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PAIN MODULATORY MECHANISMS

Chronic pain areestimated to affect up to 40% of
the adult popul ationt®. Chronic pain state or chronic
pain syndrome (CPS) can have a harmful effect on
peopl€’s lives, depressing their ability to work and carry
out everyday activities, and disurbing their rlaionships
with family, friends, and employers?. The CPSaso
imposes|arge economic burdens on society®4.

Our understanding with regard to CPS has in-
creased substantially in recent yeard®€. Much of its
pathophysiology, however, istill eusive, whichmay
lead to unsatisfied treetmentsfor patients. Many stud-
iesindicatethat themost part of prominent symptom
complex of CPSisneurogenic evenin the peripherd
origin. The pain seemsto result from neurochemicd
imbalancesnot only in peripherd nervoussysem (PNS)
but also inthe centra nervous system (CNS) that |ead
toacentra fadilitation of pain perception characterized
by dlodyniaand/or hyperagesia.

Human neuroimage studi es support thesefindings,
showing thet the CPSi s associated with anormd pro-
cessing of painful stimuli inthe CNS. Functiona mag-
netic resonanceimage (fMRI) studiesof thebraindem-
ondratethat apainresponse can bedicitedin patients
with chronicpainusngamuchlower painstimulusthen
that needed for hedlthy control$™2. Similar findingsof
diffuse hyperalgesiaand alodynia, noted with both ex-

perimenta paintestingand functiona neuroimaging, are
asofoundinanumber of different CPSs, such asirri-
tablebowd syndrome, interdtitia cydtitis, temporoman-
dibular joint disorder, ostecarthritig?.

Thesefindings suggest thet the similar pathophysi-
ologica mechanismin CNSplay an essentid roleina
variety of CPSs, and that interventions by pharmaco-
logica or nonpharmacol ogica messuresof these patho-
logica conditionsmay beeffectivefor amdioratingthese
CPSstt,

Pain facilitation mechanismrelated to CPS

Perd stent, intense pain activates secondary mecha-
nismsboth & the periphery and withinthe centra ner-
voussystemthat causedlodynia, hyperagesia, and hy-
perpathiathet can diminishnormd functioning?. These
changes begin in the peri phery with upregulation of
cyclo-oxygenase-2 and interleukin-1B-sensitizing first-
order neurons, which eventually sensitize second-or-
der spina neuronsby activating N-methyl-d-aspartic
acid (NMDA) channdsand sgndingmicrogliatodter
neurona cytoarchitecture'>19, Throughout these pro-
cesses, prostaglandins, endocannabinoids, ion-specific
channds, and scavenger cellsal play akeyroleinthe
transformation of acuteto chronic pain. A better under-
standing of theinterplay among these substances will
ass gt inthe deve opment of agentsdesignedtoamdio-
rateor reversechronic paini®,

Glutamateisknownto act on NM DA receptorsto
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produceincreased pain “‘wind up” phenomenon of pro-
gressively increased central pain amplification after re-
peated painful stimulation, leadingto greater hyperal-
gesiaand dlodynid*®4,

Neuroimagesof regiona cerebra blood flow inar-
eas of thebrain associated with pain processingin pa-
tientswith chronic pain show that patientswith CPS
exhibit changesin levelsof neurochemica sand recep-
torsassociated withincreased signaling in ascending
pathways and decreased signaing in descending pain
inhibitory pathways'. Increased level s of neurotrans-
mittersin the cerebrospind fluid (CSF) werea sofound
inpatientswith CPSs.

Neurotransmittersthat generally act toincrease as-
cending input, including substance P, nervegrowth fac-
tor, glutamate, other excitatory amino acidsand brain-
derived neurotrophic factor, have been shown to be
elevated in both CSF and brain in patientswith CPS
such asfibromyalgid®. Ontheother hand, theactivity
of descending pain control pathwaysisa so decreased,
asindicated by lower CSF levelsof metabolitesof se-
rotonin, norepinephrine, and dopamineg829, By con-
trast, opioid levelsare found to increase® with de-
creased opioid receptor binding®!, leading to that
basdlineendogenousopioidergic activity isincreasedin
patientswith CPS. The findings of decreased opioid
receptor availability may explainwhy opioidsare some-
timeslesseffectiveintreeting thefibromya giaand other
CPSs.

Thedisturbances of these neurotransmittersand
neuroprocessi ng mechanismsa soinfluencemood, en-
ergy, and deep. Functionsand imba ances of these neu-
rotransmittersin different brain areasmay help to ex-
plain, at least in part, the mood disorders, sleep dys-
function, and fatigue frequently associated with avari-
ety of CPSs.

Important factorsthat may be associated with in-
creased pain perceptionin CPSfrequently include ab-
normal autonomicfunction, hypothal amic-pituitary-ad-
rend axisabnormalities?!, neurogenicinflammation®,
and neurond loss#,

Recent evidence presented by Airaet a .2 impli-
catesserotonergic descending facilitatory pathwaysfrom
the brainstem to the spinal cordinthe maintenance of
pathologic pain. They reported that upregulation of the
serotoninreceptor 2A (5-HT(2A)R) indorsa horn neu-

rons promotes spinal hyperexcitation and impairs spi-
na p-opioid mechanisms during neuropathic pain. Fur-
ther, they found theinvolvement of spind glutamatere-
ceptors, including metabotropic receptors (MGIURs) and
NMDA, in5-HT(2A)R-induced hyperexcitability af-
ter spinal nerveligation (SNL), amodd of neuropathic
pain, inrat?, Arolefor 5-HT(2A)Risindicated in
hyperexcitation and pain after nerveinjury,and mGIuR1
upregulation issupported asanovel feedforward acti-
vation mechanism contributingto 5-HT(2A)R-mediated
facilitation.

In patients with CPS, the 2 main pain pathways
may operateabnormally, resultingin central facilitation
of painsigna$?>%1. Theorigin of thispain augmenta-
tion processmight be multifactoria . Peripherd painin-
sultsmay haveaninitial role, but most current study
suggests astrong role of CNSwhich becomesinde-
pendent of peripheral nociceptiveinput. Theresult of
both increased excitability of central neuronsand re-
duced paininhibitory mechanismslead to symptoms of
dlodyniaand/or hyperdgesa

Other physiological processesvariestremendoudy
between individual swhich makesthe CPSdifficult to
andyze. Centrd facilitetion of pain sensationinthe CPS
islikely determined at | east partially by geneticsand
modified by environmental factord?#,

Petientswith CPS sometimes exhibit an increased
senditivity toanumber of other sensory stimuli, includ-
ing heat, cold, auditory, and eectrica simuli™. Painis
frequently accompanied by other, associated conditions,
includingirritablebowe syndrome, tens on-type head-
acheand migraine, temporomandibular disorder, chronic
pelvic pain, vulvodynia, and interstitia cydtitis, painful
bladder syndrome, chronic prostatitis, and
prostadyni a1,

Pain modulatory mechanismin patientswith CPS

Pioneering study by Dr. Reynoldg® in 1969 trig-
gered theresearch on descending pain control system,
endogenoudy existedin man and animals. Heimplanted
the chronic monopolar electrodesin theregion of the
midbrain central gray inrats. Inthreeof eight rats, con-
tinuous 60 cycle-per-second Sine-wave stimulation re-
sulted in an ana gesiadefined by theelimination of re-
sponsesto aversive stimulation whilegenera motor re-
sponsiveness was retained. He noted that €l ectrodes
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effectiveininducing electrical analgesiaat thelowest
currentswerelocated at the dorsolateral perimeter of
themidbrain central gray. Thus, focal brain stimulation
inthisregion can induce analgesiain the absence of
diffusely gpplied “whole brain” stimulation*2.

During the same period, transcranial wholebrain
stimul ation was al so demonstrated to be effectivefor
inducing surgica andgesiaevenindinica setting®2

Ontheother hand, Shealy et al .*¥l implanted the
first gpind cord stimulator devicedirectly onthedorsa
columnfor thetreatment of chronic pain, based onthe
gate control theory. Thistechnique, however, yielded
varioussequelaeafter theimplantation. IN 1971, Shimoji
and colleaguesfirst reported the analgesic properties
of epidural spind cord stimulation, based on thetech-
niques of the continuous epidural analgesid®!. Since
then, thistechnique has undergone numeroustechnica
and dinica developments.

Provoked by these studies, Kosterlitz’ group'™ iso-
lated two endogenous morphine-like
substances: pentapepti des,methionine-enkephalin, H-
Tyr-Gly-Gly-Phe-Met-OH and | eucine-enkephdine,H-
Tyr-Gly-Gly-Phe-Leu-OH from calf brain. Subse-
quently, Simatov and Snyder d so isolated thetwo sub-
stances™!. Severd other endogenous opioid substances
including betaendorphinswerefound in central ner-
voussystemin 197075738,

Owingtothesediscoveries, studieson descending
paininhibitory systemsenlightened theresearchersto
work on endogenous modulation of pain.

Inearlier studies, atention hasbeenmainly focused
on thedescendinginhibitory influence. Recently, how-
ever, it hasa so been known that the descending input
fromtheRVM facilitatesneurona responsesinthe spi-
nal dorsal horn and contributesto persistent pain and
hyperalgesia as mentioned above®4%, Descending
modulation isnot astatic processbut exhibitsdynamic
changesinresponseto persistent noxiousinput follow-
ing periphera inflammation and nerveinjury®-%.,

Thedescending pain modulatory system isthought
to undergo plastic changesfollowing periphera tissue
injury and exertsnot only facilitatory but asoinhibitory
influenceson spinal noci ceptivetransmission. Themi-
togen-activated protein kinases (MAP-K's) superfam-
ily consistsof four mainmembers: theextracd lular Sg-
nal-regulated protein kinasel/2 (ERK 1/2), thec-Jun

N-terminal kinases(IJNKSs), thep38 MAP-Ks, andthe
ERKS5. MAP-Ksnot only regulatecell proliferation and
surviva but a so play important rolesin synaptic plas-
ticity and memory formation“®l. Many recent studies
havedemonstrated that noxiousstimuli activate M AP-
Ksin severd brain regionsthat are componentsof de-
scending pain modulatory system. They areinvolvedin
pai n perception and pain-rel ated emotional responses.

In addition, psychophysical stressalso activates
MAP-Ksinthesebrain structures. Thus, the conver-
genceof mechanismsbetween noxiousstimuli- and psy-
chological stress-induced neuroplasticity islikely to
occur inavariety of pain syndromes. A number of be-
haviora studieshave suggested that thedescending pain
modulatory systemisimpaired in CPSwithinvolve-
ment of MAP-KM7,

Patientswith fibromyalgiaisfoundtodisplay less
connectivity withinthe pain inhibitory network in the
brain during calibrated pressure pain, compared to
healthy controls. It ispossibl e that the dysfunction of
thedescending paininhibitory structures and modula-
tory network between them playsanimportant rolein
mai ntenance of painin CPS patients*.

Sructuresresponsiblefor descending pain modu-
lation

(a) Cortex

The contral ateral primary somatosensory cortex
(Sl) isknown to be activated during pain“®, but the
ipsilatera Sl isshown to be deactivated**2, In addi-
tion, interactions between Sl and cerebral subregions
during mai ntained noci ceptivestimul ation areshown to
be accompanied by an altered Sl responseto myeli-
nated and unmyelinated nociceptors™!. During manipu-
lationanagesia, Sl ismoredeactivated than during pain
or nonpainful state. Thefinding of an Sl deactivation
during manipul ation anal gesiasuggeststhat thisregion
may beactively inhibited during activated and gesiaby
meanipulaion.

Regionssuch asthe dorsolateral prefronta cortex
(DLPFC), middle cerebrd cortex (MCC), and insular
cortex exhibitssignificantly greater activity during ma
nipul ation ana gesiathan during pain, and thus, could
beinvolvedinthe generation or maintenance of ma-
nipulation analgesiain man®®, The DL PFC has con-
nectionswith the PAG in humang®%2 and el ectrical
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stimulation of the prefrontal cortex can produce
antinociceptioninanimal§%3. Thisanalgesiaisblocked
by pretreatment with naloxone, api-opioid antagonist,
suggesting that | eft DL PFC drivestop-down opioidergic
systemg>+59,

TheMCC hasfrequently been reported to partici-
patein pain processing and attention’d. |t hasalso been
shown that he M CC exhibitsincreased activity during
hypnotic suggestionsfor analgesiaaswell asopioid
analgesid®. Painrdlief wasreported in phantomlimb
pai N8 and post-stroke pain® by el ectrica stimulation
of motor cortex in human.

Epidural or transcrania motor cortex stimulation
(MCS), magneticor dectrical, hasbeen proposed asa
treatment for chronic, drug-resistant neuropathic pain
of variousorigins. Theindication of MCSmight beex-
tended to varioustypes of refractory, chronic periph-
eral pain beyond trigemina neuropathic painfs®5e,

Theinsular cortex receivesinput from thethala-
mus, amygdala, and also Sl 67. Theinsulais com-
monly thought to play aroleinintegrating sensory in-
formationwithitsemotiona context 68 and interceptive
awareness 69, and can be involved in pain modula-
tionl®772,

Theactivationof MAPK sincluding ERK1/2, INK,
and p38 MAPK has been shownto becritical for in-
duction of long term potentiation (LTP) intheanterior
cingulate cortex (ACC)[™. ERK1/2 activationinthe
rACC seemsto becritical for the devel opment of af-
fective pain (pain-rel ated emotional response) but not
noci ceptive pain™,

ERK1/2 activity inthe PFC may becritical to de-
pressive-likebehavior and memoryimparment. Therats
subjected to prenatal stress showed adecrease of p38
MAPK activationinthe PFCI™. Inthese stressed rets,
protein phosphatase-2A that dephosphorylates all
MAPK shasbeenfoundto increaseinthe PFC. It has
also been reported that p38 MAPK activationisin-
volvedinlong-term depresson (LTD) at excitatory syn-
apses of PFC pyramidal neurong™. These stress-in-
duced reductionsof MAPK sactivation may impair Syn-
aptic plasticity. Onthe other hand, it is specul ated that
chronic pain stress-induced ERK 1/2 activation could
cause neuronal atrophy and reorganization, since sus-
tained activation of MAPK induces neuronal degen-
erationt™",

(A)Amygdala

Theamygdaaisnow believed to beanimportant
player intheemotional-affective behavior of paini®sl,
It has & so been demonstrated that this structure modu-
lates noci ceptive behavior by affecting theactivity of
rostral ventromedia medulla(RVM)€2&3,

Recently, it hasa so been shownin humanindividu-
asthat the drug-induced reduction in the unpl easant-
ness of hyperalgesiaispositively correlated with right
amygdala activity. A naturally occurring
cannabinoid,ddta-9-tetrahydrocannabinol (THC), may
reducefunctiona connectivity between theamygdaa
and primary sensorimotor areasduring thechronic pain
date. Itissuggested that dissociative effectsof THCin
thebrainarerelevant to pain relief in humang®.

Theinteresting hypothesi shasjust been proposed
that theamygdaaisare ay sation for switchingonand
off pain, composing apotentia hot spot in supraspina
descending pain control. According to thishypothesis,
upon pain stimuli, corticotrophin-rel easing factor type
1 receptor (CRFRL1) inthe amygdalais activated by
CRF to induce hyperalgesia. When the activated
CRFRL1isinternalized (paininitiation), it triggersthe
trand ocation of the cytoplasmic CRF type 2 receptor
(CRFR2) to the plasmamembrane. Here, CRFR2 can
berecruited by either high concentrations of CRF or
by endogenous CRFR2 ligands, theurocortins, leading
to analgesa(paintermination).

Thison-off switching of painiscompleted by re-
distribution of the CRF receptorstotheir initid activity
state. Rouwette et d™® also proposethat in neuropathic
pain, thismechanismisderegulated and causesastate
of permanent hyperalgesia, and present anintegrative
pathophysiological mode for the way disturbed CRF
receptor sgnalingintheamygdaacouldinitiate neuro-
pathicpan.

Theamygdaaincluding basal ganglia(BG) have
beenimplicated in different processesthat control ac-
tion such asthe control of movement parameters but
asoin processing cognitiveand emotiond information
fromthe environment. TheBG form asystemthat is
fairly different fromthelimbic system, but have strong
ties, both anatomical and functional, to thelatter. Dif-
ferent mode sfor their functionsfor pain processng have
still been proposed(®&7,

Ugawa“ describes the two systems contributing
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to painsignsin patientswith basal gangliadisorders.
Descending pain modul ation system: severd brainstem
nuclei send descending pain modulation fibersto the
spina cord mediated by serotonin or noradrenalin.
Thesenuclei arefacilitated by dopamine D2 neurons
from the striatum. Striatal dopamine must suppress
the paininformation input at the spinal cord. Ascend-
ing painrelief system: D2 neuronsfrom the ventral
tegmentd areato anterior cingulate cortex, accumbens
and amygdalamay reduce pain feeling at the associa-
tion cortices. Dopamine depl etion, therefore, will en-
hancethe pain sensation.

Amygdd a-driven anormd inhibition and decreased
output of media prefronta cortex (MPFC) pyramida
cellsisshown to contributeto pain-related impaired
decision-making®.

Inaddition, human patient studiessuggest reduced
hippocampd volumeandfunctioninelderly individuds
with chronic paint.,

It has been shown that ERK 1/2 activation in the
amygda aplaysapivota roleininflammation-induced
mechanica hypersensitivity. ERK 1/2 activation medi-
atesplagticity invariousbrain regions. Furthermore, it
has been demonstrated that ERK 1/2 activationin the
centrd nucleusof theamygdda(Cel.C) isdownstream
of metabotropic glutamatereceptor 5(MGIUR5)®. The
level of mGluR5intheright amygdalawas higher than
that intheleft amygdala. Thisseemsto beone of the
mechanismsfor hemisphericlateralization of painpro-
cessing in theamygdala. On the other hand, MAPK
activationintheamygdaaseemsto beimplicatedinthe
formation of depressive-like behavior®®!

(B) Hippocampus

Itiscommon clinical experiencethat anxiety about
pain can exacerbate the pain sensation. Thereport by
Ploghauset d®3 using fMRI in human supportsthe pro-
posa that during anxiety, the hippocampa formation
amplifiesaversveeventsto primebehaviora responses
that are adaptiveto theworst possible outcome.

Thefindings by Gondo et al®® al so indicate that
anxiety’s alteration of the network that includes the hip-
pocampus and that isassociated with pain modulation
underliesthemanifestation of somatization, inwhichin-
dividud daily physical symptomswere assessed by us-
ing the somati zation subscal e of the Symptom Check-

list 90 revised (SCL-90-R).

On the other hand, chronic neuropathic pain-like
behavior intherats correlateswith IL-1p expression
and disrupts cytokine interactionsin the hippocam-
pus®.

Thiscytokineisalso overexpressed at supraspina
brainregions, in particular in the contral ateral side of
the hippocampus and prefrontal cortex and in the
braingtem, inratswith neuropathic pain-like behavior™!.
Neuroi maging studies, however, have shown that no
clearly defined “pain centre” exists. Rather, an entire
network of brain regionsisinvolvedinthe processing
of nociceptiveinformation, which leadsto the subjec-
tiveimpression of “pain’1%l,

M el zack®"%8 proposed that the brain possessesa
neural network—the body-self neuromatrix—which
integrates multipleinputsto producetheoutput pattern
that evokespain. Thebody-sdf neuromatrix comprises
awiddy distributed neura network that includes para-
lel somatosensory, limbicand thalamocortical compo-
nentsthat subservethe sensory-discriminative, affec-
tive-motivationa and eva uative-cognitivedimensions
of pain experience. The synaptic architecture of the
neuromeatrix isdetermined by genetic and sensory influ-
ences. Thus, he presented atheoretical framework in
which agenetically determined templatefor the body-
sdlf ismodulated by the powerful stresssystemand the
cognitivefunctionsof thebrain, inadditionto thetradi-
tional sensory inputs. Thisconcept of “neuromatrix” for
painiswell supported®.

Recent databy Gao et al.'** suggest that the anal-
gesiceffect of electroacupunctureismediated by regu-
lation of hippocampal proteinsrelated to amino acid
metabolismand activation of theMAPK signding path-
way.

Hippocampal CAl areamay aso beinvolvedin
opioid-induced analgesia and naloxone-induced
noci ception through nitric oxide biosynthes g1°1102,

L ong-term changesin histone H3 phosphorylation
by pain and stresshaverecently beenreveledinrat hip-
pocampal CA3 neurons, which depend on geneticaly
determined functiond statusof thenervoussystem.

Chronicpain crucidly influenceshippocampd plas-
ticity related to cognitivefunction. Increasingtheextra-
cellular leve of glycineviablockade of the selective
glycinetransporter 1(GlyT1) may beoneof thethera-
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peutic approachesfor chronic pain with memory im-
pa rment{1®l

(b) Other cortices

Other regions of the cortex are shown to be deac-
tivated during manipul ation anadlgesid'?. Theprecuneus
and medid prefronta cortex are deactivated during both
painand manipulationandgesd?. Themedid prefronta
cortex (MPFC) and the precuneusthat show the high-
est resting metabolic ratesin the brain during resti*®
are commonly deactivated during sensory and atten-
tion related tasks. The dorsal MPFC is found to be
more deactivated during manipulation analgesiathan
during rest or pain*2,

MPFC isalso suggested to contributeto introspec-
tive-oriented mentd activity® and | ft to be studied
for itsconcreteroleinpaininhibition.

(c) Thalamus

Severd regionsintheventrobasa thalamus(VPL)
areshownto be activated during pain with differences
inindivisual neurong'® but most activated duringin-
hibitory manipulation?. Theseregionsareknownto
receive afferent nociceptiveinput.

Findingsin animd sindicatethat thespinothaamic
tract carriesnoci ceptiveinformation to several target
nucle withinthe posterior tha amus, leadingto theevi-
dencethat thisprojection provides nociceptiveinfor-
mation that plays an important rolein pain percep-
t| 0n[106—108] .

A toxin has been devel oped (SSP saporin) that
bindsto the substance P receptor of noci ceptive neu-
rons, and interesting datahave beenreported by Raston
that the SSP-saporin administration to thelumbar spi-
nal cord destroysarelatively small number of thetotal
neuronsthat project into the somatosensory thalamus
and does not lead to demonstrable changesinthein-
hibitory circuitry of thethalamus, in contrast tolesions
of major pathwaysthat |ead to reductionsin thetha-
lamicinhibitory circuitry®,

Ontheother hand, stimulation of theVVPL and VPM
producesanadgesiain patientswith chronic pain®, and
has been shown to inhibit spinotha amictract neurons
inanima sy, Theactivation of inhibitory interneurons
in thalamus may show feed forward projectionsfrom
PAG to thalamug*.

Theresultsintheexperimenta chronic congtriction

injury (CCl), amodd of chronic neuropathic pain, sug-
gest that CCl induced aregion-specific adaptation of
p-opioid receptor-mediated G-protein activity, with
apparent desengiti zation of the p-opioid receptor inthe
thalamusand PAG, which meansreduction of p-opioid
receptor-mediated G-protein activity in these re-
giong*,

Ontheother hand, thedataof Seminowicset al*?
suggest that below-level hypersengtivity by spina cord
injury is associated with functional disconnection
(asynchrony) between thethalamusand cortical areas
involved in noci ceptive processing.

(d) Hypothalamus

Thestudy by Liebeskind groupinratsindicatesthat
thehypothdamic paraventricular nucleus (PVN) ispart
of thebrain’s pain inhibitory system, and shows that the
analgesiainduced by electrical stimulationof PVN is
not mediated by either vasopressin or opioid pep-
tideg4l,

Ontheother hand, PVN morphineinjectionisre-
ported to cause significantly longer paw lick latency
(PLL) than the control in both normal and hypophy-
sectomized rats. Theana gesiainduced by PVN mor-
phineinjectionwasnot affected by hypophysectomy,

Further, intracranid sdf-stimulation (ICSS) of the
PVN of the hypothalamusintherat isfacilitatedto a
greater extent by morphinethan cocaine, and unaltered
after spina nerveligation. The PVN may haveagreater
roleinthereinforcing effectsof opioidsthanclassclim-
bic regions, particularly in the presence of chronic
pa' nlie.

Thehypothdamusisaso considered to beinvolved
incluster headache which isthe most common type of
trigemino-autonomic headache. Theattacksof painre-
lated to cluster headache are accompanied by trigemino-
autonomic manifestationsand restlessness. Theattacks
often possessacircadian and seasonal rhythm™7,

Pogterior inferior hypothalamic stimulationisnow
established asatreatment for many chronic duster head-
ache patients. Thetechniqueisshedding further light on
the pathophysiology of thedisease, andisa so provid-
ing cluestofunctioning of the hypothal amusitsa fi*81,

Beta-endorphin neuronsin the hypothalamic ar-
cuate (infundibular) nucleus (Arc) project tothe PAG
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and activate descending projection neurons to the
RVM inthePAG by inhibitinginhibitory GABA-ergic
interneurons. Thisneura circuit has beenimplicated
inthe production of stimulation-produced and stress-
induced anal gesid™**2 (Figure 1). An inflammatory
painmodel, formalininjectioninto the hindpaw, acti-
vated ERK 1/2 in the hypothalamug*??. ERK 1/2 acti-
vation markedly increased at 30min and remained
higher than baseline after 24h. p-ERK1/2 was
colocalized with beta-endorphinin theArc neurons.
Proopi omelanocortin (POMC) isaprecursor to sev-
eral active peptides, including beta-endorphini?Z,

Thick lines represent the descending fibers, and the fine lines
the ascending fibers. FPC, prefrontal cortex; ACC, anterior
cingulate cortex; AMY, amyglala; HPT, hypothalamus; PAG,
periaqueductal gray; LC, locus coeruleus, RVM, rostral ven-
tromedial medulla; DH, dorsal horn; DRG, dorsal root gan-
glion; PR, pain receptor

Figurel: Schematic drawing of pain modulation at several
different central nervousstructures.

Thei.c.v. injection of PD98059 attenuated forma:
lin-induced increase of POMC mRNA expressionin
the hypothal amus. Theseresultsindicatethat ERK 1/2
activationinthe hypothalamus may contributeto neu-
roendocrineregulaion™, ERK 1/2 activaioninthehy-
pothaamic PV N hasd so beenreported after intraplantar
formalinor intrathecal SPinjectiong??3124, Thei.c.v.
injection of an MEK 1/2 inhibitor, PD98059, attenu-
ated the second phase of formalin-induced noci ceptive
behaviorl®?4, Therefore, ERK 1/2 activationinthe PVN
may beinvolvedin nociceptivebehavior. Theseactiva:
tionsintheArcandthePVN might beinvolvedinauto-
nomic and endocrineresponsesto thepain dress. Those
functionsremainelusive, however.

Prostaglandin (PG) D(2), themost abundant PGin
the central nervous system (CNS), particularly inthe
hypotha amus, isabioactivelipid having various centra
actionsincluding sleep induction, hypothermiaand
modul ation of the pain responsd’®!,

(e) Periaqueductal gray matter (PAG)

The PAG and rel ated brainstem regions has been
found to beimportant in paininhibition. Theseregions
aretransently activated during pain reduction by anin-
tervention (offset analgesid)®. Theinhibitory effect of
PA G manipulation With such dynamic activation, their
capacity for pain control can beutilized for thetempo-
rd “filtering” of nociceptive informationl®.

The activation within the PAG may be the most
physologicaly sgnificant among thesupraspind regions
The PAGismoreactiveduring manipulation anagesa
than during pain without manipulaion. Theactivationis
foundintheventrad PAG and extended lateraly®. When
thisregion of the PAG iséelectrically stimulated in pa-
tientswithintractablepain, patientsreport andgesaand
evenafedingof “well-being”'%,

Electrical and pharmacological activation of the
PA G can cause antinoci ception and analgesiain ani-
malsand humans, respectively*?"12, The ventrol at-
eral PAG recelvesboth the afferent input and efferent
output required for pain inhibitory activity. Afferent
input that drives neuronal activity within the PAG
projectsfromtheprefrontal cortex, amygdala, numer-
ous medullary and pontinenucle, including both sero-
tonergic (nucleus raphe magnus, NRM; nucleus
paragigantocd lularis, NRPG; nucleustractus solitarius,
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NTS), and noradrenergic (locus cellureus, LC;
parabrachialis,PB; Kolliker Fiise nucleus, KF) nuclei,
aswell asspinal structureg'?-131,

ThePAG’s efferent connections are thought to be
most important for centrifugal control of pain. ThePAG
asoprojectsdirectly to every level of thespina cord™>
1371, The PAG projectsto other brainstemnuclel (NRM,
NRPG, LC, PB, and NTS), to the thalamus, and to
cortica regionsinvolvedin pain mechanism**6% Thus,
theventrolateral PAG hasboth theafferent and efferent
projectionsfor pain control mechanisms.

ERK1/2isreported to beactivated insevera PAG
neuronsrelated to the different functiona activity such
asfear, anxiety, defensive reactions, and autonomic
regulation in responseto nociceptive stimulit*=,

(f) Brain stem nuclei

Theregionsin brainstem, the midbrain, thalamus,
and cortex are known to be involved in nociceptive
processing. In addition, the brainstem activationsare
found to be highly foca and doesnot exhibit adistinct
gpatial distribution. Functiona correlation of the PAG
with brainstem nuclel reved sfoca and discrete.

Theareasof discrete activation areconsistent with
both serotonergic (nucleusraphe magnus,NRM; dor-
s rgphenudeus, laterd reticular nucdleus, DRN; nucleus
tractus solitaries,NTS) and noradrenergic (locus
culleus L C; nucleusparabrachidis, PB ; Kolliker Fiise
nucleus,KF; AlandA5 cell groupsinthe caudal por-
tion of theventrolateral medulla) nucle*41, Each of
thesenuclel showsvery complex circuitry with com-
plex reciprocd interconnectionsto other nucle involved
in pain modulation*40142144 Recent study has also
shown that patientswith fibromya giadisplay lesscon-
nectivity among these nuclei in pain inhibitory net-
work49l

Each of theseregions has been shown to produce
analgesiawhen stimul ated and haseither direct or indi-
rect output to the spinal cord4°14144 and therefore
could potentidly participateinthepaninhibitioninterms
of itstime course and magnitude*#,

(A) RVM (Rostral ventromedial medulla)

TheRVM hasbeen known asthe structureto send
itsinhibitory activitiesto theneuronsinthe spind cord
respons blefor sending painimpulsestothebrain.

Recently, however, by depleting endogenous 5HT

intheRVM serotonergic neurons, it has been demon-
strated that the RVM 5HT system participatesin de-
scending pain facilitation but not descendinginhibition,
whichisnecessary for maintenance of hyperalgesiaand
alodyniaafter peripheral inflammation and nervein-
jury®l The 5HT receptor subtypes,5HT1A recep-
tors, are shown to beinvolved in the effects of mor-
phineinthe shock titration procedure, whereas 5HT2,
5HT3 and alpha2 adrenergic receptors do not appear
to play arolein morphine’s effects in squirrel mon-
keys147,

Oyamaet a.l**8 reported that the inhibitory and
facilitatory effectsweremediated by SHT1A and 5HT3
receptors, respectively, intherat spinal cord. Nearly
one-half of DRG neurons projecting to the superficia
dorsal horn express 5HT 3 receptor#9, and activation
of 5SHT3 receptor localized on centra terminalsof DRG
neurons seems to enhance the rel ease of neuropep-
tideg™™,

(B) L ocuscoeruleus(LC)

The coeruleospind inhibitory pathway (CSIP), the
descending pathway from the nucleuslocus coeruleus
(LC) and the nucleus subcoeruleus (SC), isoneof the
centrifugal pain control systemsand suggested to sup-
presspain systemto extract other sensory information
such asacoustic startle simulation* that is essential
for circumgtantia judgment(*>2,

A disturbancein hemilateral pain processing that
involvesthelocus coeruleus could exacerbatethe symp-
tomsof CRPSin some patients*™.

Several studieshave demonstrated that acutere-
straint stressincreases p-ERK 1/2 inthe L Cl154155-157),
Ontheother hand, chronicrestraint stressinduced fur-
ther marked activation of ERK1/2, INK, and p38
MAPK inthe LC™™, ERK1/2 activationinthe CelL.C
neuron also contributesto synaptic facilitation by in-
creasing NM DA receptor function after peripheral in-
flammation™.

Other study hasreported that induction of tyrosine
hydroxylaseintheL C of transgenic micein responseto
stressor nicotinetreatment does not activatetyrosine
hydroxylase promoter activity!3,

Thedisparity among thoseexperimentd resultsmay
beduetothedifferencesin duration of restraint stress
and experimenta protocol. LC neuronsinwaking ani-
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malsarevery responsiveto nonnoxious auditory, vi-
sua, and somatosensory stimuli in the environment**-
1621 Thus, experimental environment must betakento
account to evaluatean activation of MAPK inthe LC.

(9) Spinal cord and feedback inhibition

Numerous studieshave been carried out in the spi-
nal cord of animalsand man asthe primary siteof pain
modulation, particularly sincethe gate control theory
by Méelzack and Wall. Cumul ative datashow that the
spina cord playsanimportant rolefor thefirst common
pathway to send the paininformation to the supraspina
nuclel whichintegratethevariousneurona impul sesinto
feedback modulatory outputs.

Particularly, interest have been focused on thedor-
s hornlaminall or thesubstantiagel atinosa(SG), which
isrecognized asthekey nucleusin thespina cord for
controlling the pain information from the periphery to
the brainf*¢*171, Recent studies have shown that not
only thechemical changesbut plastic changesoccur in
the SG and even primary sensory neuronsin chronic
paini*’2174, The plastic changes may originate from
structurd changesof neuronsand surrounding tissues'™
178 Evenin neurons, these changesmay occur not only
in the synaptic but also in extrasynaptic receptorsin
CPSIt7,

Itiswell knownthat spina cord stimulation (SCS)
and even periphera nerve stimulation (PNS) provoke
the central nuclel responsiblefor descendinginhibition
to send back the inhibitory impulses on pain path-
wayg80181 Clinical studieshave shownthat spinal or
cerebra neurostimulation cansignificantly relievepain.
Even aclosed-loop feedback system hasbeen devel -
oped in configuration, thereby suppressing excessive
activity inspinal cord dorsal horn neurong*#,

However, the precise mechanismsof thisfeedback
inhibition arestill 1eft to beinvestigated.

Besson and Rivot™ first identified theinterneu-
rons presenting heterotopi c and heterosensory conver-
genceinlaminaeVI-VII of thelumbar dorsal hornin
the cat. They showed that stimulation of thehind limbs
sometimesinduced abimodal response, but only the
late convergent discharge.

Responselatenciesarelonger to hind limb than to
fordimbgtimulation at thisleve suggestingtheinterven-
tion of asupraspind loopintheactivation of spina con-

REVIEW

vergent units. Thishypothesisissupported by therela-
tionship between the excitability of supraspina struc-
turesand thedischargeintensity of convergent cellsas
well asby the absence of long latency responsesinthe
spinal preparation and even in humani8+1%1, Electro-
physiological and pharmacol ogica evidencediscloses
astrong relationship between convergent unit discharges
and the occurrence of dorsal root potentialsto cortical,
heterosegmenta and heterosensory stimul ationg 71,

Itissuggested that convergent neuronsreceivein-
formation of supraspina origin and exert control over
sensory input to the cord viaprimary afferent depolar-
ization*®, Sincethework by Besson’s group there
have been few studies on heterosegmentally activated
feedback inhibition except thereportsonratsand hu-
man by Shimoji”’ group!e*194,

CONCLUSION

Generdly, itisbdieved that the pain pathway con-
ggsof threeneurons: the primary noci ceptive, spinotha
lamic, and thalamo-cortica neurons. Thethird neuron
terminatesinthecerebra cortex wherepainisperceived.
Whilethissmpleanatomic structureisuseful for diag-
nosti c purposesin some patients, theclinica symptoms
aredifficult to analyzein most patientswith CPS. For
Ingtance, when nodi ception occursinthe periphery, pain
isnot restricted to thelevel sof thalamusand the cortex.

Painresultsfrominteractionsof excitationand in-
hibition of not only these classical pathway but also
from divergenceand convergence of other CNSstruc-
turesasdescribed. Inadditiontotheintrinsic painin-
hibitory or antinociceptive structures such as the
periaqueductal gray matter and the brainstem nucle,
roles of several recently discovered membersof the
antinoci ceptive system are added, such asthe pretecta
nucleus, the reticular formation, the nucleus
accumbens, the nucleustractussolitarii, thereticul ar
thalamic nucleus, and other aregs.

Thelocalisation of cortical and deep brain neurons
involvedinthegeneration of painaswel asinhibition of
pain haverecently been presented by meansof imaging
techniquesin human, and have started to be appliedin
clinical setting. Pain modulation should betargeted at
variouslevelswhere pharmacol ogical or non pharma-
cologica intervention may be carried out effectively.
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