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Abstract  Previous  animal  studies  have  indicated  that  coupling  restraint  stress  load  with
activation  of  the  masticatory  organs  (chewing)  causes  a  reduction  in  the  systemic  and  cen-
tral nervous  system  stress  response.  However,  the  brain  mechanism  underlying  this  effect
is unknown.  Therefore,  in  this  review,  we  summarize  the  literature  regarding  brain  regions
involved  in  the  attenuating  effects  of  chewing  and  the  systemic  stress  response  attenuation
effects induced  by  those  brain  regions.  In  addition,  we  also  focusing  on  the  amygdala,  as  the
emotional control  center,  and  the  hypothalamic—pituitary—adrenal  axis,  as  one  of  the  outputs
of the  systemic  response.  In  particular,  we  will  report  on  one  of  the  chewing-related  stress

attenuation  mechanisms  within  the  brain  brought  about  by  the  activation  of  the  inhibition
pathway accompanying  the  activation  of  the  amygdala’s  GABAergic  function.
© 2018  The  Authors.  Published  by  Elsevier  Ltd  on  behalf  of  The  Japanese  Associa-
tion 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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1. Introduction

In  this  article,  we  will  review  the  literature  on  how  chew-
ing  can  alleviate  stress  responses.  As  one  of  the  first  studies
to  investigate  this,  in  1983,  Vincent  et  al.  reported  that,  in
animals  subjected  to  restraint  and  water  inundation  stress,
those  that  could  chew  on  a  nylon  brush  developed  fewer
and  smaller  gastric  lesions,  and  were  better  able  to  main-
tain  body  temperature  when  compared  to  animals  exposed
only  to  stress  [1].  This  suggests  that  increased  afferent
information  input,  mainly  from  the  trigeminal  nerve,  via
chewing  under  conditions  of  stress,  induces  a  stress  attenua-
tion  mechanism.  However,  the  pathways  by  which  this  occurs
has  yet  to  be  fully  elucidated.

Similar  animal  experiments  have  since  been  conducted,
including  gene  analysis  studies  and  studies  investigat-
ing  the  expression  of  specific  proteins  in  regions  of
the  brain  that  exhibit  chewing-related  stress  responses
(Table  1).  To  study  systemic  responses,  serum  levels  of
stress  hormones  and  immune  system  parameters  accompa-
nying  hypothalamic—pituitary—adrenal  (HPA)  axis  activation
have  also  been  investigated  [2].  In  addition,  researchers
have  investigated  heart  rate  increases  and  the  incidence
of  arrhythmia  accompanying  activation  of  the  autonomic
nervous  system  [3].  These  studies  indicate  that  chewing
under  stress  has  an  inhibitory  effect  on  stress  responses,
which  involve  the  HPA  axis,  the  sympathoadrenal  system,
and  hyperactivation  of  the  immune  system  (Table  1).

Restraint  stress  is  commonly  used  in  such  experiments,
and  involves  stress-related  behavioral,  biochemical,  and
physiological  changes  in  laboratory  animals.  Restraint  stress
has  been  used  in  the  context  of  a  mental  and  physical  stress
experiment  system  in  our  previous  studies  [4—6],  the  basis  of
which  is  the  expression  of  affective  reactions  resulting  from
the  activated  output  accompanying  the  integration  and  eval-
uation  of  external  stimulation  as  sensory  information  input.
This  sensory  information  follows  a  direct  pathway  from  the
thalamus  to  the  cerebral  neocortex  and  an  indirect  pathway
from  the  thalamus  through  the  archicortex,  which  includes
the  hippocampus,  to  the  amygdala  [2,7—9]. The  amygdala
integrates  this  information  and  interconnects  with  the  neo-
cortex,  hippocampus,  hypothalamus,  and  brainstem.  This
reduces  physical  and  emotional  reactions  and  allows  the
animal  to  adapt  to  the  external  environment  [10].

In  this  review,  we  will  report  the  results  of  stress  response
behavior  tests,  focusing  on  their  influence  on  brain  regions
previously  found  to  be  involved  in  the  attenuation  of  stress
via  chewing,  in  particular,  the  amygdala  and  the  HPA  axis.  In
addition,  we  will  discuss  the  importance  of  the  activation  of

gamma-aminobutyric  acid  (GABA)ergic  function  within  the
amygdala  in  the  context  of  a  chewing-induced  stress  inhibi-
tion  mechanism.

a
t
w

.  Ex vivo and in vivo analysis of the effects
f  chewing-induced stress attenuation in the
ypothalamus

n  2005,  Miyake  et  al.  [11]  measured  the  effects  of  stress
n  the  amount  of  free  radicals  and  active  oxygen  within
he  entire  brain  in  mice.  They  performed  their  experi-
ents  in  a  control  group,  a  30-min  stress-only  group,  and

 30-min  stress-with-chewing  group.  To  obtain  ex  vivo  mea-
urements  of  the  effects  of  chewing  on  stress,  the  authors
njected  a  blood-brain  barrier-permeable  nitroxyl  spin
robe,  3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine-
-oxyl  (MC-PROXYL),  into  the  tail  vein.  They  then  used  the
-band  electron  spin  resonance  technique  to  measure  the
ecay  rate  of  MC-PROXYL  within  the  brain.  While  the  stress-
nly  group  showed  a  significant  increase  in  the  levels  of
ctive  oxygen  and  free  radicals  within  the  hypothalamic
egion  when  compared  to  the  control  group,  the  stress-
ith-chewing  group  exhibited  significantly  lower  levels  of
ctive  oxygen  and  free  radicals  than  the  stress-only  group.
hile  free  radicals  and  active  oxygen  are  necessary  for  life,

he  balance  between  their  formation  and  the  elimination
y  antioxidants  is  crucial,  as  excessive  oxidative  stress  has
armful  systemic  effects  and  is  considered  to  be  involved  in
rain  ischemia,  acceleration  of  aging,  and  neurodegenera-
ive  disease  [12—15].

In  a  similar  experimental  series  using  small-animal
ositron-emission  tomography  with  F-fluorodeoxyglucose
njected  via  the  tail  vein,  Ono  et  al.  [16]  carried  out  a
hole-brain  analysis.  They  found  that  glucose  uptake  in  the
ypothalamic  region  was  significantly  increased  under  stress
onditions,  and  that  chewing  during  stress  counteracted  this
ffect,  reducing  glucose  uptake  to  control  levels.  Simul-
aneous  measurements  of  plasma  corticosterone  changes
ave  confirmed  previous  research  findings  [17]  that  chewing
ignificantly  counteracts  stress-induced  corticosterone  ele-
ation.  Detailed  analysis  of  region-of-interest-based  glucose
ptake  has  revealed  that  there  is  a  significant  reduction  of
ptake  in  the  paraventricular  hypothalamic  nucleus  (PVN)
16].

These  results  indicate  that  stress  rapidly  and  significantly
ncreases  the  levels  of  local  active  oxygen  and  free  radi-
als,  and  glycometabolism  within  the  hypothalamus,  which
s  the  stress  response  center.  These  changes  caused  by
tress  suggest  that  stress  increases  neural  activity  within
he  hypothalamic  region.  Getting  together,  both  ex  vivo
nd  in  vivo  experiments  have  shown  that  chewing  inhibits
his  neural  activity.  Given  that  glucose  metabolism  within
he  PVN,  the  control  center  of  the  HPA  axis,  was  reduced

nd  neural  activity  was  inhibited,  it  is  thought  that  secre-
ion  of  the  stress  hormone,  namely,  plasma  corticosterone
as  significantly  inhibited  as  a  consequence.  The  aforemen-
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Table  1  Research  results  to  date  regarding  the  effects  of  chewing  on  stress-induced  brain  and  systemic  responses.

Brain  region  Sub-nucleus  Marker  Stress  Stress  with  chewing  Refs.

Hippocampus  BDNF  mRNA  ↓  ↑  [17]
NT-3  mRNA  &  protein  ↑  ↓  [17]

CA1  MR  ↑  ↓  [51]
CA1  GR  ↓  or  ±  ↑  [30,51]
CA1  NMDA  receptor  ↓  ↑  [42]
CA1  H1  receptor  ↓  ↑  [42]
DG  Cell  birth  ↓  ↑  [83]

Hypothalamus  Free  radical  ↑  ↓  [11]
PVN  c-fos  ↑  ↓  [25]
PVN  CRF  protein ↑  ↓  [20]
PVN  nNOS  mRNA  &  protein ↑  ↓  [88]
PVN  pERK1/2  ↑  ↓  [22]

Periaqueductal  gray  dl  pERK1/2  ↑  ↓  [60]
vl  pERK1/2  ↑  ↓  [60]

Insular  cortex  Ant  pERK1/2  ↑  ↓  [72]
Post  pERK1/2  ↑  ↓  [72]

Amygdala  CeA  GABA  ±  ±  [34]
BLA  GABA  ↑  ↑↑  [34]

Target  area  Representation  or  behavior  Stress  Stress  with  chewing  Refs.

Hippocampus  Goal  in  time  on  Morris  water  maze  ↓  ↑  [30]
LTP  ↓  ↑  [38]
LTD  ↑  ↓  [84]

Blood  level  ACTH  ↑  ↓  [17]
Corticosterone  ↑  ↓  [17]
IL-1�  ↑  ↓  [85]
IL-6  ↑  ↓  [85]
Leptin  ↑  ↓  [85]
TSH  ↓  ↑  [85]
Noradrenaline  ↑  ↓  [3]

Hypothalamus  PO2  ↓  ±  [86]
Blood-flow  ±  ↑  [86]
NO  ↑  ↓  [87]

Amygdala  PO2  ↓  ↑  [86]
Blood-flow  ±  ↑  [86]

Cardiovascular  system Arrhythmias  ↑  ↓  [3]
Blood  pressure ↑  ↓  [85]

Body-wide  Sympathetic  activity  ↑  ↓  [3]
Core  temperature  ↑  ↓  [85]

Abbreviations: BDNF: brain-derived neurotrophic factor; NT-3: neurotrophin-3; MR: mineralocorticoid receptor; GR: glucocorticoid recep-
tor; NMDA: N-methyl-D-aspartate receptor; H1 receptor: histamine receptor 1; CRF: corticotropin-releasing factor; nNOS: neuronal nitric
oxide synthase; pERK1/2: phosphorylated extracellular signal-regulated kinase; GABA: gamma-aminobutyric acid; LTP: long-term potenti-
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ation; LTD: long-term depression; ACTH: adrenocorticotropic horm
hormone; PO2: partial pressure of oxygen; NO: nitric oxide.

ioned  results  suggest  that  chewing  may  act  as  some  kind
f  inhibitive  mechanism  for  stress-related  neural  activation
ithin  the  PVN,  which  weakens  the  HPA  axis  response  and
ltimately  results  in  a  reduced  secretion  of  stress  hormones.

. Chewing-induced suppression of the stress
esponse  in the PVN
he  hypothalamus  is  crucial  in  biological  reactions  to  exter-
al  stressors.  In  particular,  the  PVN,  located  upstream  of  the
PA  axis,  is  an  important  center  of  higher-order  integration

p
a
t

IL-1�: interleukin-1�; IL-6: interleukin-6; TSH: thyroid-stimulating

etween  the  neuroendocrine  and  autonomic  nervous  sys-
ems,  and  is  crucial  for  maintaining  homeostasis  of  the  body
18]. The  stress  response  of  the  PVN  has  been  confirmed
y  numerous  studies,  and  we  ourselves  have  also  investi-
ated  the  phenomenon  of  chewing-induced  stress  response
eduction  (Table  1).  The  expression  of  corticotropin  releas-
ng  factor  (CRF)  within  the  PVN  is  underscored  as  a  central
odulator  of  the  stress  system.  CRF  is  released  into  the

ituitary  portal  vein,  stimulating  the  pituitary  to  secrete
drenocorticotropic  hormone  (ACTH),  which  in  turn  causes
he  secretion  of  cortisol  from  the  adrenal  cortex.  Following
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Uncovering  the  neural  circuitry  involved  in  the  stress-attenu

this,  the  release  of  CRF  and  ACTH  is  regulated  through  neg-
ative  feedback  via  steroid  receptors  of  the  pituitary  gland,
hypothalamus,  hippocampus,  and  amygdala.  Moreover,  CRF
neurons  in  the  PVN  induce  the  release  of  adrenaline  and
noradrenaline  through  activation  of  the  autonomic  nervous
system  via  the  locus  coeruleus  [19].

According  to  Hori  et  al.  [20],  chewing  reduces  the
number  of  CRF-positive  cells  in  the  PVN,  which  increases
following  stress.  Moreover,  there  is  a  similar  response  in
the  levels  of  c-fos-positive  (an  immediate-early  gene)  [21]
and  phosphorylated  extracellular  signal-regulated  kinase  (p-
ERK1/2)-positive  [22]  cells  in  the  PVN.  Intracellular  changes
in  these  proteins  are  thought  to  occur  prior  to  CRF  protein
expression.  Studies  of  neuronal  activation  as  reflected  by
glucose  uptake,  histochemical  analyses,  and  measurements
of  serum  stress  hormones  such  as  ACTH  and  corticos-
terone  under  stress-only  and  stress  with  chewing  conditions
(Table  1)  have  confirmed  that  the  PVN  is  an  essential  brain
regions  for  the  ameliorative  effects  of  chewing.  Proprio-
ception  in  the  maxillofacial  region  is  generally  is  relayed
through  the  mesencephalic  trigeminal  nucleus,  tactile  pres-
sure  is  relayed  via  the  principal  sensory  nucleus  of  the
trigeminal  nerve,  and  pain  and  temperature  information  is
relayed  through  the  spinal  sensory  nucleus  of  the  trigeminal
nerve.  The  above  described  sensations  thus  travel  through
the  medial  lemniscus  and  are  relayed  in  the  ventral  pos-
terior  medial  nucleus  of  the  thalamus  [23,24].  The  PVN  is
thought  to  be  regulated  by  inputs  from  various  regions  of  the
brain,  as  well  as  by  humoral  factors,  such  as  hormones  and
cytokines.  The  numbers  of  p-ERK1/2  immunopositive  cells
in  the  PVN,  which  increase  following  stress,  are  suppressed
by  chewing  within  as  little  as  5  min  [22].  This  rapid  response
suggests  that  chewing  does  not  only  affect  humoral  factors,
but  also  affects  the  projections  of  the  thalamus,  which  is  the
relay  nucleus,  via  trigeminal  nerves  to  response  regions  of
the  brain.  The  latter  neural  pathway  may  be  via  the  action
of  neurotransmitters.

4. Chewing-induced suppression of the stress
response  in the paraventricular hypothalamic
nucleus via GABAergic mechanisms in the
basolateral amygdala

Stress-induced  neural  mechanisms  in  the  PVN  involve  pro-
jections  from  the  excitatory  posterior  hypothalamus,  the
ventrolateral  region  of  the  bed  nucleus  of  the  stria  ter-
minalis  (BNST),  the  inhibitory  medial  preoptic  nucleus,  the
dorsomedial  hypothalamic  nucleus,  interneurons  in  the  PVN,
and  the  posterior  BNST.  Neurotransmission  in  these  pro-
jections  is  suppressed  by  the  amygdala,  which  is  located
upstream  of  these  connections  in  the  suppression  system
[25].  Amygdala  ablation  in  laboratory  animals  has  been
shown  to  influence  the  HPA  axis  stress  response,  and  leads  to
changes  in  the  levels  of  serum  stress  hormones,  CRF,  vaso-
pressin,  and  c-fos  mRNA  in  the  PVN,  and  the  numbers  of
immunopositive  cells  for  vasopressin  [26—28]. The  amygdala
can  be  divided  into  sub-nuclei,  such  as  the  medial,  cen-

tral,  cortical,  basomedial,  and  basolateral  nuclei  [29]. These
sub-nuclei  are  interconnected  and  form  input  synapses
onto  the  central  amygdala  (CeA),  which  is  a  major  output
region  of  the  amygdala.  The  CeA  is  modulated  by  excitatory
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lutamatergic  afferent  fibers,  phasic  and  tonic  GABAergic
fferent  fibers,  and  local  interneurons.  The  CeA  is  known  to
roject  to  the  PVN  [30,31]. When  stimulated  electronically,
he  CeA  activates  the  HPA  axis  [32]. Based  on  these  neural
onnections,  destruction  of  the  CeA  is  thought  to  influence
he  activation  of  the  HPA  axis,  the  higher  center  of  which  is
he  hypothalamus.

Reznikov  et  al.  [33]  have  conducted  an  acute  stress
xperimental  series  similar  to  our  own  wherein  they  mea-
ured  the  efflux  of  GABA  (the  main  mediator  of  inhibitory
eurotransmission  in  the  central  nervous  system)  in  the  CeA
nd  the  basolateral  amygdala  (BLA)  using  in  vivo  microdial-
sis.  The  results  of  the  above  study  indicated  that  although
o  fluctuation  was  found  in  the  CeA,  GABA  efflux  was  signifi-
antly  increased  in  the  BLA  following  stress.  Using  the  same
ethod,  we  examined  indicators  of  the  influence  of  chewing

n  GABA  efflux  in  the  amygdala  under  stress.  In  the  stress-
nly  condition,  GABA  efflux  increased  in  the  BLA.  GABA
fflux  was  further  increased  in  the  stress-with-chewing  con-
ition  [34].  This  suggests  that  increased  input  from  the
rigeminal  nerve  due  to  chewing  increases  GABA  levels  in
he  BLA,  which  magnifies  the  effects  of  the  GABAergic  sys-
em.  This  is  turn  increases  inhibitory  input  to  the  CeA  and
meliorates  stress-induced  p-ERK1/2  expression  within  the
VN  [34].  Anti-GABA  transporter-1  saporine  (conjugates  of
aporin  with  a  rabbit  antiserum  raised  against  a  peptide  in
he  extracellular  domain  of  GABA  transporter-1)  was  used
o  facilitate  the  specific  immunotoxic  destruction  [35,36]
f  amygdala  GABAergic  neurons  in  one  or  both  sides  of  the
rain.  This  allowed  us  to  investigate  the  effects  of  chewing
n  the  PVN,  which  receives  projections  from  the  amyg-
ala,  by  counting  the  numbers  of  pERK1/2-immunopositive
ells  in  the  PVN  and  measuring  serum  stress  hormone  lev-
ls.  In  animals  that  underwent  unilateral  destruction  of  BLA
ABAergic  cells,  the  chewing-induced  suppression  effect  on
he  increase  in  the  number  of  p-ERK1/2-immunopositive
ells  was  significantly  attenuated  in  the  ipsilateral  PVN.
n  animals  with  bilateral  destruction,  the  chewing-induced
ecreases  in  the  levels  of  stress-induced  serum  stress  hor-
ones  ACTH  and  corticosterone  were  similarly  suppressed

34]. These  results  suggest  that  the  stress  reduction  effects
f  the  activation  of  the  masticatory  organ  during  stress  in
he  brain  are  induced  by  the  activation  of  BLA  GABAergic
eurons.  This  activation  is  then  relayed  via  the  CeA  and
ttenuates  the  stress  response  in  the  PVN.  Our  findings  imply
hat  BLA  GABAergic  neurons  mediate  the  chewing-induced
eduction  in  the  levels  of  stress  hormones  via  the  hypotha-
amus.

.  Chewing-induced suppression mechanisms
n stress response regions of the amygdala and
n other areas

he  hippocampus  is  functionally  and  structurally  vulnerable
o  stress  starting  at  the  early  stages  of  development  [37]. We
easured  long-term  potentiation  (LTP),  which  is  a  major  cel-

ular  mechanisms  of  learning  and  memory,  to  investigate  the

ffects  of  chewing  during  stress  on  the  hippocampus.  In  the
tress-with-chewing  condition,  the  stress-induced  reduction
n  hippocampal  LTP  was  significantly  recovered  within  24  h
hen  compared  to  the  stress-only  group  [38].  We  used  the
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orris  water  maze  to  test  spatial  memory  and  found  that
tress-induced  cognitive  decline  was  reduced  by  chewing
39].  However,  in  both  experiments,  we  found  no  signifi-
ant  difference  in  serum  corticosterone  levels.  This  suggests
hat  the  neural  pathways  that  mediate  the  stress-reducing
ffects  of  chewing  exist  outside  of  the  amygdala  and  the
PA  axis.

Proprioception  of  the  oral  cavity  is  mediated  by  the  mes-
ncephalic  trigeminal  nucleus,  which  activates  histamine
eurons  in  the  tuberomammillary  nucleus  (TMN)  [40,41].
hile  the  cell  bodies  of  the  histamine  neurons  are  located

n  the  TMN,  their  axons  are  distributed  throughout  the  brain
nd  are  present  in  the  hippocampus.  We  treated  the  animals
ith  pyrilamine,  which  is  an  H1  receptor  antagonist,  before
nd  after  a  stress  task  to  examine  the  impact  of  stress  on  hip-
ocampal  LTP  [42].  The  administration  of  pyrilamine  prior
o  the  stress  load  reduced  the  recovery  effects  of  chew-
ng  on  hippocampal  LTP.  This  suggests  that  chewing  under
tress  activates  the  histamine  neuron  system.  Histamine
acilitates  N-methyl  D-aspartate  (NMDA)  receptor  function
y  stimulating  the  activity  of  phospholipase  C,  which  results
n  an  increase  in  the  excitability  of  NMDA  receptors  [43,44],
hich  is  essential  in  the  formation  of  LTP.  Therefore,  NMDA

eceptor  functions,  which  are  reduced  due  to  stress,  were
mproved  via  the  action  of  H1  histamine  receptors  in  the  hip-
ocampus.  This  in  turn  led  to  the  recovery  of  hippocampal
TP.

The  amygdala  directly  and  indirectly  projects  to  the  hip-
ocampus,  and  thus  contributes  to  hippocampal  function
45—48].  Kim  et  al.  [49]  investigated  the  role  of  GABAergic
eurons  in  attenuating  the  effects  of  stress  on  hippocampal
TP.  Muscimol,  which  is  a  GABAA receptor  agonist,  was  deliv-
red  to  the  amygdala  both  before  and  after  a  stress  task,  and
ippocampal  LTP  was  examined  90  min  later.  When  muscimol
inds  to  GABAA receptors,  it  opens  chloride  channels,  which
n  turn  increases  the  permeability  of  chloride  ions  [50].
his  inhibits  neuronal  firing.  The  reduction  in  hippocampal
TP  was  inhibited  in  animals  treated  with  muscimol  prior
o  the  stress  load.  This  suggests  that  muscimol  suppresses
tress-induced  excitation  of  the  amygdala  and  alters  the
nhibition  of  amygdalo-hippocampal  activity  during  stress.
his  compound  thus  reverses  the  stress-induced  reduction  in
ippocampal  LTP.  Similarly,  in  an  investigation  using  the  Mor-
is  water  maze  to  carry  out  acquisition  and  single  retention
ests,  rats  were  treated  with  muscimol  prior  to  the  stress
oad.  Animals  in  the  stress-with-chewing  group  had  similar
oal-in  times  to  those  observed  during  the  training  trials,
howed  no  indications  of  stress-related  impairments,  and
aintained  the  acquired  spatial  memory  [49].
In  the  majority  of  cases,  chewing  exerts  inhibitory  con-

rol  on  the  reactions  within  the  stress-response  regions  of
he  brain.  However,  based  on  the  above  series  of  results,  we
ostulated  that  the  attenuation  of  the  inhibitory  effect  of
tress  on  hippocampal  LTP  was  due  to  the  synergistic  effects
f  the  activation  of  hippocampal  histamine  H1  receptors  and
MN  histamine  neuron  activation  [42],  as  well  as  the  sup-
ression  of  excitatory  neuronal  input  from  the  amygdala  to
he  hippocampus  [34]  due  to  the  chewing-induced  activation

f  GABAergic  neurons  in  the  BLA.  Chewing-induced  changes
n  the  concentration-dependent  affinity  and  expression  of
ippocampal  mineralocorticoid  receptors  and  glucocorticoid
eceptors  [51—55]  and  variation  in  noradrenaline  volume
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ithin  the  brain  [56,57],  including  the  amygdala,  have  been
onsidered  contributory  factors  to  hippocampal  LTP.  Chew-
ng  may  lead  to  the  rapid  amelioration  of  stress-induced
ippocampal  LTP  attenuation  via  the  synergic  effects  of
tress  hormone  negative  feedback  function  changes,  which
ccompany  the  inhibition  of  HPA  axis  activation  via  the
mygdala.

Stress  is  known  to  activate  the  sympathetic  nervous  sys-
em  and  to  increase  blood  pressure  and  pulse  rate.  The
eriaqueductal  gray  (PAG)  is  one  of  the  control  centers
or  the  circulatory  system.  The  PAG  surrounds  the  mid-
rain  aqueduct  and  is  divisible  into  four  standard  regions:
orsomedial,  dorsolateral,  lateral,  and  ventrolateral.  These
egions  have  pathways  that  project  to  the  cerebral  hemi-
pheres,  brainstem,  marginal  nucleus  of  the  spinal  cord
lamina  I),  nociceptive  neurons  of  the  trigeminal  nerve
ucleus,  etc.  [58]. Input  from  the  cerebral  hemispheres  pri-
arily  originates  from  the  medial  prefrontal  area,  anterior

ingulate  gyrus,  orbitofrontal  cortex,  insular  cortex,  cen-
ral  nucleus  of  the  amygdala,  and  hypothalamus.  This  input
ediates  a range  of  functions,  including  autonomic  nervous

ystem  responses  such  as  pain  modulation,  defense  reac-
ions,  and  blood  pressure  increases,  as  well  as  emotional
ehavior,  reproductive  behavior,  eating  behavior,  and  con-
ciousness  [59].  In  an  experiment  examining  the  effects
f  chewing  on  p-ERK1/2-positive  cell  expression  in  the
AG,  stress  led  to  a  significant  increase  in  the  numbers  of
-ERK1/2-positive  cells  in  the  dorsolateral  PAG  and  the  ven-
rolateral  PAG  [60].  However,  the  expression  of  p-ERK1/2
as  suppressed  and  returned  to  control  levels  15  min  after

tress  with  chewing.  The  amygdala  projects  to  the  PAG,
hich  is  involved  in  the  descending  pain  modulatory  sys-

em  and  contributes  to  stress-  and  fear-induced  analgesia
61]. In  addition,  according  to  de  Abreau  et  al.  [62],  when
he  GABAA receptor  agonist  muscimol  is  microinjected  into
he  BLA,  it  suppresses  the  increases  in  mean  arterial  pres-
ure  and  heart  rate  induced  by  NMDA  administration  into
he  lateral/dorsolateral  PAG.  Moreover,  our  prior  research
ndicates  that  chewing  suppresses  stress-related  prema-
ure  ventricular  contractions  caused  by  acute  restraint
tress-induced  increases  in  peripheral  blood  noradrenaline
oncentration.  Chewing  also  suppresses  increases  in  low
o  high  frequency  ratio,  which  is  an  indicator  of  cardiac
ympathetic  activity  [3].  Based  on  the  above  findings,  we
ostulated  that  chewing  during  stress  controls  the  reactions
f  the  sympathetic  nervous  system  and  the  circulatory  sys-
em  by  suppressing  stress-induced  excitatory  input  to  the
AG  following  the  activation  of  GABAergic  neurons  in  the
LA.

Cardiac  responses  to  stress  are  controlled  by  another
rain  region,  namely  the  insular  cortex  [63,64].  The  insular
ortex  receives  taste,  smell,  pain,  and  somatosensory  per-
eption  inputs  [64—67].  The  involvement  of  this  region  to
ontrol  the  circulatory,  respiratory,  and  digestive  systems
68,69]  suggests  the  possibility  of  its  involvement  in  the
ntegration  between  various  sensory  and  emotional  inputs
70,71].  Our  recent  research  indicates  that  chewing  signifi-
antly  suppresses  the  stress-induced  increase  in  the  number

f  p-ERK1/2-immunopositive  cells,  even  in  the  insular  cor-
ex  [72].  This  implies  that  chewing  may  play  a  role  in
eural  activity.  Inhibition  of  synaptic  transmission  of  the
nsular  cortex  by  bilateral  microinjection  of  the  nonselec-
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Fig.  1  Potential  neural  pathways  underlying  chewing-induced  stress  response  amelioration.
Red lines  indicate  BLA  GABAergic  inhibitory  nerve  fibers.  Thick  lines  indicate  essential  nerve  connections  and  thin  lines  indicate  the
associated nerve  connections.  Arrow  lines  indicate  projections  and  double  arrow  lines  indicate  reciprocal  projections.  Abbreviations:
BLA: basolateral  amygdala;  BNST:  bed  nucleus  of  the  stria  terminalis;  CeA:  central  amygdala;  DMH:  dorsomedial  hypothalamus;  HPA:
hypothalamic—pituitary—adrenal;  mPOA:  medial  preoptic  hypothalamic  nucleus;  N:  nucleus;  PAG:  periaqueductal  gray;  periPVN:
interneurons  around  the  PVN;  PH:  posterior  hypothalamus;  PVN:  periventricular  hypothalamic  nucleus;  S:  sensory;  SAM:  sympa-

erior

t
l
[

thoadrenal; TMN:  tuberomammillary  nucleus;  VPL:  ventral  post
nucleus of  the  thalamus.

tive  synaptic  blocker  cobalt  chloride  (CoCl2,  1  mM/100  nL)
[73]  and  suppression  of  localized  noradrenergic  neurotrans-
mission  in  the  insular  cortex  by  administration  of  an  �-1

or  �-2  adrenoreceptor  antagonist  [74],  both  of  experiments
resulted  in  the  suppression  of  acute  stress-induced  increases
in  blood  pressure  and  pulse  rate,  and  tachycardia.  Given

r
n
d

 lateral  nucleus  of  the  thalamus;  VPM:  ventral  posterior  medial

hat  the  insular  cortex  shares  rich  interconnections  with  the
imbic  system,  including  the  amygdala  and  hypothalamus
75,76],  the  chewing-induced  activation  of  GABAergic  neu-

ons  in  the  amygdala  during  stress  suppress  stress-induced
eural  activity  in  the  insular  cortex  that  receives  amyg-
ala  projections.  Chewing  also  suppresses  stress-induced
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oradrenaline  release  within  the  brain  [56,57,77—81].  Given
hat  the  central  autonomic  network,  which  is  essential  for
ife,  consists  of  the  insular  cortex,  amygdala,  hypothalamus,
AG,  parabrachial  complex,  solitary  nucleus,  and  ventro-
ateral  medulla  [82],  chewing  may  attenuate  the  stress
esponses  of  the  circulatory  system  and  the  autonomic  ner-
ous  system  by  suppressing  the  secretion  of  catecholamines
nd  stress  information  transmission  in  the  brain.  We  have
ummarized  neural  pathways  potentially  involved  in  the
meliorative  effects  of  chewing  in  Fig.  1.

. Conclusions and future studies

ctivation  of  the  masticatory  organ  (chewing)  during  stress
as  been  shown  to  reduce  the  numbers  of  stomach  ulcers
nd  their  durations.  Chewing  also  suppresses  the  secretion
f  plasma  stress  hormones  and  catecholamines,  preserves
patial  reasoning,  facilitates  the  rapid  recovery  of  hip-
ocampal  LTP,  and  reduces  blood  pressure,  heart  rate,
nd  the  incidence  of  arrhythmia.  However,  until  now,  the
rain  mechanisms  underlying  these  effects  have  remained
nidentified.  Our  aim  was  thus  to  identify  the  mechanisms
nderlying  the  effects  of  chewing  on  stress.  We  present  evi-
ence  from  research  on:  (1)  the  amygdala,  which  is  the
motional  center  that  carries  out  the  integration  and  eval-
ation  of  sensory  information;  (2)  the  HPA  axis,  which  is
he  site  of  output  projections  carrying  information  regard-
ng  emotional  expression  from  the  amygdala  (especially
-ERK1/2,  which  is  a  neural  activity  indicator  within  the
VN);  and  (3)  plasma  stress  hormones,  which  are  down-
tream  outputs  of  the  stress  response.  We  found  that
he  stress-reduction  effects  of  chewing  during  stress  were
ue  to  BLA-induced  GABA  efflux,  which  initiates  GABAer-
ic  activity  within  the  amygdala.  This  in  turn  controls  stress
esponse-related  neural  activity  in  each  brain  region  that
he  amygdala  projects  to  and  suppresses  the  activities  of
esponse  organs  and  humoral  factors  downstream  of  the  HPA
xis.  Future  research  should  be  carried  out  to  investigate  the
ole  of  the  prefrontal  area,  as  it  has  strong  interconnections
ith  the  amygdala.  Other  stress-related  brain  regions  should
lso  be  investigated.
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