,  immune  modulation,  the  stimulation
f  cell  proliferation  and  differentiation,  control  of  neuro-
ransmitter  release,  and  pain  transmission  [37,41].  PACAP

s  found  in  a  subpopulation  of  small-  to  medium-size  TG
eurons  and  its  actions  are  mediated  by  members  of  the
amily  of  seven-transmembrane  G  protein-coupled  recep-
ors  [41—43].
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.4.  Neuropeptide  Y

nly  a  few  TG  neurons  are  positive  for  neuropeptide  Y  (NPY),
hich  is  normally  produced  in  sympathetic  neurons  [44].
hus,  the  role  of  NPY  in  TG  neurons  was  assumed  to  be
uite  limited,  but  after  transection  of  the  mental  nerve
he  expression  of  NPY  in  TG  neurons  increases  [45]. More
ecently,  Magnussen  et  al.  [46]  found  that  after  peripheral
njury,  newly  synthesized  NPY  in  the  TG  is  transported  axon-
lly  to  the  ends  of  sensory  fibers  close  to  the  site  of  tissue
njury.  However,  most  of  the  NPY  secreted  by  sympathetic
bers  at  the  injury  site  is  not  taken  up  by  sensory  axons.
hus,  the  role  of  NPY  produced  in  TG  neurons  after  periph-
ral  injury  remains  to  be  determined.

.5.  Somatostatin

he  neurotransmitter  somatostatin  (SS)  is  synthesized  in
rimary  sensory  neurons  that  are  mainly  found  in  small  gan-
lion  cells  [47].  The  isoform  of  SS  receptor,  SS2A, is  also
xpressed  in  TG  neurons  [48].  Although  both  SS  and  SP  have
een  found  in  TG  neurons  [49],  there  are  fewer  SS-  than
P-containing  neurons  [39].  SS  inhibits  the  excitability  of
at  small  trigeminal  neurons  [50],  but  enhances  the  activ-
ty  of  tooth-pulp-evoked  cervical  horn  neurons  [51]. The
hysiological  basis  of  the  dual  effects  of  SS  on  trigeminal
ociceptive  transmission  is  still  unknown.

.6.  Other  peptides

he  number  of  peptide  transmitters  identified  in  the  TG  has
rogressively  increased  during  the  last  decade  to  include
alanin  [52],  orexin  [53],  nociceptin  [54,55],  neurokinin

 [56],  and  hemokinin  [57].  Although  they  were  initially
hought  to  be  associated  with  neurogenic  inflammation,
ecent  evidence  suggests  that  all  of  them  are  also  involved
n  migraine  development,  plasma  protein  extravasation,
asodilation  of  the  intracranial  vasculature,  and  peripheral
nd  central  sensitization  in  the  trigeminal  system  [58].  In
ddition,  some  trigeminal  neuropeptides  such  as  SP,  CGRP,
eurokinin  B,  or  hemokinin  have  been  found  to  be  associ-
ted  with  bone  metabolism  at  the  site  of  noxious  stimulus
59].

. ATP signaling in the TG

europeptides  are  involved  in  the  reciprocal  activation  of
G  neurons,  but  the  mechanism  of  neuron-glia  signaling  is
ot  well  understood.  Because  there  are  no  intermediate
eurons  between  the  maxillary  and  mandibular  neurons,
hey  presumably  interact  with  one  or  more  signaling
olecules.  Despite  the  role  of  neurotrophic  factors  such  as

erve  growth  factor  (NGF)  and  brain-derived  neurotrophic
actor  (BDNF)  in  signaling  between  these  two  cell  types,
ecent  attention  has  focused  on  ATP,  whose  many  cellular
oles  include  being  a  neurotransmitter  secreted  at  sensory

erve  endings  [60],  making  it  a  strong  candidate  signal-
ng  molecule.  In  1979  ATP  was  found  at  vesicle  fraction  in
plenic  nerve  [61,62].  Recently,  Sawada  et  al.  [63]  identi-
ed  a  vesicular  nucleotide  transporter  (VNUT)  that  delivers
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TP  to  vesicles,  allowing  its  secretion  as  an  extracellular
ignaling  molecule.  In  a  preliminary  experiment  using  an
ntibody  against  VNUT,  we  determined  the  distribution  of
NUT  immune-positive  vesicles  in  neurons  and  satellite  glia
ells  of  the  TG  (Fig.  2).  ATP  is  also  a  route  for  cross-talk
etween  glia  and  neurons.  It  is  stored  in  and  released  from
any  types  of  neurons,  not  only  in  synapses  but  also  in  axons

nd  cell  bodies  [64].

.1.  ATP  and  ATP  receptors  in  the  TG

s  an  extracellular  neurostimulator,  ATP  activates  the
etabotropic  P2Y  and  ionotropic  P2X  receptor  families  [65].
2X  receptors  (P2X  R)  on  sensory  neurons  are  involved  in
ain  transmission  [66]. Among  the  seven  subtypes  of  P2X
eceptors  (P2X1—7),  P2X3R  mediates  nociceptive  signals  and
s  expressed  on  a  subset  of  predominantly  small  (presum-
bly  nociceptive)  sensory  neurons,  including  their  central
erminals  [67]. P2X3R  is  also  expressed  on  TG  neurons,  which
redominantly  localize  at  small-  to  medium-sized  cells  and
t  some  large  neuronal  somata  [68,69]. In  addition  to  P2X3R,
GCs  also  express  P2Y12R  [70].  The  activation  of  P2Y12R  on
GCs  of  the  TG  following  lingual  nerve  injury  plays  a  role  in
he  enhancement  of  TG  neuronal  activity  and  nociceptive
eflex  behavior,  resulting  in  neuropathic  pain  in  the  tongue.

.2.  Neuron-glia  signaling  in  the  TG

eurons  in  the  DRG  use  ATP  to  also  communicate  with
GCs,  the  main  type  of  glial  cells  surrounding  neuronal
ell  bodies  in  ganglia.  Electrical  stimulation  of  DRG  neu-
ons  elicits  vesicular  ATP  release  from  neuronal  cell  bodies
64]. Neuronally  derived  ATP  activates  P2X7R  on  adjacent
GCs;  conversely,  signal  return  to  neurons  is  mediated  by  the
elease  of  the  inflammatory  cytokines  IL-1� and  TNF�, or  by
eurotorophic  factors  such  as  NGF  and  BDNF.  By  releasing
ytokines,  SGCs  strengthen  neuronal  excitability,  leading  to
n  auto-amplifying  loop  of  excitation  [71,72].  Shinoda  and
wata  [73]  introduced  a  model  of  ectopic  orofacial  pain  in
he  rat  whisker  pad,  in  which  NGF  and  CGRP  induced  fol-
owing  local  inflammation  in  the  lower  lip  increase  TRPV1
nd  P2X3R  expression  in  TG  neurons.  In  addition  to  neu-
ons  and  SGCs,  immune-like  glial  cells,  such  as  Schwann
ells,  microglia,  and  macrophages,  responsive  to  inflamma-
ory  cytokines  are  thought  to  be  involved  in  ATP  signaling
n  the  DRG  or  TG  [74,75].  In  Schwann  cells,  ATP  is  a  potent
ctivation-dependent  signaling  molecule  between  neurons
nd  Schwann  cells  at  both  synaptic  and  non-synaptic  regions
76,77].  Activity-dependent  interactions  between  axons  and
yelinating  glia  occur  following  the  non-synaptic  release  of

TP  from  axons.  Stimulation  of  P2X  R  and  P2Y  R  receptors
y  neuronally  released  ATP  inhibits  Schwann  cell  prolifera-
ion,  differentiation,  and  myelination  [77—79].  Macrophages
nd  microglia  are  additional,  newly  identified  targets  of
TP  mediated  neuron-glia  signaling.  Whether  Iba-1  posi-
ive  cells  in  the  TG  are  macrophage-like  or  microglia-like
ells,  MLCs  also  possess  ATP  receptors.  In  several  models  of

ain  induced  by  traumatic  peripheral  lesions,  an  increase
n  microglia  number  without  a specific  pattern  of  distribu-
ion  was  observed  [80,81]; in  some  studies,  macrophages
n  the  DRG  were  activated  after  nerve  injury  [75,82].  It  is
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Figure  2  VNUT  distribution  in  neurons  and  SGCs  in  the  TG  after  rat  molar  extraction.  (A—C)Double  immunofluorescence  staining
using antibodies  against  VNUT  (ATP  transporter)  and  Activating  Transcription  Factor  3  (ATF3:  a  marker  damaged  neuron).  VNUT-
immunoreactive  (IR)  vesicles  localize  even  in  non-damaged  TG  neuron  (A).  (B,  C)  After  1  and  6  h  after  upper  first  molar  extraction,
the nuclei  of  damaged  neurons  were  immunopositive  for  ATF3  (arrows)  and  the  number  of  VNUT-IR  vesicles  in  the  cytoplasm  of
ATF3-immunopositive  neurons  increased  in  time-dependent  manner.  (D,  E)  Double  immunofluorescence  staining  using  antibodies

rker  of  SGCs).  At  24  h  after  tooth  extraction,  few  VNUT-IR  vesicles
xtraction  some  VNUT-IR  vesicles  (arrowheads)  distributed  in  SGCs.

Figure  3  Schematic  diagram  of  ATP  mediated  neuron-SGCs-
MLCs  signaling  in  the  TG.  Once  nociceptive  signal  reach  TG
neuron,  the  formation  of  the  ATP  containing  vesicle  increases
by the  cooperation  of  VNUT  and  V-ATPase.  After  the  activation
of TG  neuron,  the  signal  then  reaches  SGCs,  and  SGCs  also  pro-
duce ATP  containing  vesicles  by  the  action  of  VNUT.  Vesicles
containing  ATP  in  TG  neurons  and  SGCs  moved  periphery  and
release  ATP  to  extracellular  space.  Extracellular  ATP  binds  ATP
receptor  (P2X3,  P2X4,  etc.)  on  adjacent  SGCs,  MLCs,  or  TG  neu-
r
s

against VNUT  (ATP  transporter)  and  glucose  synthase  (GS:  a  ma
exhibited in  GS-immunopositive  SGCs,  however,  at  48  h  after  e
Bars =  10  �m.

interesting  to  note  that  the  application  of  ATP  alone  pro-
motes  microglial  motility,  while  several  neurotransmitters
(e.g.,  glutamate,  SP,  GABA,  serotonin),  neurotrophic  fac-
tors  (NGF,  BDNF)  and  chemokines  (e.g.,  CCL2,  CX3CL1),  and
even  direct  nerve  stimulation  have  no  effect  [83,84]. ATP,
derived  from  multiple  sources  including  nerve  terminals,
induces  BDNF  release  from  microglia  by  activating  the  P2X4R
[85].  Microglial  BDNF  binds  to  the  TrkB  receptor  on  neurons
to  induce  a  shift  in  the  chloride  anion  gradient  in  TG  neu-
rons.  Schematic  diagram  of  ATP  mediated  neuron-SGCs-MLCs
signaling  in  the  TG  is  indicated  in  Fig.  3.

4. Concluding remarks

In  this  review  we  presented  the  general  aspects  of  neu-
ropeptide  and  ATP  signaling  in  the  TG.  Although  there  have
been  many  studies  aimed  at  elucidating  the  neural  pathway
of  orofacial  pain,  their  main  focus  has  been  the  trigeminal
nucleus,  thalamus,  and  primary  somatosensory  area,  not  the
TG.  Nerve  cells  in  the  TG  do  not  simply  receive  a  signal  from
the  periphery  but  modify  that  signal  in  a  coordinated  man-
ner  with  neighboring  neurons,  SGCs,  and  MLCs.  This  review
addressed  both  the  cooperative  interactions  of  the  maxillary
and  mandibular  nerves  in  the  TG  and  neuronal  signaling  via
ATP  to  SGCs  and  MLCs  (Fig.  4).  Stimulated  neurons  either
secrete  ATP  through  vesicles  in  association  with  VNUT,  or
secrete  neuropeptides  from  the  neuronal  cell  body;  both
result  in  signal  transmission.  Each  neuropeptide  has  a  spe-
cific  role  in  the  TG,  but  how  neurons  manage  their  array  of
neuropeptides  must  still  be  elucidated.  Similar  to  the  DRG,

neuron-SGC-MLC  communication  is  also  a  feature  of  the  TG
and  this  unique  non-synaptic  interaction  system  between
maxillary  and  mandibular  neurons  in  the  TG  would  be  associ-
ated  with  hyperesthesia  or  allodynia.  Additional  studies  are

n
r

ons.  Released  ATP  would  activate  SGCs  or  MLCs  and  induce  to
ecrete neurotrophic  factors  such  as  BDGF  or  NGF.
eeded  to  reveal  the  role  of  TG  in  the  cellular  modification
elated  to  signal  transduction  resulting  in  orofacial  pain.
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Figure  4  Schematic  diagram  of  the  cooperative  interactions
of the  maxillary  and  mandibular  nerves  in  the  TG,  accompa-
nied with  the  neuronal  signalling  via  ATP  to  SGCs  and  MLCs.
Stimulated  maxillary  neurons  shows  positive  for  ATF3  (GFAP:
glial fibrillary  acidic  protein,  a  marker  of  activated  glial  cells)
and the  nearby  SGCs  become  GFAP  positive  (a  maker  of  acti-
vated glial  cell).  Damaged  maxillary  neurons  secrete  ATP  or
neuropeptides  from  the  neuronal  cell  body.  Secreted  ATP  or
unknown  factors  would  induce  the  activation  of  MLCs,  and  the
activated  MLCs  would  secrete  some  neurotrophic  factors  such
as brain-derived  neurotrophic  factor  (BDNF).  BDNF  stimulates
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