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Uvod

Cilem studie bylo zkoumani G¢inku stimulace senzorimotorické kliry na bolest u laborator-
nich zvirat. Behavioralni model sledoval prahy bolesti u deaferentovanych zvirat v zavislost
na korové stimulaci a dva neurofyziologické modely sledovaly rtzné slozky reflexu otvirani

tlamy a evokovanych potencialt zubni dfené (TPEP) po korové stimulaci.

Metodika

V behavioralnim modelu byly u 18 deaferentovanych (po dorsélni rhizotomii) potkanti a 14
kontrol méreny prahy bolesti pfed a po korové stimulaci technikou plantar test a tail-flick.
V neurofyziologickém modelu byly zvifatim implantovany elektrody do zubni dfené, nad moz-
kovou kliru a do m. digastricus. 15 zvifrat bylo rozdéleno do tfi skupin — stimulace s frekvenci
60Hz, 40Hz a skupina bez stimulace. TPEP byly snimany pfed stimulaci a po 1h, 3h a 5h kon-
tinualni korové stimulace. U 10 dalSich potkan( byly snimany TPEP po jednorazové stimulaci
zubni dfené a u 5 potkanu po stimulaci s podminovanim. TPEP a EMG z m. digastricus byly

snimany a analyzovany soubézné a byla pouZzita multirezoluéni technika na potlaéeni Sumu.

Vysledky

Behaviorélni model: 1) Stimulace senzorimotorické klry u zdravého zvifete zpUsobila
hypestézii kontralateralni predni konéetiny; 2) deaferentace zvySila prahy bolesti; 3) stimu-
lace senzorimotorické kliry vracela zvySené latence zpét na hodnoty pred deaferentaci);
4) ucinek korové stimulace u deaferentovanych zvifat odeznél do 24 hodin a byl kolisavy.
Neurofyziologicky model: 1) S rostouci intenzitou stimulace zubni dfené Ize spolehlivé odli-
Sit obé slozky reflexu otvirani tlamy; 2) pomala slozka reflexu odpovidéa aktivaci nocicep-
tivnich nemyelinizovanych C vldken zubni dieng, rychla slozka reflexu (SL JOR), odpovi-
dajici aktivité interneuront zprostfedkované myelinizovanymi A vldkny z parodontu, mé
inhibiéni dopad na nociceptivni aferentaci ze zubni dfené; 3) korelatem nocicepce v TPEP
je vina N27; 4) bolestiva stimulace zubni difené zvySuje amplitudu a zkracuje latenci viny

N27; 5) korova stimulace sniZuje amplitudu i integraci viny N27.



Zaver

Nase vysledky potvrzuji obdobné ucinky korové stimulace u zvifat a u ¢lovéka, i pres
odlisnou stavbu mozkové kiry. Dale byly upfesnény vztahy mezi jednotlivymi slozkami
reflexu otvirani tlamy a jejich korelace k TPEP. Pokles amplitudy TPEP po korové stimulaci

dosvédéuje mozny antinociceptivni Ucinek kontinualni stimulace mozkové kdry.

Klicova slova: bolest — stimulace senzorimotorické kiiry — deaferentace — plantar test — tail-

flick — zubni dfen — evokované potencialy — potkani



SUMMARY

Background

The aim of the study was to examine effects of sensorimotor cortex stimulation on pain in
animal. A behavioral model investigated pain thresholds in deafferentated rats depending
on cortex stimulation and two neurophysiological models studied different components of
the jaw opening reflex (JOR) and tooth pulp evoked potentials (TPEPs) following cortical

stimulation.

Materiel and Methods

The behavioral model used 18 deafferentated (dorsal root rhizotomy) rats and 14 controls.
Pain thresholds were measured before and after cortical stimulation using plantar test and
tail-flick latencies. In the neurophysiological model, rats were implanted with tooth pulp,
cerebral cortex, and digastric muscle electrodes. 15 animals were divided into three groups,
receiving 60 Hz, 40 Hz and no cortical stimulation, respectively. TPEPs were recorded befo-
re, one, three and five hours after continuous stimulation. 10 other rats were submitted
to recordings after a single tooth pulp stimulation, while in 5 more rats we administrated
conditioning and test stimulation. TPEPs and digastric EMG were simultaneously recorded.

A multiresolution denoising method was used for signal processing.

Results

Behavioral model: 1) Brain cortex stimulation in intact animals evoked hypoesthesia in the
contralateral forelimb; 2) deafferentation increased pain thresholds in unaffected limbs; 3)
cortical stimulation returned pain thresholds in deafferentated rats to pre-deafferentation
values; 4) the effect of cortical stimulation disappeared in 24 hours and oscillated.

Neurophysiological model: 1) With increasing tooth pulp stimulation intensity two compo-
nents of the jaw opening reflex become distinguishable; 2) the long latency component
corresponds to nonmyelinated nociceptive C fibers from the tooth pulp, the short latency
component to interneurons activated via myelinated A fibers from the parodont, exerting
inhibitory inputs on nociceptive tooth pulp afferents; 3) the correlate of nociception in
TPEP is the N 27 wave; 4) painful tooth pulp stimulation intensity raises the N 27 ampli-



tude and shortens its latency; 5) cortical stimulation decreases both amplitude and inte-

gration of N 27.

Conclusion

Our results show a similar effect of the stimulation in man and experimental animals
despite the differences in the organization of the cerebral cortex. Our results identify the
interaction between the different components of the jaw opening reflex and the correla-
tion to the cortical evoked response. The decrease in amplitude of TPEPs after cortical

stimulation may reflect its anti-nociceptive effect

Key words: pain — sensorimotor cortex stimulation — deafferentation — plantar test - tail-

flick — tooth pulp — evoked potentials — rats



SEZNAM POUZITYCH ZKRATEK

EMG - elektromyografie

EP — evokované potencialy

ISI — interval mezi stimulacemi (inter stimulus interval)

JOR - reflex otevreni tlamy (jaw opening reflex)

LL JOR — pomala slozka reflexu otevreni tlamy (long latency component of the jaw opening
reflex) — zprostfedkovano nemyelinizovanymi vlakny zubni drené

SL JOR - rychla sloZka reflexu otevieni tlamy (short latency component of the jaw opening
reflex) — zprostfedkovano myelinizovanymi vldkny parodontu

SEP - somatosenzorické evokované potencialy

TPEPs — evokované potencialy zubni dfené (tooth pulp evoked potentials)

TPS — stimulace zubni dfené (tooth pulp stimulation)



uvobD

Chronicka bolest je predmétem vyzkumu a vyvoje novych terapeutickych postupt po celé dese-
tileti. Farmakoterapie nebyva vZdy Uginna, a proto se hledaji nefarmakologické postupy ve snaze
ulevit pacientdm trpicim chronickou bolesti.

DuleZitou soucasti léCby rezistentni a Uporné bolesti, nej¢astéji neurogenniho pdvodu, se
v poslednich letech stava stimulace motorické mozkové kiry. Uginek korové stimulace na bolest
byl prokdzan v nékolika studiich (Canavero et al. 1995, Ebel et al. 1996, Katayama et al. 1994,
Masopust et al. 2001, Migita et al. 1995).

Klinicky vyzkum potvrzuje U¢innost dlouhodobé stimulace motorické mozkové klry v [é€bé
trigeminalni neuropatické bolesti (Boucher et al. 1993, Lefaucheur et al. 2004, Meyerson et al.
1993, Nguyen et al. 1997), deaferentaéni bolesti (Tsubokawa et al. 1991) a talamické, post-her-
petické a fantomové bolesti (Meyerson et al. 1993, Nguyen et al. 1999). A¢koliv je terapeuticky
prinos stimulace motorické klry Siroce uznavan, fyziologické podklady, mechanismy plsobeni
a determinanty analgetického plsobeni korové stimulace jsou zatim prozkoumany malo.

U clovéka se stimula¢ni elektrody umistuji zpravidla nad motoricky precentralni kortex.
Lokalizace elektrod respektuje somatotopické usporadani mozkové klry a odpovida bolestivé
oblasti v kontralateralni ¢asti téla. Perioperaéni ovéreni spravného umisténi elektrod vyuziva
somatosenzorickych evokovanych potenciall, kde centraini rolandicka brazda (sulcus centralis
Rolandi) odpovida zvratu faze pfi N20. Noveéji se pouziva daleko presnéjsi neuronavigace na bazi
funkéni magnetické rezonance (Masopust et al. 2001).

K upfesnéni lokalizace elektrod jsou kontaktni mista stimulovana pomeérné vysokou intenzitou
tak, aby vznikly svalové stahy v bolestivé oblasti. Vlastni korova stimulace je intermitentni, protoZze
stimulace motorické kary nevyvold pouze akutni okamzity analgeticky efekt, ale i poststimulaéni
pretrvavani analgezie (tedy i po vysazeni stimulace), a to po dobu mnoha hodin az dnt (Nguyen et
al. 1999).

Literatura tykajici se U¢inku korové stimulace na bolest u potkana je velmi chuda. V jedné studii
byly umistény elektrody nad somatosenzorickou korovou oblast a stimulace této krajiny zplsobila
jen mirnou antinocicepci v ramci formalinového testu (Kuroda et al. 2000), a tato antinocicepce byla
v jiné studii antagonizovéna intratekalnim podanim inhibitord NO syntetazy (Kuroda et al. 2001).

Antinociceptivni mechanismy pUsobeni korové stimulace byly studovany na experimen-
talnich modelech bolesti, nejvice na Urovni miSnich kofenl a zadnich rohl miSnich. Korova
stimulace u potkanU sniZzuje nadmeérnou expresi proteinu c-Fos, bilkoviny ¢asné faze s rychlym
uvolnovanim na Urovni zadnich roht miSnich po bolestivé stimulaci (Gojyo et al. 2002).

Model kauzalgie, zaloZzeny na podvéazani n. ischiadici s naslednym rozvojem chronické

bolesti ukazal, Ze se muze dlouhodobé zménit prah bolesti. Po elektrické korové stimulaci se



u téchto pokusnych zvitfat vraci prah bolesti k normalnim hodnotdm (Vaculin et al. 2008). V jiné
studii korova stimulace prechodné inhibuje odezvu neurond zadnich rohd miSnich na bolestivé
podnéty (Senapati et al. 2005).

Rozsahla dorzalni rhizotomie na cervikotorakalni Urovni (C5-Th1) u potkana je ¢asto pouzi-
vanym modelem centralniho typu bolesti (Albe-Fessard et al. 1979, Albe-Fessard et al. 1987,
Basbaum 1974), ktery se u ¢lovéka mnohdy dostavi po avulzi brachialniho plexu (Ali et al.
2002, Berman et al. 1998, Lefaucheur et al. 2001, Nashold et al. 1991, Pagni et al. 1993).

Fyziologické zmény po rhizotomii u potkana jsou podkladem rozvoje chronické bolesti v ip-
silateralni koncetiné. Model dorzalni rhizotomie se liSi od ostatnich modeld chronické bolesti
v tom, Ze |éze se nachazi proximalné od téla neuronu (uloZzeném ve spinalnim gangliu). Z tohoto
dlvodu nemuze pokracovat dal$i aferentace na misni Urovni, jako je tomu u dalSich modeld —
napf. ligatury Ci pfetéti n.ischiadici (Bennett et al. 1988, Kim et al. 1992, Lee et al. 2000, Wall et
al. 1979) - kde se léze nachézi v distalni ¢asti axonu (jenz zUstava v kontaktu s t&lem neuronu).
V modelu rhizotomie by proto vSechny pozorované zmény meély byt centralniho plvodu. Z toho-
to ddvodu jsme se rozhodli pouzit rhizotomii jako experimentalni model chronické bolesti v prvni

¢asti nasi studii (,, behavioralni model”).

DalS§im ¢asto pouzivanym modelem bolesti u potkana je elektricka stimulace zubni dfené (tooth
pulp stimulation, TPS) (Alantar 1997 et al., Morita et al. 1977, Sugimoto et al. 1988, Toda et
al. 1980), povazovana nékterymi autory i za model trigeminélni bolesti (Chapman et al. 1986).
DalSi autofi prokazali vzajemny vztah mezi bolesti a behavioralni aktivitou (Rehnig et al. 1984).
| u ¢lovéka bylo sledovani korovych odpovédi po stimulaci zubni dfené uzito pro vyzkum na poli
bolesti (Mumford et al. 1981).

Elektricka stimulace zubni dfené aktivuje vysokoprahové receptory s vazbou na A-delta
a C vladkna a tim spusti orofacialni protektivni reflex otvirani tlamy (jaw opening reflex, JOR),
ktery Ize snadno zaznamenat elektrodou na m. digastricus. Tato metoda je Castym modelem
ke studiu mechanismu bolesti (Shigenaga et al. 1974).

Rezak je u potkana typicky svym neustalym dordstanim a jeho drefi je téméF kompletné iner-
vovana nemyelinizovanymi axony (Bishop 1981, Limoge-Lendais et al. 1994, Naftel et al. 1999,
Rehnig et al. 1987, Sato et al. 1988). Rychlost vedeni témito vlakny kolisad mezi 0,6 a 2,9 ms (Toda
etal. 1981), néktera z nich mohou mit myelinizovany Usek mimo zubni dfer s vedenim rychlejSim —
az 25 ms. Proto je doba vedeni vzruchu mezi korunkou a apexem korene v doInim fezaku u potkana
12-25 ms, pokud je stimulace aplikovana na skusnou hranu zubu.

Reflex otvirani tlamy (nepfitomny u ¢lovéka) je integrovan na uUrovni mozkového kmene,
ale maze byt spustén taktéZ stimulaci nizkoprahovych mechanoreceptort, uloZzenych ve sliznici

Ustni dutiny a ve vazivové tkani parodontu.



Reflex mé dvé slozky, které se lisi svou latenci a intenzitou stimulace, pfi niz se objevuji. Nizka
intenzita stimulace (TPS) vyvolavéa s odstupem 10-25 ms pomalou slozku reflexu (long latency, LL
JOR), ktera odpovida aktivaci nemyelinizovanych C vidken zubni diené (Carter et al. 1989, Chap-
man et al. 1986, Myslinski et al. 1987). S rostouci intenzitou stimulace se méni amplituda pomalé
slozky reflexu (LL JOR) — nejprve narlstd, pak zaéne klesat, aZ se nakonec vytrati.

Zaroven s tim se za¢ne objevovat rychla slozka reflexu (short latency, SL JOR) do 6 ms
od okamziku stimulace. V tomto pripadé se jedna o dusledek Siteni elektrického pole az do
parodontu, s naslednou aktivaci rychle vedoucich myelinizovanych A vidken (Azerad et al. 1988,
Kowler et al. 1990).

Lze tedy shrnout, Ze pokud je stimulovana pouze zubni dren, objevi se jen pomala slozka
reflexu (LL JOR), aniz by sou¢asné byla zaznamenéna slozka rychla (SL JOR) (Boucher et al. 1993,
Carter et al. 1989). Nasledné vymizeni pomalé slozky (LL JOR) pri vy$Sich intenzitdch stimulace
je pak dUsledkem inhibiéniho plsobeni parodontalnich aferentaci na motoneuron m. digastricus
(Carter et al. 1989).

Stimulace zubni drené (TPS) vyvolava — vedle reflexu otvirani tlamy — i méfitelnou odpovéd na
urovni mozkové klry. Aferentni spoje vychazeji ze zubni dfené a parodontu, a cestou senzitiv-
nich drah dorazi do senzorimotorické kiry. Analyza téchto evokovanych potenciall (tooth pulp
evoked potentials, TPEP) umozniuje vystopovat projekci primarni senzitivni aferentace do soma-
tosenzorické klry. Studie probéhly v tomto sméru na potkanech (Engstrand et al. 1983, Morita
etal. 1977, Rehnig et al. 1984, Shigenaga et al. 1974, Toda et al. 1981), ko¢kach (Anderson et al.
1970, Keller et al. 1981), opicich (Chudler et al. 1985, Hassel et al. 1972) i u ¢lovéka (Chapman
et al. 1986, Chatrian et al. 1974).

U potkana byla centraini reprezentace projekci ze zubni dfené identifikovéna diky technice
transganglionélniho prenosu kifenové peroxidazy (Azerad et al. 1986, Marfurt et al. 1984). Cent-

ralni drahy a zapojeni spojl reflexu otvirani tlamy vSak stéle nejsou zcela prozkoumany.

Interakce mezi jednotlivymi slozkami reflexu otvirani tlamy (JOR) a jejich vztah ke korovym
evokovanym potencidlim v odezvé na stimulaci zubni dfené (TPS) nebyly v literatufe zatim
detailnéji popsany. Proto jsme zvolili TPS jako experimentaini model chronické bolesti v druhé

¢asti nasi studie (,, neurofyziologicky model”).



HYPOTEZY A CILE PRACE

PredloZena préace si klade za cil pfispét k pochopeni mechanismu pldsobeni mozkové korové sti-
mulace na bolest. Ackoliv bylo publikovano vice studii prokazujicich Gtlum bolestivého vnimani
po korové stimulaci u ¢lovéka, neni v sou¢asné dobé k dispozici jednoduchy animalni model,
ktery by umoznil toto pozorovani oveéfit.

V soucasné dobé jsou pfedmétem vyzkumu patofyziologické mechanismy toho, jak by sti-
mulace mohla ovliviiovat vnimani bolesti. Nabizi se nékolik moznosti, napriklad Utlum korové
aktivity, inhibice talamo-kortikadlnich smycek, sekrece endorfinl ¢i enkefalinli, desensitizace
opioidnich receptorl nebo reverberadni aktivita v oblasti kortiko-subkortikalnich okruhd.

Nutnost pokusu na zvifatech vychéazi i z toho, Ze existuje znacna opatrnost a nedlvéra
k ploSnému pouzivani téchto technik u ¢lovéka, protoze panuji obavy z generovani epileptického
loZiska (kindling), a rovnéz neni zfejmé, jak dlouha stimulace zajisti dostateény analgeticky efekt.
Je také otazkou, zda trvalé ovlivnéni mozkové klry nebude mit negativni dopad na kognitivni
funkce.

Proto jsme se pfi planovani nasi prace snazili pfispét k vytvoreni experimentalniho zvifeciho
modelu, dokladajiciho uginnost a dobrou toleranci tohoto nefarmakologického pristupu k 1é¢bé

bolesti.

Cil studie

Cilem nasi studie bylo vytvofreni zvifeciho modelu pro studium vlivu korové elektrické
stimulace na vnimani bolesti. Tento model se mize stat vychodiskem pro dalsi vyzkum

diskutovanych patofyziologickych mechanismu.

Hypotézy

1) U laboratorniho zvifete je mozné prokazat vnimani bolesti.

2) Chronické bolest ovliviiuje prah bolesti a méni chovani laboratorniho zvifete.

3) Chronickou bolest a jeji ovlivnéni je mozné se srovnatelnymi vysledky méfit dvéma na sobé
nezavislymi zpUsoby, a to sledovanim chovéani zvifete a méfenim neurofyziologickych para-
metrd (napf. evokovanych potenciall).

4) Zviteci model umozni ovérit publikovana zjisténi prokazujici, Ze u ¢loveéka elektricka korova

stimulace tlumi chronickou bolest.



B) Lze prokazat, Ze antinociceptivni plsobeni elektrické korové stimulace je reprodukovatelné
a statisticky vyznamné.

6) Antinociceptivni plisobeni elektrické korové stimulace je reverzibilni.

7) U zdravych kontrol nema elektricka korova stimulace prokazatelny vliv na vnimani bolesti
(tedy neméni prah bolesti, chovani zvifat ani evokované potencialy).

8) Elektricka korova stimulace je dobfe tolerovana a nezplsobuje trvalé nasledky (ochrnuti,

rozvoj sekundarniho epileptického syndromu aj.).
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MATERIAL A METODIKA

NasSe studie ma dveé ¢asti, které se od sebe zdsadnim zplsobem lisi.

Prvni &ast, nazvana ,beviordlni model”, vychazi z rhizotomie a sleduje technikami tail-flick

a plantar test u zvifete s modelem kauzalgie (po rhizotomii, zpdsobujici miSni deaferentaci) jeho

reakce na bolestivé podnéty pred a po korové elektrické stimulaci.

Druha &ast studie vychazi z principu stimulace zubni dfené (jako modelu trigeminové bolesti)
s naslednym sledovanim korovych evokovanych potenciall v zavislosti na elektrické stimulaci

mozkové kUry. Tato ¢ast se skldda ze dvou oddélenych experimentl (,,neurofyziologicky model

A a B"), které maji nékteré shodné rysy (stimulace zubni dfené&, hodnoceni evokovanych poten-
ciald, individualni nastaveni parametrd stimulace — pfedevsim intenzity — na podkladé hodnoceni
reflexu otvirdni tlamy, matematické zpracovavani ziskanych dat), na druhou stranu se technika

pokusu v obou pfipadech v mnoha detailech znacéné lii, proto jsou popisovany oddélené.

Pokusy byly schvéleny etickou komisi pro praci s laboratornimi zvitaty pfi 3. LF UK a etickou
komisi Université Paris VIl ve Francii. Probihaly podle doporuéeni Ethics Committee of the Inter-

national Association for the Study of Pain (Zimmermann 1983).

Behavioralni model

Podstatou behavioralniho modelu je pozorovani reakce pokusného zvifete na bolest. Pouzita
laboratorni zvifata se Uc€astnila pouze tohoto pokusu, do dalsi ¢asti studie (neurofyziologicky

model A a B — viz niZe) jsme zahrnuli zcela odlisné jedince.

Laboratorni zvifata. K pokusu jsme pouZili celkem 32 dospélych potkant kmene Long Evans,
samcU i samic, o hmotnosti 200-350g. Zvifata byla chovéana ve zvéfinci za standardizovanych
podminek, s volnym pfistupem k potravé a vodé a s pravidelnym cirkadialnim rytmem 12 hodin
osvétlenia 12 hodin ve tmé. Primérna teplota v mistnosti byla 22 + 2 °C a relativni vihkost 55%

+ 10%. Doba aklimatizace byla 5 dnl pred zahajenim pokusu.
Testovani bolesti. Podstatou behaviordlniho modelu je pozorovéani reakce pokusného zvirete

na bolest — plantar test. U laboratornich zvifat jsme méfili dobu latence, po niZz potkan zvedne

kongetinu nebo ocas nad podloZzku, na kterou plsobi bolestivy termicky podnét (Plantar test;
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Ugo Basile, Comerio, ltalie; Tail Flick Analgesia Meter; Life Sciences, USA). Kazda kondetina
byla mérena zvlast, méreni bylo opakovano trikrat, pokazdé s minutovou pauzou a ke statistic-
kému hodnoceni byla pouZita primérna hodnota ziskana témito tfemi mérenimi. U zdravych zvi-
fat byl zjiStovan Ucinek korové stimulace na ipsilateralnich (pravostrannych) a kontralateralnich

(levostrannych) kon&etinach.

Implantace elektrod pro korovou stimulaci. Pouzili jsme elektrody z nerezové oceli, kte-
ré jsme umistili do subduralniho prostoru nad oblasti somatosenzorické klry odpovidajici korové
reprezentaci pro predni koncéetinu. Operace probihala v celkové anestézii vedené ketaminem
s xylazinem v davce 100 mg/kg a 16 mg/kg hmotnosti zvifete. Elektrody byly nasledné fixovany
zubnim tmelem.

Umisténi elektrod je schematicky znazornéno na obrazku (Obr. 1). Negativni elektrodu
jsme umistili 1 mm dorséalné ad 3 mm napravo od bregmatu a pozitivni elektrodu 1 mm rostralné
a 3,5 mm doprava od bregmatu. Fixni vzajemna vzdalenost obou elektrod byla dana technickym

aspektem (tvar plastového konektoru, upevnéno zubnim tmelem na kalvu).

\L 1-2 mm

% 1-2 mm

/
2\

= 3 mm (dano rozteci dratkd v korunce od vyrobce)

Obr. 1: Schéma umisténi elektrod p¥i pohledu shora na k¥iZzeni $vi na lebce (sagitalni

Sev - svisla linie; koronarni Sev - vodorovna linie, bregma - kfiZzeni obou sv).

V ramci pokusu jsme u kazdého zvifete po implantaci elektrod ovérovali, zda byla umisténa
spravné, tedy nad pravostrannou senzorimotorickou kdrou. Za timto U¢elem jsme systematicky
stimulovali levou predni kondetinu a snimali somatosenzorické evokované potencialy (SEP) nad
pravostrannou senzorimotorickou klrou. Ke snimani SEP jsme pouZili pravé tyto implantované
elektrody, pricemZ vybavnost potenciall potvrdila, Ze elektrody jsou umistény v poZzadované
poloze. Elektricka stimulace probihala formou aplikace pravouhlych pulzl o trvani 0,2 ms s frek-

venci 25 Hz. V dalsi fazi pokusu pak implantované elektrody, poté co byla ovéfena jejich spravna
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lokalizace, slouzily jiz pouze ke kontinualni elektrické stimulaci se zamySlenym antinociceptiv-
nim efektem. DalSi pokusy byly provadény po sedmi dnech, kdy se zvifata zotavila z operaéniho

zakroku.

Parametry stimulace. Studijni protokol byl zaloZzen na principu kontinuélni elektrické stimula-
ce v trvani presné péti hodin po dobu péti po sobé nasledujicich dnd. Ke stimulaci jsme pouZzivali
supramaximalni intenzitu, tj. 80% té intenzity, ktera vyvolala viditelny myoklonus levé predni konce-
tiny. Stimulaéni intenzita tedy byla individualizovana pro kazdé pokusné zvire. Skute¢nost, Ze korova
stimulace vyvolala pfi ur€ité intenzité stimulace myoklonus na kontralateralni predni konceting, rov-

néz slouzila jako kontrola toho, Ze stimulaéni elektroda zlstévala spravné umisténa a plné funkéni.

MéfFeni prahu bolesti. Technikou tail-flick a plantar test bylo méreni provadéno vzdy pred
zahajenim a po skon&eni stimulace, tedy dvé méfeni denné po dobu péti po sobé jdoucich dnu.
Statisticky jsme porovnavali rozdily v prahu bolesti pfed a po stimulaci pro kazdy den zvl&st a pak

rozdily v prahu bolesti na zac¢atku a na konci celého pokusu.

Deaferentace. Operace probihala v celkové anestézii ketaminem s xylazinem v dévce 100 mg/kg
a 16 mg/kg hmotnosti zvifete. Predni dorzalni rhizotomie korfent C5-Th1 byla provedena na levé
strané, kontralateralné k drive implantovanym korovym elektroddm (umisténymi nad pravostran-
nou senzorimotorickou kdrou). Standardizovana technika dorzalni rhizotomie pretétim koren(
Ch-Th1 v celkové anestézii pouzivana na nasem pracovisti byla detailné popsana a publikovéna
(Vaculin et al. 2004).

Pribéh experimentu. Pokusné zvifata byla rozdélena do dvou skupin. V prvni skupiné bylo
18 kontrolnich zvitat bez deaferentace, kterym byly vySe zminénym postupem implantovany
korové stimulacéni elektrody. Prah bolesti byl stanovovan vzdy pred a po kontinualni pétihodino-
vé stimulaci.

Do druhé skupiny jsme zarfadili 14 zvitfat. Pfed deaferentaci jsme u nich zméfili standardnim
zpUsobem prah bolesti a tyto hodnoty jsme povazovali za vychozi. Nasledné byla provedena
deaferentace (viz vySe) a 4-6 tydnl poté nasledovala pétidenni elektrickd korova stimulace
s mérenim prahu bolesti vzdy pred a po péti hodinach kontinuaini stimulace. Deaferentovanéa
koncetina byla z méreni prahu bolesti vylou¢ena.

Pri pilotni analyze vysledkl jsme nenasli signifikantni rozdily mezi samecky a samickami,

proto jsme pfi dal§im vyhodnocovani nebrali ohled na pohlavi zvitete.

Statistické hodnoceni. Ziskané vysledky jsme hodnotili testem ANOVA pro opakovana

meérfeni. V prvni skupiné jsme pouzili metodu dvoucestné ANOVA pro techniku tail-flick. Latence
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pred a po stimulaci jsme oznadili jako faktor stimulace, pét po sobé jdoucich dnU, kdy probiha-
la stimulace, predstavovalo faktor trend. Plantar test jsme hodnotili zvlast pro predni a zadni
kondetiny, metodou trojcestné ANOVA, pficemz treti faktor (strana) porovnaval nocicepci na
pravostrannych vaci levostrannym kondéetinam.

Ve druhé skupingé jsme testovali vliv deaferentace a elektrické korové stimulace metodou
jednocestné ANOVA, zpracovévajici data ze tfi opakovanych méreni zahrnuijicich vysledky pred
deaferentaci (vychozi hodnosty), prah bolesti po deaferentaci pred stimulaci a nasledné namé-
fené hodnoty latenci po kontinuélni korové stimulaci u téchto deaferentovanych zvirat. Stabi-
litu pasobeni stimulace jsme ovérovali dvoucestnou ANOVA s faktorem stimulace (porovnani
latenci pred a po stimulaci) a faktorem trend odpovidajicimu Uc¢inku pétidenniho bloku stimulaci.
U plantar testu jsme rovnéz porovnavali pravolevy stranovy rozdil pro zadni koncetinu (jak jiz bylo
zminéno vyse, pro deaferentovanou levou predni kondéetinu jsme prah bolesti nestanovovali).

Intraindividualni variabilitu jsme posuzovali na zékladé jedenécti opakovanych méreni noci-
cepce — pred deaferentaci, po deaferentaci pred stimulaci a posléze po skonéeni stimulace
v péti po sobé jdoucich dnech. K post hoc porovnani jsme pouzili Bonferroniho test. Vysledky
jsou prezentovany jako prdmeérna hodnota + smérodatna odchylka, jako statisticky vyznamné

jsme urcili p < 0,05.

Neurofyziologicky model

Podstatou neurofyziologického modelu je sledovani zmén korovych evokovanych potenciéld
u pokusného zvifete v zavislosti na bolesti (vyvolané stimulaci zubni dfené) a na pfedpoklada-
ném antinociceptivnim plUsobeni kontinualni korové elektrické stimulace.

Tato Cast studie se skldda ze dvou samostatnych pokust (v dal$im textu uvadénych jako
.Neurofyziologicky model A" a , Neurofyziologicky model B"), provedenych na stejném poctu
vzdy 15 potkant. Oba pokusy pres nékteré spoleéné prvky v metodice vSak probihaly oddélené

a na jinych zviratech.

Neurofyziologicky model A

Laboratorni zvifata. K pokusu jsme pouzili 15 dospélych potkant (samcl) kmene Sprague-
Dawley, o hmotnosti 300-350g. Zvifata byla chovana ve zvéfinci za standardizovanych podmi-
nek, podobnych jako pfi pfedchozim pokusu (volny pfistup k potravé a vodég, pravidelny cirkadial-
ni rytmus 12 hodin osvétleni a 12 hodin ve tmé, teplota v mistnosti 22 + 3 °C a relativni vihkost

60% + 10%. Doba aklimatizace 7 dnd pred zahajenim pokusu).
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Implantace elektrod. V celkové anestézii vedené ketaminem (Imalgene® 500, Rhéne Merieus,
Francie; 100mg/kg IM) byly do zubni dfené dolniho fezaku zavedeny bipolarni stfibrné stimulac-
ni elektrody a upevnény zubnim cementem (SuperBond® C&B, Sun Medical Co.,LTD, Shiga,
Japonsko).

Nasledné jsme obtodili stfibrnou EMG elektrodu kolem predniho bfiska m.digastricus na
ipsilateralni strané. Tato elektroda byla uréena ke sniméni reflexu otvirani tlamy (Boucher et al.
1993). Periferni referenéni elektrodu jsme umistili do podkozi za ucho.

Aktivni korovou elektrodu jsme vloZili do epiduralniho prostoru nad kontralateralni senzorimo-
torickou korovou reprezentaci pro oblast dolni ¢elisti a zubU (1 mm rostralné od bregmatu a 3 mm
pod koronarnim Svem Ibi) (Rehnig et al. 1984). Referenéni korova elektroda byla umisténa do levé
nosni klstky a vldkna vychazejici z obou elektrod byla vlioZzena do konektoru prichyceného ke
kraniu (Limoge-Lendais et al. 1994). Dalsi pokusy byly provadény po sedmi dnech, kdy se zvifata

zotavovala z opera¢niho zakroku.

Pribéh experimentu. Pokusné zvifata byla rozdélena do dvou skupin, v prvni skupiné (10 zvi-
fat) probihala jednordzova stimulace zubni dfené s naslednym hodnocenim korovych evokova-
nych potencialt. Druhd skupina (5 zvitat) byla stimulovana podle protokolu vyuZivajiciho efektu
podminovani, kdy byla aplikovana dvojice impulz( — testovaci a nasledné stimulaéni — a to tak,

Ze interval mezi obéma impulsy (testovacim a stimulaénim) byl proménlivy.

Jednorazova stimulace. U 10 zvifat z prvni skupiny jsme ziskavali JOR a dfefiové evokované
potencialy (tooth pulp evoked potentials, TPEP) b&éhem 250 ms po jednorazové stimulaci zubni
drené (tooth pulp stimulation, TPS). Pro nastaveni intenzity stimulace jsme se fidili prahovymi
hodnotami jednotlivych sloZzek JOR, tedy pomalou (long latency, LL), rychlou (short latency, SL)
a obou (LL+SL), abychom stimulovali nejprve nemyelinizovana vildkna v zubni dfeni a posléze

i myelinizované vlakna z parodontu.

Stimulace s podminovanim. Protokol pro druhou skupinu, v niz bylo pét zvitat, byl zaloZen
na podminiovani, kdy Gvodni impulz byl s promé&nnym intervalem (interstimulaéni interval ISI)
nasledovéan stimulaénim impulzem o ménlivé intenzité. Rlzné intenzity stimulace slouZily k pod-
miniovani a nasledné pokusnému vyvolani nasledujicich reflexd: dvojity LL, SL nasledovany LL
reflexem, dvojity SL v kombinaci s LL a posléze dvojity SL reflex.

Interval mezi stimulacemi (interstimulaéni interval, I1SI) se pohyboval v rozmezi 80 ms az
30 ms, se schodovitym prab&hem 10 ms krokU, pak v rozmezi 30 ms az 5 ms s kroky po 5 ms.
Pred kazdym pokusem jsme peclivé ovérovali, Ze u zvifete dokazeme jasné rozlisit obé slozky
(LL a SS) reflexu JOR.
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Parametry stimulace a evokované potencialy. Ke stimulaci zubni dfené (TPS) jsme
pouZili elektricky stimulator 302-T (WPI, UK), jako zdroj impulz( s nap&tim 2V, trvajicich 1 ms,
aplikovanych kaZzdé 2 sec. Intenzita stimulace se vyrazné liSila u jednotlivych zvifat, pohybovala
se vrozmezi od 100 yA do 10 mA, vzdy nadprahové — prah intenzity, ktera byla schopna vyvolat
jednotlivé slozky JOR, jsme ur¢ovali vzdy zvlast u kazdého zvirete.

Vlastni stimulace diené byla fizena specidlnim softwarem (Clampex® 8.0, Axon Instruments,
USA) s pouzitim digitdlné-analogového konvertoru (Digidata® 1200 A, Axon Instruments, USA)
a lineérniho izolatoru stimuld (A 395, WPI, Velkéa Briténie).

Evokované potencidly byly ziskavany a zpracovavany predzesilovatem (Al 417 a Al 405,
Axon Instruments, USA) a zesileny programovatelnym zesilovaéem (Cyberamp® 380, Axon
Instruments, USA). K digitalné-analogické filtraci dat jsme pouZili konvertor (Digidata® 1200 A,
Axon Instruments, USA).

Pokus probihal u bdélych zvitat, kterd nebyla vystavena plsobeni zddného farmaka, pozor-
nost byla vénovana i zevnim podminkam (klidngé, ni¢im nerusené bezhlu¢né prostiedi s kon-
stantni teplotou a vihkosti, b&hem experimentu nebyla v mistnosti pfitomna Zadnéa dalsi osoba
ani jiné pokusné zvite). Touto cestou jsme usilovali o zamezeni stresu, ktery miZe potlacovat
svalovou odpovéd pomalé slozky (LL) reflexu JOR (Pajot et al. 1984, Rehnig et al. 1987).

V pribéhu stimulace zubni dfené jsme usilovali o to, aby nebyly u zvifat pfitomny Zadné
viditelné behavioralni znamky bolesti nebo stresu, jako kupfikladu vokalizace, Utlum, zmény
v chovani zvitete, rovnéz jsme dbali o to, aby nevznikaly mimovolni pohyby nebo dystonické
projevy. Pokud se objevily mimovolni pohyby, nebo zmény chovani, byl pokus prerusen a po

zklidnéni zapocat znovu.

Zpracovani signalu. Vysledné evokované potencidly byly ziskavany zprdmeérovanim 100 po
sobé jdoucich Usekd o délce 250 ms. Analogova data byla konvertovana do digitalni podoby
a podrobena dal$im Upravam s cilem standardizovat kfivky a odstranit artefakty.

DalSi krok spocival v komplikovaném postupu zacileném na potlaceni Sumu. Kazdy evoko-
vany potencial byl pfeveden do sady zakladnich sinusoidnich funkci (waveletova transformace).
V pribéhu zpracovavani dat se jako nejucinnéjsi ukazala metoda Symlet 8. radu.

Po zkomprimovani waveletovych koeficientl jsme pristoupili k reverzni transformaci signa-
lu, abychom ziskali zpét plvodni kfivku evokovaného potencialu, nyni vSak jiz zbavenou Sumu
(Bertrand et al. 1994). K tomuto postupu jsme pouzili software Matlab® (Mathick, CA, USA)

a Wavelet toolbox®.
Statistické hodnoceni. Ziskané vysledky JOR a TPEP se vyznacdovaly vyznamnou interindi-

vidualni variabilitou, coZ vyrazné zté€Zuje moznosti srovnavani vysledku ziskanych u jednotlivych

zvirat. Z tohoto ddvodu bylo nutné pfistoupit ke standardizaci dat.
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Abychom obdrzeli vysledky v podob& pomérl (procenta z variaci), porovnavali jsme kazdé
zvite zvlast ,samo se sebou”. Néasledné jsme kfivky TPEP rozdélili do rdznych skupin podle
latence a k interindividuadlnimu porovnani jsme uzili testu ANOVA a nasledné Turkeyova testu
pro porovnavani jednotlivych skupin.

Nizky pocdet zkoumanych zvifat neznamenal omezeni pro moznost statistického zpracovani

dat, byl totiZ vyvazen velkym objemem dat dostupnych pro kazdé jednotlivé pokusné zvite.

Neurofyziologicky model B

Laboratorni zvifata. K pokusu jsme pouzili 15 dospélych potkant (samcl) kmene Sprague-
Dawley, o hmotnosti 300-350g. Zvifata byla chovana ve zvéfinci za standardizovanych podmi-
nek, podobnych jako pfi pfedchozim pokusu (volny pfistup k potravé a vodg, pravidelny cirkadial-
ni rytmus 12 hodin osvétleni a 12 hodin ve tmé, teplota v mistnosti 22 + 3 °C a relativni vihkost

60% + 10%. Doba aklimatizace 7 dnd pred zahajenim pokusu).

Implantace elektrod. V celkové anestézii vedené ketaminem (Imalgene® 500, Rhone Merieus,
Francie; 100mg/kg intraperitoneélné) byly do zubni dfené levého fezaku zavedeny bipolarni sti-
mulaéni elektrody z Teflonu pokrytého 125 um vrstvou platiny a upevnény zubnim cementem
(SuperBond® C&B, Sun Medical Co.,LTD, Shiga, Japonsko).

Nasledné jsme dveé stfibrem potazené EMG teflonové elektrody pripevnili kolem predniho
briska m.digastricus na ipsilateraini (levé) strané, k zachyceni jednotlivych komponent reflexu
JOR. Po zesileni byl signél zobrazovan na obrazovce osciloskopu, aby bylo mozné na podkladé
tvaru EMG krivky pribézné vybavovaného reflexu JOR cilené nastavit intenzitu stimulace. Peri-
ferni referenéni elektrodu jsme umistili do podkozi za ucho.

Ke stimulaci zubni dfené jsme pouzili stimulator 302-T (WPI, Velka Britanie). jako zdroj pra-
vouhlych impulst o délce 1 ms, s frekvenci 0,5Hz a rué¢né nastavenou intenzitou v rozmezi 0,01
az 10 mA. Timto postupem jsme vybavovali jednotlivé slozky JOR: pomalou (LL) pfi nizké inten-
zité stimulace, ob& — pomalou i rychlou (SL+LL) pfi stfedni intenzité a posléze pouze rychlou
slozku (SL) reflexu pfi vysoké intenzité elektrické stimulace. Jednotlivé slozky reflexu otvirani
tlamy byly dobfe diferencovatelné na obrazovce osciloskopu.

Nakonec jsme pfistoupili k implantaci dvou ocelovych nerez elektrod, s dvoji funkci,
slouZici k registraci korovych evokovanych potencialt (TPEP) i ke kontinuaini senzorimotoric-
ké korové stimulaci (potkani na rozdil od &lovéka nemaji mozkovou kdru jednoznacéné ¢lené-
nou na senzoricky a motoricky kortex — Kolb 1990, Paxinos et al. 2007, Starr et al. 1991).

Korové elektrody jsme umistili do epiduralniho prostoru, 1 mm rostralné a 1 mm doprava

od bregmatu, druhou elektrodu 1 mm kaudéalné a 2 mm lateralné od bregmatu, nasledné jsme
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je upevnili k lebce zubnim cementem (Superbond®, C&B, Japonsko). Referenéni elektroda se

nachézela v nosni kosti.

Pribéh experimentu. V celkové anestézii byla provedena pouze implantace elektrod. Ostat-
ni postupy (TPS, nataceni TPEP, korova stimulace) probihaly u volné se pohybuijicich, farmaky
neovlivnénych laboratornich zvitat. Dal$i pokusy byly provadény po sedmi dnech, kdy se zvifata
zotavovala z opera¢niho zakroku.

Zdrojem vlastni kontinualni stimulace byl pulzni generator Medtronic®-3625 (Medtronic, Inc.
Minneapolis, USA), ktery vydaval pravouhlé pulsy o délce 0,2 ms, s frekvenci 60 Hz (skupina 60)
nebo 40 Hz (skupina 40). Intenzitu stimulace jsme volili individualng, na hladiné 80-90 % intenzi-
ty schopné vyvolat zaSkuby licnich svall (pohybovala se v rozmezi 0,27-0,150 mA). Kontinualni
korova elektricka stimulace trvala 1, 3 a 5 hodin.

K registraci evokovanych potencialt (TPEP) jsme poufZili identickych korovych elektrod, tedy
t8ch, které slouzi zaroven jako stimulaéni elektrody v ramci korové elektrické stimulace. Ziskané
signaly jsme zesilovali (zesilova¢ Al417 and Al 405; Cyberamp® 380, Axon Instruments, USA)
a prevadéli do digitalni podoby (Digidata® 1200A, Axon Instruments, USA).

Po tydenni pauze ke zotaveni po operaénim zakroku jsme natocili TPEP pro tfi rizné inten-
zity stimulace zubni dfené bez stimulace mozkové klry (Obr. 9, 10)

Kazdé laboratorni zvife jsme stimulovali oddélené, intenzitu stimulace jsme upravovali indi-
viduélné na podkladé hodnoceni pomalé a rychlé slozky reflexu JOR tak, abychom si mohli
oVeérit, ze pravé stimulujeme myelinizovana A vldkna parodontu a/nebo nemyelinizovana C vldk-
na zubni drené. Intenzity stimulace tedy vykazovaly vyraznou inter/intraindividualni variabilitu
a nemohou byt proto zobrazeny v jedné prehledné tabulce.

V dal$i fazi experimentu jsme zvitata rozdélili do trfi skupin. Prvni skupina (skupina 60) byla
vystavena pUsobeni pétihodinové kontinualni korové stimulace o frekvenci 60 Hz. V pribéhu poku-
su jsme snimali TPEP po 1. 3 a 5 hodinach stimulace (Obr. 9, 10). U druhé skupiny (skupina 40)
jsme postupovali obdobné, jen frekvence stimulace byla v tomto pfipadé 40Hz. Treti skupina byla
kontrolni, bez kontinualni korové stimulace, ale méreni TPEP probihalo podle stejného principu,
jako u predeslych dvou skupin.

Celkem jsme analyzovali 128 zdznama TPEP o délce 250 ms pomoci protokolu zaméreného
na redukci Sumu dle Bertranda (Bertrand et al. 1994). Technika waveletové transformace a zpétné
rekonstrukce krivky byla identicka s technikou pouZitou v pfedchozim pokusu (a detailné popsané
v kapitole zpracovani signalu v oddilu ,,neurofyziologicky model A”). Tento pomérné slozity postup
jsme zvolili, abychom vibec mohli mezi sebou porovnavat zvifata s kolisavou interindividualni variabi-
litou kfivek TPEP (Falinower et al. 1994, Grass et al. 2003, Shigenaga et al. 1974, You et al. 2003).
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Statistické hodnoceni. Obdobné jako u prfedchoziho pokusu jsme vysledky uvedli v podobé
procentualniho podilu variance. Pro kazdou krivku TPEP jsme ur€ili maximalni amplitudu hlavni
viny (objevuje se v rozmezi 20 a 30 ms) a integraci celé kfivky.

Ziskana data jsme porovnavali s cilem urcit, zda nalezneme statisticky vyznamny rozdil mezi
parametry TPEP po 1 hoding, 3 hodinach nebo 5 hodinach trvajici kontinualni korové stimulace
s frekvenci 60 Hz a s frekvenci 40 Hz. Z dGvodu omezeni velikosti souboru a nejisté normality
souboru jsme pouZili neparametricky Kruskaltv-Wallistv test, nasledovany Dunnovym testem
vice¢etného porovnavani. Ke statistickému hodnoceni jsme pouZili software XLSTAT® v 2007.1
(Addinsoft, USA).
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VYSLEDKY

Na tomto misté je uzite¢né vymezit pfesné termin , stimulace”, ktery se v textu vyskytuje ve

dvou konotacich:

B stimulace zubni dfené (TPS) — tato stimulace méa za cil vybaveni korovych evokovanych

potencialt (TPEP). Parametry stimulace, zejména intenzita této stimulace, se fidily podobou

reflexu otevirani tlamy (JOR). TPS jsme v této studii povaZovali za nociceptivni faktor. TPS

jsme pouzivali pouze v neurofyziologickém modelu.

B kontinudlni korova stimulace — tato stimulace ma predpokladany antinocieptivni U¢inek, pro-

biha dle protokolu od jedné do péti hodin. Pfed zahdjenim a po skoncéeni této kontinualni
korové stimulace jsme zjiStovali prahy bolesti nebo analyzovali evokované potencialy (TPEP)
a dle zmény prahu bolesti nebo zmény tvaru a latenci TPEP jsme usuzovali na antinociceptiv-
ni pasobeni korové stimulace. Elektricka korovéa stimulace byla pouZivana v behavioralnim i v

neurofyziologickém modelu.

Behavioralni model

Uginek stimulace na zdrava zvifata. V kontrolni skupin& zvitat bez deaferentace neméla
opakovana korova stimulace vliv na prah bolesti u zadnich kon&etin (F (1,17) = 2,563; p = 0,127)
ani na tail flick test (F (1,17) = 2,382; p = 0,141). Stimulace mé&la stejny U¢inek na obé& zadni
kongetiny, pravolevy stranovy faktor nebyl signifikantni (F (1,17) = 2,147, p = 0,161).

U prednich kond&etin byla situace odlisna. Stimulace senzorimotorické mozkové kiry prodlouZila
latence z 3,23 s = 0,49 na 3,41 s + 0,52 (hlavni efekt stimulace byl F (1,17) = 12,09; p = 0.0029).
Vyznamny byl v tomto ohledu stranovy rozdil F (1,17) = 6,82; p = 0,0182, ktery dokumentuje, Ze
korova stimulace ovlivnila predevsim stranu kontralateraini — tedy levou predni kon&etinu pfi umis-
téni stimulacnich elektrod nad pravou hemisférou. Post hoc Bonferroniho test vykazal p = 0,0108.

Plsobeni stimulaci navozené analgezie na pfedni koncetiny kolisalo v pribéhu pokusu (inter-
akce faktor( trend vs. stimulace F (4,68) = 2,67; p = 0,0391), s vy$8imi latencemi — a tedy i vy$$im

prahem pro bolest — po 3 hodinach (p = 0,0265) a po 5 hodinach (p = 0,0427) stimulace.
Ucinek deaferentace na nocicepci. Po deaferentaci jsme naméfili vzestup prahu bolesti

v plantar testu i v tail flicku ve srovnani se zakladnim stavem. Pfed deaferentaci byla klidova hod-

nota pro pravou predni kon&etinu (kontralateralng vici deaferentované levé predni konceting),
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3,65 s + 0,35. Za Sest tydnl po deaferentaci jsme zaznamenali narlst na 4,22 s + 0,51 (t = 4,04;
p = 0,0014). Prahy bolesti pro levou zadni koncéetinu (ipsilaterélné vici deaferentované levé
predni kondeting) byly 3,58 s = 0,34 prfed a 4,2 s + 0,39 po deaferentaci (t = 4,25; p = 0,0009).
Prahy bolesti pro pravou zadni konéetinu (kontralateralné vici deaferentované levé predni kon-
¢eting) byly 3,65 s + 0,38 pred a 4,43 s + 0.59 po deaferentaci (t = 5,79; p = 0,00006). Latence
pro tail flick byly 3,61 s + 0,5 pfed a 4,26 s + 0,43 po deaferentaci (t = 3,41; p = 0.0046).

Uéinek stimulace na deaferentované zvire. Jednocestnd ANOVA prokazala u opakova-
nych méreni signifikantni rozdily mezi porovnavanymi vysledky, tj. mezi latenci pred deaferenta-
ci, po deaferentaci a latenci po stimulaci, a to u v8ech nociceptivnich testl (pro predni konéetinu
F (2,26) = 8,38; p = 0,0015 a pro ocas F (2,26) = 7,38; p = 0,0029). Vysledky shrnuje Obr. 2.
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Obr. 2: Porovnani zmén v nocicepci ve zkoumanych oblastech po deaferentaci
a po stimulaci, ve srovnani s klidovymi hodnotami latenci pfed deaferentaci.
a - signifikantni rozdil mezi deafarentovanymi zviraty a kontrolami

b - signifikantni rozdily mezi deaferentaci a stimulaci

U v8ech testovanych koncetin a u ocasu stimulace méla za nasledek opakovany pokles mére-
nych hodnot prahu bolesti zpét k plivodnim hodnotdm pred deaferentaci.

Podobné vysledky plati i pro zadni koncetiny (F (2,26) = 27,53; p <0.000001). Porovnani latenci
pravostranné a levostranné zadni koncetiny ukézalo téz signifikantni stranovy efekt (F (1,13) = 5,63;
p = 0,0337). Delsi byly latence na strané kontralateralni k deaferentované predni konceting. Laten-
ce na pravé zadni konéetiné byly vy$si neZ na levé zadni koncéetiné po deaferentaci i po stimulaci
(interakce faktoru strana a trend F (2,26) = 3,5; p = 0,045).
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Efekt opakované stimulace. Stabilitu plsobeni opakované kontinudlni elektrické stimulace
jsme testovali prostfednictvim hodnot mérenych vzdy pred a po stimulaci béhem péti po sobé
jdoucich dn(i, kdy byla provadéna stimulace. Uginek opakované stimulace na nocicepci u zad-
nich koncetin byl vysoce signifikantni (F (1,13) = 75,7; p = 0,000001). Zmény v latencich po
skoné&eni stimulace byly stabilni po celou dobu trvani pokusu, efekt faktoru trend neby! signifi-
kantni (F (4,52) = 0,077; p = 0,989). Rozdily mezi latencemi pfed a po stimulaci byly signifikantni
pro kazdy pokus (Obr. 3).
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Obr. 3: Uéinek pétihodinové stimulace opakované po dobu péti po sobé
nasledujicich dn(i na nocicepci pravé a levé zadni koncetiny v plantar testu.

Prah bolesti klesa po stimulaci a blizi se k pivodnim klidovym hodnotam. Efekt
stimulace mizi v priilbéhu 24 hodin a prahy bolesti opét stoupaji na troven pied
zahajenim stimulace. DalSi stimulace opétovné snizZila prah bolesti. Po deaferentaci

jsme zaznamenali delSi latence na strané kontralateralni vaéi deaferentaci.

Opakovana stimulace potvrdila lateraliza¢ni efekt deaferentace s vySSimi latencemi pred a po
stimulaci na strané kontralateralni k deaferentované koncetiné (F (1,13) = 9,96; p = 0,0076).

Korové stimulace rovnéz snizila latence na pfedni kon&etiné (F (1,13) = 73,55; p = 0,000001;
nicméneé tento pokles navozeny stimulaci se liSil v jednotlivych dnech stimulace (interakce fak-
torG trend x stimulace F (4,52) = 2,67; p = 0,04226). Efekt stimulace byl signifikantni 1. 3. a 5.
den stimulace (Bonferroniho post hoc testy pro jednotlivé pripady p = 0,000057; p = 0,004385
ap =0,00028).
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Podobné byly i vysledky pro tail flick. Stimulace navodila pokles latenci tail flicku (F (1,13) =
21,63; p = 0,00045) a tento efekt byl v tomto pfipadé stabilni po celou dobu péti dnl stimulace.
| kdyZ interakce faktoru trend x stimulace byl hraniéné signifikantni (F (4,52) = 2,22; p = 0.0793,
podobné jako v pfipadé predni koncetiny, pozorované rozdily mezi latencemi pred a po stimulaci
byly signifikantni pouze 1. a 5. den stimulace (Bonferroniho post hoc testy pro oba tyto pfipady
p =0,0135ap = 0,00057).

Neurofyziologicky model A

Analyza evokovanych potencialG. Hodnoceni vysledk( ukazalo, Ze rekonstruovany obraz
evokovanych potencidld ma vSechny zakladni rysy pavodni krivky pfi sou¢asném potlaéeni
Sumu (Obr. 4 a—d), tedy i pfes sloZitou matematickou transformaci zUstala informacéni hodnota
signalu zachovana.

Porovnani metody primérovani (,klasické” zpracovavani evokovanych potencialt) a multi-
resoluéni analyzy (waveletové transformace) potvrdilo, ze poméru signalu vici Sumu (71 % = 22)

je signifikantné lepsi nez pfi pouZziti klasické metody pramérovani signélu (t = 4,95; p < 0,001).
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Obr. 4a: Kfivka EMG (INO) a korova aktivita (IN1) po stimulaci zubni diené o nizké

intenzité. Z obrazku je patrné, Ze EMG i evokované potencialy byly nataceny soucéasné.
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Obr. 4b: Vysledek zpracovani signalu waveletovou transformaci. Izolovana kfivka

korového evokovaného potencialu (TPEP) [A] byla transformovana a zbavena Sumu

a nasledné byl signal rekonstituovan do ptvodni podoby, jiZ bez Sumu [B]. Hlavni

rysy puvodniho signalu zlistavaji po waveletové transformaci i nadale zachovany

(waveletova transformace je podrobnéji popsana v metodice).
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Obr. 4c: Efekt odstranéni Sumu: srovnani vysledku klasického primérovani (A)

a waveletové transformace (M). Z porovnani obou obrazkt jasné vyplyva,

Ze waveletova transformace poskytuje lepsi vysledek pfi odstranéni Sumu,

aniz by se ztratila kvalita signalu.
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Obr. 4d: S rostouci intenzitou stimulace zubni diené (nizka L, stfredni M, vysoka H)

jsou generovany rtzné tvary evokovanych potenciala (L, M a H).

Jednorazové stimulace. Pro vSechny modality stimulace uvadime TPEP vzdy ve vztahu
k reflexu JOR, coZ umoznuje analyzovat, ktery typ vlaken (nemyelinizovanéa C viakna zubni dfené

a/nebo myelinizovana A vlakna parodontu) jsou v dané chvili stimulovana.

Reflex otvirani tlamy. Latenci JOR jsme zjiStovali vzdy v zavislosti na intenzité stimulace
zubni dfené (TPS). U v8ech zvifat jsme zaznamenavali obé slozky JOR, rychlou sloZku v rozmezi

5-8 ms (SL JOR) a pomalou slozku (LL JOR) v intervalu 12-20 ms po zahéjeni stimulace.

Korové evokované potencialy. Pfi nizké intenzité stimulace zubni dfené se nad senzori-
motorickou kdrou neobjevily Zddné méfitelné evokované potencialy. Pri nadprahové intenzi-
t& stimulace jsme zaznamenavali TPEP s rdznymi charakteristikami, v zavislosti na intenzité
TPS.
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Maximum amplitudy TPEP signifikantné (r = 0,96; p < 0,01) korelovalo s intenzitou stimulace
s vyjimkou situace, kdy velmi vysoka intenzita stimulace zpasobila stimulaéni artefakt, ktery byl
tak vyrazny, Ze zcela prekryl asné slozky evokovaného potencialu.

Maximalni amplitudy TPEP byly zna¢né odlisné u jednotlivych laboratornich zvitat, nicméné

nepresahly rozmezi 48-53 ms.

Pri nizkych intenzitdch stimulace jsme vybavili pomalou slozku reflexu (LL JOR) a v tomto pfipa-

dé mély korové evokované potencidly (TPEP) dvé faze:

B casnou slozku [0-17 ms] (Tab. 1) — tvofenou polyfazickou vinou N6,5 = 1,1 ms, P11 + 1,2 ms
a nekonstantné N17 + 1,2 ms; cely komplex mél nizkou amplitudu (<32 pyV +10)

B pozdni slozku[20-240 ms] (Tab. 1) — tvofenou trifazickou vinou N27 + 2,9 ms, P53 = 7,56 ms,
N69 + 5,8 ms, po niz nasledoval hrot N88 + 13 ms a oddalena multifazicka odpovéd v podo-
bé& komplexu sloZek o kolisavé amplitudé N132 = 4,7 ms, P160 = 9,7 ms, N204 + 14,2 ms.
Trifazicky komplex [N27, P53, N69] se signifikantné (ANOVA a Tukeyho test, p < 0,05) lisil
v zavislosti na intenzité stimulace (Tab. 1) a je v pfimém vztahu k pomalé sloZzce JOR (LL

JOR), odpovida tedy stimulaci nemyelinizovanych C vildken zubni diené.

Intenzita stimulace TPEPs

nizka N6.5 P11.1 N17.2 N27*  Pb3* NG9 P88 N132 P160 N204
sd 1.1 1.2 1.2 2.9 7.4 13 4.7 4.7 9.7 14.2
stfedni N7.6 P11.2 N17.1 N23 P48 - P87 N125  P155  N220
sd 1.6 1.3 1 2.47 6.8 - 3.6 13.7 6.6 12.3
vysoka N6.0 P10.7 N16.5 N22 P51 - PN73 N124  P161 N216
sd 0.8 1.4 1.4 3.52 9.7 - 7.2 4.3 17.2 16.3

Tab. 1: Komplexy evokovanych potencialili ziskanych stimulaci zubni dfené (TPEP),
v tabulce jsou uvedeny primérné latence (v ms) a smérodatné odchylky (sd)
jednotlivych komplext TPEP. Nizka intenzita stimulace odpovida na EMG pomalé
sloZce reflexu otvirani tlamy (LL JOR), stfedni hodnoty obéma slozkam (SL +

LL JOR) a vysoké intenzity stimulace vyvolaly pouze rychlou slozku (SL JOR).

PFi nizkych intenzitach stimulace zubni diené (TPS), odpovidajici pouze pomalé
sloZce reflexu otvirani tlamy (LL JOR) zaznamenaném elektrodou v m. digastricus,
se hroty N27 a P53 od sebe signifikantné lisily (¥*), pfi stfednich a vysokych

intenzitach TPS je vina N69 nepfitomna
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Priintermediarnich hodnotach stimulace pulpy jsme registrovali obé slozky JOR, pomalou i rych-

lou (SL + LL JOR). Korové evokované potenciadly TPEP mély nasledujici podobu:

B cZasnou slozku s nizkou amplitudou (<32 pV = 10) tvofenou tfemi vrcholy [N7,6 = 1,6 ms,
P11,2+1,3ms, N17,1 + 1 ms] (Tab. 1), po nichZ nasledovala bifazicka krivka [N23 + 2,5 ms,
P48 + 6,8 ms]

B polyfazickou pozdni slozku v podobé komplexni sady hrotd o variabilni amplitudé [P87 + 3,6 ms,
N125 + 13,7 ms, P155 + 6,6 ms, N220 + 12,3 ms] (Tab. 1)

Pri stimulaci pulpy o vysoké intenzité jsme zaznamenali pouze rychlou slozku JOR (SL JOR).

V tomto pfipadé vypadaly korové evokované potencialy TPEP takto:

B ¢asna slozka o nizké amplitudé (<32 pV + 10) se skladala z komplexu [N6 = 0,8 ms, P10,7
+1,4ms, N16,5 = 1,4 ms] (Tab. 1), po némz nasledovala bifazickad odpovéd [N22 + 3,5 ms,
P51 + 9,7 ms]

B pozdni polyfazicky komplex mél opét fadu hrotl o variabilni amplitudé [P73 = 7,2 ms, N124
+4,3ms, P161 £ 17,2 ms, N216 + 16,3 ms] (Tab. 1)

Velmi ¢asnou slozku TPEP, ktera se objevovala v rozmezi [0-20 ms], jsme nachazeli ve vSech

pripadech, bez ohledu na jednotlivé slozky JOR.

Stimulace s podminovanim. Pro prehlednost uvadime v prvni ¢asti odpovédi na Urovni

reflexu otvirani tlamy a v druhé ¢asti analyzu korovych evokovanych potenciald.

Reflex otvirani tlamy. V tomto pfipadé vznikaly tfi rizné situace:

1) kdyz Gvodni impulz vyvolal JOR s rychlou slozkou (SL JOR) a intenzita stimula¢niho impulzu
byla nastavena tak, aby za standardnich podminek vyvolavala JOR s pomalou slozkou (LL
JOR), vysledkem bylo v tomto pripadé pritomnost obou slozek JOR (SL + LL JOR).

2) kdyz jsme sniZovali interval mezi Uvodnim a stimulaénim impulzem (tedy interstimulacni
interval ISl) a postupovali stejné jako v predchozim pfipadé, pokud jde o intenzity stimulace,
vysledkem byl:

B néarGst amplitudy rychlé slozky reflexu (SL JOR) pfi ISI = 40 + 3,2 ms.
B poté pokles k prahové hodnoté pfi ISI = 10 £ 0,2 ms (Obr. 5a).
B zaroven pomala slozka reflexu (LL JOR) prokazovala skokovy néardst amplitudy dokud se

interstimulaéni interval nepfiblizil hodnoté ISI = 25 = 9,1 ms (Obr. 5b).
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3) kdyZ Uvodni impulz vyvolal rychlou slozku reflexu (SL JOR) a intenzita stimulaéniho impulzu
byla nastavena tak, aby za standardnich podminek vyvolavala JOR s rychlou slozkou (SL
JOR), vysledkem byla v tomto pfipadé pfitomnost pouze rychlé slozky (SL JOR).

B tento typ odpovédi se zménil pfi zkraceni intervalu ISI pod 45 ms (Obr. 6, 7). Pri poklesu
ISI pod 35 ms + 7,4 se objevil ne¢ekany reflex s pomalou slozkou (LL JOR) po testovaci
stimulaci TPS (Obr. 6a, b).

B amplituda zmifiované pomalé slozky (LL JOR - viz pfedchozi bod) dosahla maxima pfi ISI
=9+ 0,7 ms) (Obr. 6¢) a pak se postupné vytracela (Obr. 6d). Zaroveri klesala amplituda
rychlé slozky (SL JOR) aZ k prahové hodnoté pfi ISI = 5 ms (Obr. 7).

Korové evokované potencialy. Udinek podmifiovani na korové potencidly jsme zkoumali
u pé&ti zvifat. Pri nizké intenzité stimulace zubni dfené se v souladu s predchozim pozorovanim
neobjevily nad senzorimotorickou kldrou Zadné meéfitelné evokované potencialy. PFi intenzité
podminujici stimulace, ktera vyvolala rychlou slozku reflexu (SL JOR) v kombinaci s testovacf sti-
mulaci vyvolavajici rovnéz rychlou slozku reflexu (SL JOR) jsme zaznamenali korovou odpovéd
s maximem N30 po tvodnim stimulu. Se zkracovanim intervalu ISI amplituda viny N30 narCstala

s maximem pfi ISI = 26 ms + 6,2 a pak amplituda N30 klesala, az postupné vina zcela vymizela
(ISl< 10 ms = 4,1).
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Obr. 5a: Promény latence rychlé slozky reflexu otvirani tlamy (SL JOR) pfi stimulaci
s podminovanim, nizka intenzita stimulace zubni dfené (v obrazku znazornény
prumérné hodnoty a smérodatné odchylky). Béhem zkracovani interstimulaéniho
intervalu (ISI) z vychozi hodnoty 80 ms (vpravo) standardizovana amplituda SL JOR
narista, maxima dosahuje v intervalu 40 = 3,2 ms mezi obéma stimulacemi, pak

amplituda opét klesa az do 10 = 0,2 ms (vlevo).

28



120

100 I

o i NCEE
60 / T J.\I\T
o // N

5 10 15 20 25 30 40 50 60 70 8O

standardizovana amplituda (%)

-20

interval mezi stimulacemi {ISI) v ms

Obr. 5b: Promény latence pomalé slozky reflexu otvirani tlamy (LL JOR) pfi
stimulaci s podminovanim, nizka intenzita stimulace zubni diené (v obrazku
znazornény pramérné hodnoty a smérodatné odchylky). Béhem zkracovani
interstimulaéniho intervalu (ISl) z vychozi hodnoty 80 ms (vpravo) standardizovana
amplituda LL JOR narGsta, maxima dosahuje v intervalu 25 = 9,1 ms mezi obéma

stimulacemi, pak amplituda opét klesa az do 10 = 6,5 ms (vlevo).
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Obr. 6: Interakce obou sloZek reflexu otvirani tlamy (SL +LL JOR) pfi stimulaci

s podminovanim, vysoka intenzita stimulace. BEhem zkracovani intervalu mezi
stimulacemi (IS1) 30 ms (Obr. 6a), 15 ms (Obr. 6b), 10 ms (Obr. 6¢) a 5 ms (Obr. 6d)
se méni amplitudy obou sloZek reflexu. Pomala slozka (LL JOR) se objevuje pfi
ISI nad 32 ms. Se zkracovanim ISI nejdFive amplituda LL JOR naruista a dosahuje
maxima pfi ISI = 9 ms, s dalsim zkracovanim ISl vSak za¢ina klesat, az vymizi pfi
ISI < 5 ms. Zaroven s tim, jak se zkracuje interval mezi stimulacemi (ISl), se méni
i amplituda rychlé slozky reflexu (SL JOR), ale s opaénym trendem, nejdfive se

zmensuje a nasledné opét nartsta.

30



120 -

100 % 3

."\/—_‘/’7 paae
80
sl

42 ?/\.\
20

0 T T T T T T T T —8
5 10 15 25 35 45 55 65 75 80

standardizované amplituda (%)

-20 -
interval mezi stimulacemi (IS v ms

Obr. 7: Interakce pomalé slozky (LL JOR - étverecky) a rychlé slozky (SL JOR -
koleéka) reflexu otvirani tlamy pfi stimulaci s podminovanim, vysoka intenzita
stimulace. Béhem zkracovani intervalu mezi stimulacemi (ISI) klesa amplituda SL

JOR, zatimco amplituda LL JOR zpocatku nartista, pak ale zacina postupné klesat
(zprava doleva).

Neurofyziologicky model B

Evokované potencialy. Podobné jako v predchozim pokusu (neurofyziologicky model A)
jsme pfi rdznych intenzitach stimulace zubni dfené (TPS) pozorovali rizné odpovédi reflexu

otevirani tlamy (JOR) na Urovni m. digastricus a rzné podoby korovych evokovanych potencial
(TPEP) (Obr. 8).
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Obr. 8: Odpovédi vyvolané jednorazovou stimulaci zubni dfené, zaznamenané na
urovni m.digastricus (reflex otvirani tlamy JOR- EMG kanal, nahofe) a na Grovni
mozkové kiry (TPEP: EEG kanal, dole). Oba zaznamy jsou pofizeny soué¢asné, doba

snimani je 250 ms a amplituda je ve V.

P¥i nizkych intenzitach TPS jsme zaznamenali pomalou slozku reflexu (LL JOR) s prmeérnou latenci
16 ms, stfedni intenzita stimulace vyvolala obé slozky (SL + LL JOR) a posléze pfi vysoké intenzité
stimulace zubni dfené jsme vyvolali pouze rychlou slozku (SL JOR) s prdmeérnou latenci 6 ms.

Ziskané korové evokované potencialy (TPEP) mély na zacatku stimulaéni artefakt mezi
0 a 17 ms. Nésledoval bud trifazicky komplex (N27, P53, N69) pfi nizkych stimula¢nich intenzi-
tach nebo bifazické ¢asné komplexy (N23, P48) a (N22, P51) pfi stfednich a vy3sich intenzitach
stimulace (TPS). Ve vSech pfipadech, bez ohledu na intenzitu stimulace, nasledoval s ¢asovym
odstupem polyfazicky komplex sloZeny z nékolika hrotd o variabilni amplitudé (Obr. 9).

Ziskané hodnoty jsou zcela srovnatelné s témi, které jsme ziskali v pfedchozim pokusu (neuro-

fyziologicky model A). V tomto pokusu jsme vénovali pozornost predevsim ¢asnému komplexu.
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Obr. 9: Priimér ze 128 k¥ivek TPEP po waveletové transformaci, ziskané po
stimulaci zubni diené (TPS) pred (modie) a po péti hodinach (¢ervené) kontinualni
korové stimulace o frekvenci 60 Hz (skupina 60). Na obrazku je vidét vyznamny

pokles amplitudy viny N23.

Maximalni amplitudu TPEP jsme zaznamenali po 27 ms pfi nizké intenzité stimulace, po 23 ms
pfi stfedni intenzité a po 22 ms pfi vysoké intenzité TPS. Maximalni amplituda se pohybovala
v rozpéti 75 — 250 pV. Prlmérna hodnota maximalni amplitudy byla 87 uV pro nizkou intenzitu,
150 pV pro stfedni a 210 pV pro vysokou intenzitu stimulace zubni dfené (TPS).

Distribuce amplitudy hrott korelovala s intenzitou stimulace zubni dfené (TPS) - (r = 0,96;
p <0,01).

Vliv korové stimulace na evokované potencialy. Vysledky pro obé stimulované sku-
piny (frekvence 60 Hz a frekvence 40 Hz) jsou patrny na Obr. 10 a 11. Evokované potencialy
jsme hodnotili oddélené po 1, 3 a 5 hodinach kontinuélni stimulace a vysledky jsme porovnavali

s hodnotami namé&renymi u téhoz zvitete pred korovou stimulaci.

Korova stimulace a latence evokovanych potenciall. Bez ohledu na to, jakou jsme
pouzili intenzitu stimulace, jsme nepozorovali Zddnou signifikantni variaci v latenci TPEP. Rovnéz
tak se zména frekvence kontinualni korové stimulace neprojevila na latenci evokovanych poten-

ciald (TPEP) mérenych po ukon&enf stimulace.
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Korova stimulace a maximalni amplituda TPEP.

Pri nizkych intenzitdch TPS (vyvolavajici pomalou slozku reflexu — LL JOR) jsme pozorovali
progresivni pokles maximalni amplitudy v zavislosti na délce korové stimulace (Obr. 10).
V obou skupinach (skupiny 60 a 40) se tento pokles stal signifikantnim po 5 hodinach kon-
tinualni korové elektrické stimulace (- 19% + 2,26 pro skupinu 60 a — 6,34% = 2,16 pro
skupinu 40).

Pri stfednich hodnotach TPS (coZ odpovida generovani sou¢asné rychlé i pomalé slozky refle-
xu — SL + LL JOR) jsme obdrzeli podobné vysledky. Ve skupiné 60 jsme nasli signifikantni po-
kles (-25,62% =+ 5,03) amplitudy hlavniho hrotu ¢asné odpovédi jiz po 3 hodinach stimulace.
Ve skupiné 40 amplituda hrotu N23 poklesla signifikantné (-7,99% =+ 4,07) az po 5 hodinach
kontinualni korové stimulace.

Podobné byla i odezva na vysokou intenzitu stimulace zubni dfené (TPS) vyvolavajici pouze
rychlou slozku reflexu (SL JOR). V obou sledovanych skupinach (skupina 60 i 40) jsme pozo-
rovali signifikantni pokles v amplitudé viny N22 po 5 hodinach kontinudlni korové stimulace
(=23,15% =+ 7,03 pfi 60 Hz a —=9,66% =+ 4,96 pfi 40 Hz).

V kontrolni skupiné jsme nenalezli signifikantni zmény v latenci ani v amplitudé evokovanych

potenciéld, a to bez ohledu na intenzitu stimulace zubni dfené (TPS).

Korova stimulace a integrace kiivky evokovanych potenciala. Pri analyze integrace

evokovanych potenciall byl patrny podobny trend jako pro amplitudu. Bez ohledu na intenzitu

stimulace zubni dfené (TPS) a frekvenci korové stimulace (60 Hz nebo 40 Hz) klesala integrace

signifikantné po 5 hodinach kontinuaini korové stimulace (Obr. 11).

V kontrolni skupiné jsme nenalezli signifikantni zmény v integraci evokovanych potenciéld, a to

bez ohledu na intenzitu stimulace zubni dfené (TPS).
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Obr. 10: Variace a smérodatné odchylky maximalni amplitudy TPEP po
stimulaci v procentech. Potencialy byly natoceny po stimulaci zubni dfené nad
senzorimotorickou kirou po 1 hodiné, 3 a 5 hodinach kontinualni elektrické

stimulace o frekvenci 60Hz (skupina 60) v korelaci s jednotlivymi slozkami

reflexu otvirani tlamy — pomalou (LL JOR), obéma (SL + LL) a rychlou (SL JOR).

Signifikantni rozdily se objevily po 5 hodinach kontinualni korové stimulace
(pokles zaznamenany po 1Thodiné a po 3 hodinach jeSté nedosahuje statistické

vyznamnosti).
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Obr. 11: Variace a smérodatné odchylky integrace TPEP po stimulaci v procentech.
Potencialy byly natoéeny po stimulaci zubni dfené nad senzorimotorickou kéirou po
1 hodiné, 3 a 5 hodinach kontinualni elektrické stimulace o frekvenci 60Hz (skupina
60) v korelaci s jednotlivymi sloZzkami reflexu otvirani ttamy - pomalou (LL JOR),
obéma (SL + LL) a rychlou (SL JOR). Signifikantni rozdily se objevily po 5 hodinach
kontinualni korové stimulace (pokles zaznamenany po 1Thodiné a po 3 hodinach

jesSté nedosahuje statistické vyznamnosti).
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Vzhledem ke komplikované strukture pokust a mnoZstvi ziskanych vysledk( je pro veétsi pre-
hlednost tato kapitola rozdélena do dvou &asti. V prvni ¢asti je detailné pojednano o aspektech
tykajicich se jednotlivych experimentd. Druha, synteticka ¢ast, umozni shrnout hlavni zjisténé

poznatky a utfidit je v podobé né&kolika souhrnnych bodu.

Behavioralni model

Hlavni zjisténi, které tento experiment prinesl, jsou nasledujici:

I. Stimulace senzorimotorické kiry u zdravého zvifete neovliviiuje prah bolesti na kon-
¢etinach, s vyjimkou kontralateralni pfedni konéetiny.

Il. Deaferentace zvysuje latence reakci po bolestivé stimulaci.

lll. Stimulace senzorimotorické kiry vraci zvySené latence zpét na pavodni hodnotu
(odpovidajici klidové hodnoté pred deaferentaci).

IV. Uginek korové stimulace u deaferentovanych zvifat odezniva do 24 hodin.

V. Uginek korové stimulace na deaferentované zvire je kolisavy a proménlivy.

V dalSi ¢asti jsou zminéna zjisténi diskutovana bod po bodu.

Korova stimulace u zdravych jedinci. Pri stimulaci senzorimotorické klry jsme nepozoro-
vali Zadné zmény v percepci prahu bolesti pro obé zadni konc¢etiny a pravou pfedni konc¢etinu.
Pri méreni prahu bolesti na levé predni konceting pred a po stimulaci jsme zjistili zvySeni
prahu pro bolest v dlsledku korové stimulace. Nélez je v dobré korelaci s umist&nim stimulaéni
elektrody nad kontralateralni senzorimotorickou kdrou v projekéni oblasti pro pfedni koncéetinu.
Toto zjisténi je rovnéz v souladu s publikovanymi Udaji o zvySeni prahu citlivosti na chlad po
vysokofrekvenéni repetitivni transkranialni magnetické stimulaci u ¢lovéka (Summers et al. 2004).
Tento typ stimulace mé podobné Ucinky jako elektricka korovéa stimulace a pouZiva se nékdy v praxi

jako test pfed implantaci elektrody pro stimulaci motorické kiry u lidi (Lefaucheur et al. 2001).

Deaferentace a prah bolesti. V pokusu jsme pouZili deaferentaci zadnich roh( miSnich
technikou dorzalni rhizotomie jako model kauzalgie. Deaferentace v nasi studii zvySila odolnost
vUci termickému bolestivému podnétu aplikovanému na volné pohyblivé a pIné inervované kon-

Cetiny.
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V literature byl popsan obdobny narlst prahu pro bolest po deaferentaci (Kayser et al. 1990).
Tento narlst byl jen prechodny a autofi jej davaji do souvislosti se ztratou tonické aferentace
(z deaferentované koncetiny) do michy. DUsledkem bude pokles bazalnich vybojd misnich inter-
neuronl v celé miSe a nasledné musi intaktni periferni neurony z ostatnich koncetin vyvinout
vets{ aktivitu, aby mohly Ucelné , spustit” druhy neuron ve spinotalamické draze.

V nasem souboru byl v8ak Uc¢inek deaferentace spiSe dlouhotrvajici. To mUze byt zplsobe-
no skutec¢nosti, Ze u potkand neni prah bolesti v ¢ase stabilni. BEhem desetitydenniho sledovani
po unilateralni deaferentaci (KfiZ et al. 1998) byly pozorovany simultdnni oscilace v automutilac-
automutilace).

V souladu s dalSimi publikovanymi Udaji (Kayser et al. 1990) jsme pozorovali vySSi prah
bolesti na zadni konceting kontralaterélné k mistu deaferentace. Tento Ucinek byl zcela stabilni
a pozorovali jsme jej jak pfed korovou stimulaci, tak po jejim skon&eni. Vysledky nasi studie néam
v8ak neumoznuji jednoznacné uzavrit, zda pfi¢inou je zménéna aktivita neurond zadnich roh(
misnich, které jsou pod vlivem descendentnich antinociceptivnich drah, nebo zda je nutné hle-
dat pri¢inu ve zmeénéné aktivité motoneuronl prednich roht misnich, které mohou byt rovnéz
ovlivnény dorsalni rhizotomii (Cuppini et al. 1999).

U Clovéka bylo prokazano, Ze po avulzi brachialniho plexu se rozviji chronicka bolest (Mailis
1996, Nashold et al. 1991, Pagni et al. 1993). Z klinického pohledu jsou velmi rozdilné nazory na
to, jak chronicka bolest ovliviiuje prah bolesti na nepostizené strané. Néktefi autori popsali zvy-
Seni prahu pro bolest u pacientl s chronickou bolesti (Yang et al. 1985, Peters et al. 1992), jini
naopak nalezli u svych pacientd sniZzeni prahu bolesti v ddsledku chronické bolesti (Langemark
et al. 1993, Bendtsen et al. 1996).

Zda se, Ze prahy bolesti zavisi na typu bolesti. Autotomie, ktera byla popsana po extenzivni
dorzélni rhizotomii (Basbaum 1974) se v naSem souboru nevyskytla, coz muize souviset s keta-

minovou anestézii, kterou jsme pouzili v rdmci deaferentaéniho zakroku (Vaculin et al. 2004).

Korova stimulace a prah bolesti po deaferentaci. Hlavnim zjisténim nasSeho experi-
mentu je skutecnost, Ze prahy bolesti, které byly ovlivnény deaferentaci, se plisobenim stimulace
senzorimotorické klry pfechodné a opakované vraceji na Uroven, kterou mély pred deaferentaci.

Plsobeni korové stimulace vyhasina v prabéhu 24 hodin. Toto zjiSt&ni odpovida publikovanym
Udajim z klinickych studii, které popisuji pravé tento prechodny raz (Nguyen et al. 1999).

Tyto vysledky jsou o to zajimaveéjsi, pokud vezmeme v Uvahu rozdily v anatomii mozkové
kiry mezi ¢lovékem a potkanem. Vyrazné &lenéni kary do zavitl u ¢lovéka (gyrencephalon)
je provéazeno striktnim oddélenim motorickych oblasti od somatosenzorickych oblasti centralni
ryhou (sulcus centralis Rolandi). Potkan naproti tomu ma zavitl mélo (lisencephalon) a korové

oblasti motorické a senzorické jsou vzajemné promichany (Kolb 1990, Paxinos et al. 2007).
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Pouze jedina publikovana studie se zabyva vlivem stimulace motorické klry na prah bolesti
u ¢lovéka (Drouot et al. 2002). U pacientl s ¢astecnou ztratou Citi poklesl pdsobenim stimulace
motorické kiry prah pro bolestivé tepelné podnéty na kontralateralni strané. Ackoliv tento efekt
nebyl statisticky signifikantni, a v ¢lanku navic nejsou uvedeny zékladni prahové hodnoty, presto
tato studie podporuje hypotézu o podobném Ucinku stimulace motorické klry na ¢lovéka a na
zvitata.

Detailni analyza U¢inku opakované korové stimulace na nocicepci v naSem souboru ukézala,
Ze mira potlaceni bolesti kolisala ve dvoudennich intervalech. Plsobeni stimulace bylo nejvyraz-
néjsi v prvnim, tfetim a patém dnu stimulace. Podobné vysledky byly publikovany (Caggiula et
al. 1998, Kucinski et al. 1998) pti zkoumani Gcinku opakovaného podavani kokainu nebo morfinu
v ramci Sokové hypoalgézie.

Jednodenni stimulaénfi interval s podprahovou intenzitou stimulace, ktery jsme pouZili v nasi
studii, ma blizko k paradigmatu kindlingu, ackoliv délka stimulace a stimulované oblasti jsou
odliSné. Lze totiZ predpokladat, Ze proces rozvoje chronické bolesti mize mit — podobné jako

kupfikladu nékteré epileptické syndromy — v sobé prvky kindlingu (Post 2002).

Neurofyziologicky model A
Hlavni zjisténi v této Casti studie jsou nasledujici:

I. S rostouci intenzitou stimulace zubni diené Ize spolehlivé odlisit obé slozky reflexu
otvirani tlamy, pomalou (LL JOR) a rychlou (SL JOR).

Il. Pomala slozka reflexu (LL JOR) odpovida aktivaci nociceptivnich nemyelinizovanych
C vlaken zubni diené.

lll. Rychla slozka reflexu (SL JOR), odpovidajici aktivité interneuronti zprostiedkované
myelinizovanymi A vlakny z parodontu, ma inhibiéni dopad na nociceptivni aferentaci
ze zubni difené. Tento efekt Ize zesilit nebo oslabit podmirnovanim.

IV. Korelatem nociceptivni aferentace ze zubni diené je v komplexu korovych evokova-
nych potencialti (TPEP) vina N27 (pfi nizkych intenzitach stimulace se objevuje s laten-
ci 27 ms po TPS), respektive N23 (pfi stfednich a vysokych intenzitach stimulace se
vina objevuje s latenci 23 ms po TPS).

V. VIina N27 jako korelat nocicepce odpovida srovnatelnym pozorovanim v literatuie

(zejména ve farmakologickych studiich).
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Interpretace korovych evokovanych potenciall s nizkym pomérem mezi signalem a Sumem je
naroénym Ukolem, pokud jsou navic evokované potencidly ¢astec¢né prekryty kontinuaini EEG
aktivitou.

Somatosenzorické evokované potencialy jsou ve své podstaté komplexni a tranzitorni nesta-
cionarni signély (tj. bez pfimého sepéti ¢asu a stimulu). Digitaini filtrace t&chto signall je pomérné
komplikovanym procesem. Zprimeérovani vysokého poctu zaznamu v mnoha pripadech poskytuje
prijatelné vystupy. Nicméné, v disledku Sirokého analogového pruhu zabéru pfi nataceni, mnohdy
i po zprameérovani zUstava primés vysokofrekvenéniho Sumu. Nékdy se dokonce stava, ze frek-
vence Sumu je ve stejném frekvenénim pasu jako signal evokovanych potenciéld (EP).

Ve snaze zlepSit rozliSeni EP byly vyvinuty rizné metody, predevsim Wienerovské filtrovani
(De Weerd 1981, Dowman et al. 1988, Law et al. 1993), nebo ¢asoveé vazané filtry (Bertrand et
al. 1994, Yu et al. 1994), které se zdaji |épe odpovidat naSim potfebam.

V souladu s pracemi jinych autorl (Bertrand et al. 1994, Quiroga et al. 1999) metoda, kterou
jsme pouzili v nasi studii, signifikantné zlepsila pomér signalu vici Sumu v navaznosti na klasic-
ké zprimérovani kfivek. Charakteristiky vysledné krivky EP zlstaly po waveletové transformaci
plné zachovany (Obr. 4b). PFi vyuZiti metody primérovani bez dalSiho zpracovavani signalu
byvéa nutné natocit az 800 zaznamuU k ziskani jedné vysledné hodnotitelné kfivky EP. Metoda
waveletové transformace spolu s vyrazenim nadlimitnich a podlimitnich odpoveédi (tedy signald
mimo vymezené pasmo) umoznila ziskat spolehlivé vystupy jiZ pfi desetiné objemu vstupnich

dat (tedy 80 zdznamu na jedno méreni).

Reflex otvirani tlamy (JOR). Pokud stimulujeme zubni dferi (tooth pulp stimulation, TPS),
muUzeme elektrodou obtoenou kolem m. digastricus detekovat dvouslozkovy reflex otvirani

tlamy (jaw opening reflex, JOR) (Boucher et al. 1993).

Jednorazova stimulace. P nizké intenzité stimulace vznikd pomala slozka reflexu (LL JOR),
v dUsledku podrazdéni nemyelinizovanych pomalu vedoucich nociceptivnich C vidken zubni diené.

S rostouci intenzitou stimulace se za¢nou impulzy §ifit do parodontu s aktivaci zde zacinaji-
cich rychle vedoucich myelinizovanych A vidken a EMG elektroda zaznamenava rychlou slozku
reflexu (SL JOR). Proto pfi stoupajici intenzité stimulace zubni dfené (TPS), poté co je dosaze-
na prahovéa hodnoty pro vybaveni rychlé slozky (SL JOR), jsou zachytitelné obé slozky reflexu
(SL+LL JOR) souc¢asné.

Aferentace z parodontu vSak tlumi aktivitu motoneuront pro m.digastricus, s naslednym
prerusenim vstupl ze zubni dfené (Carter et al. 1989). Pri dal$im nardstu intenzity stimulace
proto postupné mizi pomald slozka (LL JOR) a elektroda na m.digastricus jiz zachycuje pouze
rychlou slozku reflexu (SL JOR).
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Nase pozorovani potvrzuji zminéné interakce mezi obéma slozkami reflexu JOR. Rychla slozka
reflexu (SL JOR) odpovida aktivaci interneuront, které maji tlumivy vliv na aferentace ze zubni
drené vedené nemyelinizovanymi C vldkny. Tento proces mUze vyuzivat riznych cest od nesy-
naptické inhibice primarni aferentni drahy po aktivaci inhibiénich interneurond, které se podileji
na zpétnovazebné kontrole excitacnich drah.

Interneurony, které jsou zapojeny do ¢asné faze reflexu JOR, se nachézeji na rGznych Urov-
nich trigeminového komplexu a v intertrigeminalni krajiné (Appentag et al. 1985). U kocek se
interneurony rychlé slozky reflexu (SL JOR) nachézeji v rostralni ¢asti trigeminového komplexu
(subnucleus oralis a interpolaris) (Landgren et al. 1986). U potkana je Udajll méné, ma se vSak
za to, Ze odpovidajici interneurony se budou nachéazet v nucleus principalis a v intertrigeminalni
oblasti (Boucher et al. 1993). Ptesna anatomie zapojeni JOR reflexu v8ak neni bezezbytku ujas-

néna.

Stimulace s podminovanim. V nasi studii jsme se snaZili aplikovat paradigma dvoji stimulace
(tedy vlastné metodu podmirfiovéni) s cilem presnéjsiho sledovani a analyzy reflexu JOR a koro-
vych evokovanych potencialt (TPEP). Podobna metodika dosud nebyla u potkant pouZita.

Principem naSeho protokolu bylo pouZiti dvoji stimulace: nejprve je podan Uvodni (podmi-
fovaci) stimul, po uréitém intervalu (interstimulaéni interval — I1SI) nasleduje podnét stimulaéni.
Tato metoda umozniuje 1épe hodnotit jednotlivé slozky reflexu otvirani tlamy (JOR).

V nasem pokusu jsme pouzili dvé po sobé jdouci stimulace o vysoké intenzité (TPS), kazda
z nich je schopna vyvolat pouze rychlou slozku reflexu (SL JOR); pomalé slozka reflexu pfi této
intenzité stimulace iz nebyla zachytitelna. Pri delSim intervalu mezi stimulacemi (ISI = 45-80
ms) jsme vybavili rychlou slozku reflexu (SL JOR) mnohem snéaze, naopak kratsi interval (ISI =
10-45 ms) pusobil inhibi¢né (Obr. 5a, 5b).

Pokud byl interval mezi obéma stimulacemi velmi kratky, zacala se objevovat pomala slozka
reflexu (LL JOR), jakmile poklesla amplitudy rychlé slozky (SL JOR) druhého reflexu (Obr. 6 a—d).
Ukazalo se tedy, ze pokles rychlé slozky reflexu (SL JOR) a vzestup pomalé slozky (LL JOR) maji
simultanni prbéh (Obr. 6b).

Toto zjisténi objasfiuje vztah mezi obéma slozkami reflexu JOR (Boucher et al. 1993) a pod-
poruje hypotézu o vzadjemné interakci mezi vidkny C a A. Obdobny inhibi¢ni a facilitaéni proces
byl prokazan u dalSich zakladnich reflex, jako je blink reflex (Ellrich et al. 1997, Power et al.
1997), ktery ma rovnéz dveé slozky (Casnou a pozdni), jeZ jsou ve vzajemné interakci. Navic meto-
da podmifiovani (dvojita stimulace) s vyuzitim rdznych druhl stimulace umozfiuje obé slozky od
sebe odlisit a prispéla tak k poznani anatomie drah tohoto reflexu.

Nase vysledky potvrzuji vyznam rychlé slozky reflexu (SL JOR) jako korelatu aferentace z paro-
dontu v procesu facilitace/inhibice nociceptivnich drah ze zubni dfené. Nase vysledky mohou

slouzit jako podklad ke kvantifikaci inhibiéniho plsobni aferentace z parodontu (Obr. 7).
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Amplituda znovu se objevivsi pomalé slozky reflexu (LL JOR) nedosahuje amplitudy vyvo-
lané predesSlou nizkou intenzitou stimulace (- 30%). Z toho Ize usuzovat, Ze inhibi¢ni proces

alespon z&asti pretrvava za téchto podminek.

vvvvvv

(Rehnig et al. 1984) ukazuijici, ze stimulace zubni dfené (TPS) vyvolavéa korovou odpovéd v oblas-
ti situované 1 mm rostralné od bregmatu nad kontralateralni senzorimotorickou ktrou.

Amplituda evokovaného potencidlu ma vztah k charakteru TPS a méni se s jeho intenzitou
(Stevens 1970, Toda et al. 1980). S rostouci intenzitou stimulace narlistd amplituda evokované-
ho potencialu aZ do urcité hraniéni hodnoty, pfes kterou uz amplituda evokovaného potencialu
neprestoupne, i kdyZ budeme intenzitu stimulace nadale zvySovat. MUZeme tudiZ usuzovat, Zze
evokovany potenciél vznika v disledku postupného zabirani (recruitment) nervovych vlaken po
TPS az do chvile, kdy uz se na tvorbé EP podileji vdechna aferentni viakna.

Pocget nemyelinizovanych axont v zubni dfeni fezaku v dolni Celisti potkana se pohybuje v roz-
mezi 127 az 224 (Bishop 1981, Fried et al. 1988). Nizky recruitment vldken (v rdmci nékterych
studil) mUze byt dlvodem, pro¢ bylo obtizné vybavit TPEP stimulaci o nizké intenzité (,LL defi-
cit”). Z toho mUZzeme usuzovat, ze musi existovat specificky prah pro recruitment vidken, ktery je
nezbytny k tomu, aby mohla byt vybavena korova odpovéd.

Skuteénost, Ze pri velmi nizké intenzité stimulace zubni dfené, kterd nepostacuje k vybaveni
korového potencialu (TPEP) rovnéz nelze vybavit pomalou slozku reflexu otvirani tlamy (LL JOR)
dokazuje, ze existuje vztah mezi JOR a TPEP. Pri¢inou muze byt bud podprahovy poéet nervovych
aferezi nebo nedostateény recruitment.

V této souvislosti néktefi autofi (Hayama et al. 1993) vznesli otazku o moZzné myogenni
kontaminaci signalu korovych evokovanych potencialtl (TPEP). Dalo by se proto namitnout, Ze
v Gasné fazi (5-20 ms) po stimulaci, kdy jsme zaznamenavali reflex otvirani tlamy (JOR), nelze
spolehlivé hodnotit TPEP. V naSem protokolu TPEP vyvolané jednorazovou stimulaci vykazovaly
totiz ¢asnou slozku v rozmezi6 = 0,8 msaz 17,2 = 1,2 ms (Tab. 1), v rozmezi mozné myogenni
kontaminace.

Délka dolniho fezaku potkana je kolem 25 mm. Elektrody jsme implantovali do zubni dfené
do vzdalenosti 12 mm od hrany zubu. Vezmeme-li v Uvahu rychlost vedeni v nemyelinizova-
nych vldknech uvnitf zubni dfené (0,5 m/s) a rychlost vedeni v myelinizovanych viaknech mimo
zubni dren (2,9 az 25 m/s) (Rehak 1963, Sato et al. 1988), pak doba vedeni impulzu do senzo-
rické klry by neméla trvat méné nez 20 ms. Z tohoto ddvodu korova odpovéd, zaznamenané
v rozmezi 6-20 ms od okamziku stimulace, nemuUZe pochazet ze zubni dfené. V jedné studii
(Rehnig et al. 1984) byla po stimulaci horniho fezaku pozorovana korova odpovéd se dvéma
hroty, N6 a P12. V naSem pokusu se objevila vina N6 soucasné s rychlou slozkou reflexu

otvirani tlamy (SL JOR). Je tudiz mozné predpokladat, Zze N6 odpovidé aferentaci z parodontu

42



a zachyceni motorické reflexni odpovédi (JOR) korovymi elektrodami, uréenymi k registrovani
evokovanych potenciald.

Sledovéani talamické projekce primarnich senzitivnich aferentaci (Shigenaga et al. 1974)
potvrzuje, Ze evokované potencialy se nemohou objevit v dobé& krat§i neZz 8 ms po stimulaci.
V dalsi studii byly zachyceny talamické evokované potencialy za 8 ms, 20-30 ms a 40-90 ms po
TPS (Azerad et al. 1986).  tomto kontextu s pfihlédnutim na nase vysledky po jednorézové sti-

mulaci zubni dfen&, mizeme konstatovat, Ze teprve sloZky evokovanych potenciald, které jsme

zachvtili v rozmezi 20—250 ms po stimulaci, jsou opravdu korovymi TPEP (Tab. 1).

Jednorazova stimulace. Pri tomto pokusu jsme ziskali korové evokované potencialy s riz-
nymi vlastnostmi v zavislosti na intenzité stimulace zubni dfené. Statistickd identifikace vin N23
+ 2,56 ms a P48 + 6,8, odpovidajicich pomalé slozce reflexu (LL JOR) potvrzuje, Ze tato slozka

TPEP skutec¢né specificky odpovidd nemyelinizovanym C viaknlm zubni dfené.

Stimulace s podminovanim. U protokolu s podminovanim (dvoji stimulace) zaleZelo na
tom, s jakou intenzitou jsme stimulovali. Pokud druh& stimulace vyvolala pomalou slozku refle-
xu (LL JOR), nezaznamenali jsme zadnou paralelni korovou odpovéd (tedy nevybavné TPEP).
Nicméné, pfi vyssich intenzitach stimulace zubni dfené (TPS) — takovych, Ze dokazaly vyvolat
rychlou slozku reflexu (SL JOR) — jsme zaznamenali slabou korovou odpovéd (TPEP). Tento jev
mUzZe byt dasledkem aktivaci aferentnich myelinizovanach A vidken s naslednym presunem
senzitivnich vzrucht do mozkové kury.

Pri stimulaci s podminiovanim jsme pozorovali sumaci odpovédi na Urovni reflexu otvirani tla-
my, jak jiZ bylo detailné diskutovano vySe. Na korové Urovni (pfi analyze evokovanych potenciélt)
jsme v8ak nezachytili srovnatelnou aktivitu. Divodem mUZe byt nedostate¢né uplatnéni aferentaci
na nizsi (kmenové nebo talamické) drovni. Tento predpoklad je nepfimo potvrzen korelaci (r = 0,96)

mezi integraci evokovanych potenciald a intenzitou stimulace zubni dfené (TPS).

Vyznam viny N27. V na8i studii se nejvyssi amplitudou vyznac&ovala vina N 27, coZ bylo nejvice
patrné v protokolu podminovani, a to pfi druhé stimulaci. VIna N27 + 2,7 ms je totoZzna s vinou N 23
ze zubni dfené, odpovidajici vybaveni pomalé slozky reflexu otvirani tlamy LL JOR).

Pri stimulaci s podminiovanim se vina N 27 objevovala pouze pfi takové intenzité stimula-
ce, kterd byla schopna vyvolat rychlou slozku reflexu (SL JOR). Tato skute¢nost pravdépodob-
né zrcadli difuzi stimulaéniho proudu do tkani parodontu s naslednou aktivaci myelinizovanych
A vlaken.

Rozpéti intervalu mezi stimulacemi (ISI = 70 az 10 ms), potfebného pro generovani viny N 27

odpovida rozmezi ISI pro generovani pomalé slozky reflexu otvirani tlamy (LL JOR) pfi druhé sti-
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mulaci (Obr. 7). MdZeme tudiz usuzovat na to, Ze vina N 27 je koreldtem stimulace nociceptivnich

nemyelinizovanych pomalych C vidken.

V dal8im pokusu (,,Behavioralni model B") bude vénovana pozornost analyze viny N27 a jejimu

ovlivnéni antinocieptivnim pusobenim kontinualni elektrické korové stimulace.

Neurofyziologicky model B
Hlavni zjisténi v této ¢asti studie jsou nasledujici (Obr. 8,9):

I. S rostouci intenzitou stimulace zubni diené (TPS) nartGsta amplituda hlavniho kom-
plexu (obsahujiciho vinu N 27) korovych evokovanych potencialti (TPEP) a zarover se
zkracuje jeho latence.

Il. Kontinualni korova stimulace sniZuje amplitudu a integraci (plochu pod k¥ivkou) hlav-
niho komplexu TPEP (doklad mozZného antinociceptivniho Gcinku).

lll. Korova stimulace neméla signifikantni vliv na latence evokovanych potencialii, ani na

vyvolani reflexu otvirani tlamy (JOR).

Uhelnym kamenem metodiky nasi studie bylo zajistit, abychom v prdb&hu stimulace zubni
drené (TPS) stimulovali nociceptivni C vldkna a nikoliv okolni struktury, a aby sou¢asné nata-
¢ené evokované potencidly nad senzorimotorickou kdrou skute¢né odpovidaly indukované
nocicepci.

Za timto Uucéelem jsme detailné analyzovali reflex otvirani tlamy (JOR), vybavovany stimulaci
zubni drené. Tento reflex jsme zachycovali elektrodou z m. digastricus, s cilem potvrdit, Ze nase
experimentalni stimulace zubni dfené aktivuje skuteé¢né nocicieptivni vidkna.

Reflex otvirani tlamy (JOR) je tvofen dvéma odliSnymi slozkami v zavislosti na intenzité
stimulace (Carter et al. 1989).

Nizka intenzita stimulace vyvold pomalou slozku reflexu (LL JOR), v dasledku stimulace
pomalu vedoucich nemyelinizovanych C vildken, coz jsou jedina vidkna v zubni dfeni fezaku
potkana pristupna elektrické stimulaci (Jiffry 1981). Az pti vyS$S§i intenzité stimulace se objevi
rychla slozka reflexu (SL JOR), protoze proud pronika do vzdalenéjSich tkani parodontu a v ném
aktivuje rychle vedouci parodontalni myelinizovana A vlakna (Azerad et al. 1988).

Anatomické usporadani tak vysveétluje pro€ — pfi stoupajici intenzité stimulace — jsme zazna-
menali pomalou slozku reflexu jesté drive nez slozku rychlou. Nase zjisténi tak neodporuje
zdkladnimu neurofyziologickému principu, totiz Ze A vlakna maiji nizsi prah nez C vlakna pfi elek-
trické stimulaci (You et al. 2003).
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Amplituda reflexu JOR neni v pfimém vztahu k nocicepci a bolesti, neplati tedy, ze by boles-
tivéjSi podnét vyvolal intenzivnéjsi odpoveéd JOR. Do naseho protokolu jsme reflex JOR zahrnuli
z jiného ddvodu. Slo ndm o to, abychom mohli ové¥it, e stimulace zubni dien& (TPS) v dané

chvili skute¢né stimuluje A vildkna parodontu a C vldkna zubni drené.

Stimulace zubni dfené a evokované potencialy. Stimulaci zubni dfené (TPS) jsme vyvolali
vznik korovych evokovanych potenciald, které jsme zachytili nad kontralateralni senzorimotorickou
klrou. Vysledné kfivka TPEP mé &asnou a pozdnf slozku.

Casna slozka v rozmezi 0 — 17 ms od okamziku stimulace v sob& zahrnuje rozsahly stimu-
laéni artefakt. Jak jsme jiz zminili v pfedchozi kapitole, z dGvodu centralniho kondukéniho ¢asu
(neboli doby vedeni, tedy ¢asu potfebného k tomu, aby signal dorazil z periferie do mozkové
klry) tato ¢asna sloZzka nemUZe byt odrazem déjd v zubni dfeni.

Z uvedeného dlvodu jsme analyzovali pouze tu ¢ast kfivky evokovaného potencialu, ktera
se pohybuje v rozmezi 20 — 250 ms. V souladu s publikovanymi Udaji (Shigenaga et al. 1974,
Danneman 1994) a s prihlédnutim k vysledkm predchoziho pokusu (viz vyse) jsme prvni nega-
tivni hrot ¢asné slozky (vina N 27, kterd se objevuje se v rozmezi 22 az 27ms po TPS — Obr.
10,11) povaZovali za korelat nocicepce.

Jak latence, tak i amplituda evokovanych potencialt (TPEP) zavisela na intenzité stimulace
zubni dfené TPS) — ¢im vyS$Si byla intenzita stimulace, tim byla vétsi amplituda a kratsi latence
evokovaného potencialu.

Jinymi slovy, pfi nizkych intenzitach stimulace se aktivuji pomalu vedouci nemyelinizovana
C vladkna zubni drené, coz prodluzuje latence evokovanych potencidld. Pri zvétSeni intenzity
stimulace (TPS), jsou stimulovana C vldkna — ale i myelinizovana A vlakna parodontu, coz mé za
nasledek zkraceni latenci a vzestup amplitudy TPEP. Z tohoto dlvodu se domnivdme, Ze nega-
tivni hroty, které se objevuji 27, 23 a 22 ms po stimulaci (v zavislosti na intenzité stimulace TPS),

jsou variaci jedné a téZze viny.

Vliv korové stimulace na evokované potencialy. Narlst amplitudy a zkraceni latence
analyzované viny TPEP (v zavislosti na intenzité stimulace zubni dfené — TPS), zevrubné diskuto-
vané v pfedchozim oddilu, se tyka zvifat méfenych pfed zahajenim kontinualni elektrické korové
stimulace. Stejny protokol, tj. snimani korovych evokovanych potenciall pfi sou¢asném zachy-
ceni reflexu JOR, jsme zopakovali po skonéeni kontinudlni stimulace senzorimotorické kdry.

V nasi studii jsme pozorovali konzistentni pokles amplitudy ¢asné slozky TPEP s rostouci
dobou kontinualni korové stimulace. V literatufe (Danneman 1994, Logginidou et al. 2003) je

pokles amplitudy TPEP povaZovéan za korelat analgezie u ¢lovéka i u zvitete.
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Vétsina dostupnych Udajd k tomuto tématu pochazi z farmakologickych studii. U zdravych
dobrovolnikd byl prokdzan pokles korovych evokovanych potencialt vybavenych stimulaci zubni
drené po podéani kodeinu (Suri et al. 1996). V dalsi studii (Cox et al. 1998) byl nalezen pokles
amplitudy ¢asného komplexu EP po podani alfentanilu, aniz by vSak dosSlo k ovlivnéni latence
komplexu. Déle bylo prokazano (Logginidou et al. 2003), ze propofol (Iék bez analgetického Ggin-
ku) zpUsobuje v zavislosti na davce depresi somatosenzorickych evokovanych potenciéld a pro-
dluzuje latenci odpovédi. Zkoumani TPEP u potkant (Danneman 1994) ukéazalo, ze morfin snizuje
maximalni amplitudu, zatimco droperidol byl zcela bez efektu. Dannemanova (1994) proto pokles
amplitudy ¢asného komplexu TPEP povaZuje za marker antinocicepce, spiSe neZ za dusledek
celkové redukce korové excitability. Podobné i v nasi studii pokles maximalni amplitudy ¢asného

komplexu TPEP muUze reflektovat antinociceptivni pisobeni kontinuaini korové stimulace.

Krivky TPEP ziskané po skonceni kontinualni korové stimulace (Obr. 11) vykazuji na rozdil od krivek
TPEP pred stimulaci vyraznou variabilitu ve svém tvaru. Pokud povaZzujeme vinu N 27 za marker
(anti)nocicepce, mUze byt hodnoceni jeji amplitudy v tomto pfipadé obtizné a vysledky zavadgjici.
Proto jsme se rozhodli (v analogii k dal$im neurofyziologickym metodam, napriklad podobné jako
u kondukénich studif EMG) analyzovat plochu pod kfivkou cestou TPEP integrace.

Vysledky analyzy integrace jsou v dobré shodé& s vyvojem amplitudy: v obou stimulova-
nych skupinach jsme pozorovali signifikantni pokles integrace po 5 hodinach kontinuélni korové
stimulace. Tyto vysledky byl vyraznési ve skupiné stimulované s vys$si frekvenci (60 Hz). Data
ziskana hodnocenim integrace povazujeme za spolehlivéjsi nez analyzu pouze amplitudy.

Ve skupiné stimulovanych zvifat o frekvenci 60 Hz jsme zaznamenali signifikantni pokles
maximalni amplitudy po 5 hodinach, ale rovnéz uz po 3 hodinach kontinuéalni korové stimulace.
Naproti tomu integrace poklesla signifikantné az po 5 hodinach — coz jasné doklada vétsi benefit

delsi periody kontinualni stimulace senzorimotorické kdry.

Korova stimulace a reflex otvirani tlamy (JOR). Kontinudlni stimulace senzorimotorické
klry neméla vliv na latenci TPEP ani na prabéh reflexu otvirani tlamy (JOR). Toto zjisténi nepri-
mo naznaduje, Zze korova stimulace pUsobi spiSe nepfimym antinociceptivnim mechanismem,

nez ze by méla vliv na korovou excitabilitu nebo ovliviiovala stav védomi.
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Mozné patofyziologické podklady puisobeni
korové stimulace

Mechanismy zodpovédné za antinociceptivni pusobeni korové stimulace jsou zatim jen malo
prozkoumané. Korova aktivita je ovlivnéna jak dobou trvani, tak frekvenci korové stimulace, kte-
ra pUsobi do¢asnou inhibici pravdépodobné se vzdalenym plsobenim na subkortikalni okruhy.

Ur&itou analogii mohou byt dopady korové stimulace na projevy Parkinsonovy nemoci, kde
se predpokladé aktivace neuromodulaénich impulst na Urovni kortiko-striatalnich spoja (Gutier-
rez et al. 2009).

Korovéa stimulace mUze prispivat k uvolfiovani neurotropnich faktort, které maji vzdaleny
efekt na nociceptivni transmisi v subkortikalnich oblastech. Korova stimulace tak mize zménit
nastaveni (re-balancing) kontrolnich mechanism( non-nociceptivnich senzitivnich vstupt schop-
nych potladit nociceptivni aferentaci na Urovni klry, talamu, kmene a michy. Navic mUze korova
stimulace ovliviiovat i emod&ni slozku nociceptivni percepce. Biochemické procesy zahrnuijici
uvolnovani morfind a GABA maji rovnéz svlj podil na mechanismech Gdéinku korové elektrické
stimulace (Cioni et al. 2007).

Hlavnim nedostatkem nasi studie je omezeny podet zkoumanych jedincl — coZ je obecny
problém pokusU na zvifatech s implantovanymi elektrodami (a konecné i klinickych observaci
u pacientl po implantaci).

DalSim problémem muze byt plsobeni stresu a Uzkosti u zkoumanych zvitat. Nicméng, jak
jsme detailné vylicili v ¢asti vénované metodice, této otazce jsme vénovali velkou pozornost pfi
designu nasi studie. Navic chovani laboratornich zvifat béhem pokusu (kdy nebyla ovliviiovana
Zadnou farmakoterapii) i mimo fazi experimentu se nijak nelisilo od chovani ostatnich laborator-
nich zvifat chovanych ve stejném zvérinci. Na tomto misté je rovnéz vhodné pripomenout, Ze
jsme poufZili stejnych elektrod jak za U¢elem korové stimulace, tak i k zachyceni korovych evoko-
vanych potenciald. Tento postup jsme povaZovali za méné traumaticky nez pfipadnou implantaci

dalSi dvojice elektrod.

V Uvodnim experimentu (behavioralni model) jsme prokazali, Ze korova stimulace ovliviiuje prah
bolesti u deaferentovanych zvirat a Zze efekt korové stimulace mizi v prabéhu 24 hodin.

Proto Ize uzavrit, Ze pozorované zmény jsou v pfimé souvislosti s korovou stimulaci samot-
nou, spiSe nez dlsledkem pfipadnych zmén impedance elektrody nebo posSkozeni &i zanétu

mozkové tkang, které by mohly byt teoreticky navozeny implantaci elektrod.
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ZAVERY

Vysledky nasi studie, sestavajici ze tfi skupin pokust, miZeme shrnout do tfi hlavnich zjistént:

. Néartst prahu bolesti po deaferentaci Ize povaZovat za disledek deaferentace na zpraco-
vavani bolestivych podnétl v nervovém systému. Z tohoto pohledu Ize interpretovat vliv
stimulace senzorimotorické kdry na prah bolesti jako odraz pfimého vlivu korové stimula-
ce na bolest. Dospéli jsme tedy ke srovnatelnym vysledkim jako pfi pozorovani u ¢lovéka,

a to pres vyznamné rozdily ve stavbé a organizaci mozkové klry u ¢lovéka a u hlodavcU.

. Nase vysledky pomohly urcit, které komponenty evokovanych potenciall vyvolavanych sti-
mulaci zubni dfené (TPEP) pfimo odpovidaji jednotlivym aferentacim podilejicim se na reflexu
otvirani tlamy (JOR). Vysledky parovych stimulaci (vyuZivajicich efektu podminovani) umoz-
Auji identifikovat a kvantifikovat interakce mezi jednotlivymi slozkami reflexu otvirani tlamy

(JOR) a presné je korelovat s evokovanymi potencialy (TPEP).

. NaSe studie umoznila aplikaci dlouhodobé korové stimulace, porovnavanim slozek JOR
a sledovanim TPEP vytvorit nefarmakologicky model tlumeni bolesti. Sou¢asna analyza
JOR a zaroven TPEP je podkladem velmi pfesné identifikace pribéhu stimulace zubni dre-
né (TPS) a obou hlavnich viaken — pomalu vedoucich nemyelinizovanych C vildken zubni
drfené a rychle vedoucich myelinizovanych A vldken parodontu — které se na tomto procesu
podileji. Matematické zpracovani a ,vycisténi” ziskanych signald spolu s analyzou TPEP
integrace jsou dalSim podstatnym pfinosem pro zpresnéni naSich vysledt. N&§ protokol
studie tudiz umoZniuje odlisit analgetické pusobeni kontinudlni korové stimulace na Urovni

C a A aferentaci.

Zavérem lze tedy potvrdit, Ze pouZiti laboratornich zvifat v podobném kontextu je pfinosem

pro dalsi vyzkum na poli antalgického plsobeni korové stimulace. Zviteci model je tedy mozné

pIn& vyuZit v Usili o pochopeni pfesnych mechanismU Ucinku korové stimulace na bolest, a to

navzdory odliSnostem ve struktufe a organizaci mozkové klry mezi ¢lovékem a laboratornim

zviretem (v naSem pripadé potkanem).

Vzhledem k tomu, Ze kontinuéalni korova stimulace zpUsobila pokles amplitudy TPEP, ale

neovlivnila latenci maximalni amplitudy, Ize pfedpokladat, Ze korova stimulace ma pfimy anti-

nociceptivni ucinek.
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Tuto hypotézu lze podporit tfemi argumenty: a) poklesem amplitudy ¢asného komplexu
evokovanych potencialtl v nasi studii b) podobnym analgetickym plsobenim korové stimulace
u jinych modell bolesti (Kuroda et al. 2000) ¢) srovnatelné vysledky Ize ziskat i na farmakologic-
kém modelu (Cox et al. 1998, Danneman 1994).

Hlavnim nedostatkem nasi studie je omezeny pocet zkoumanych zvifat a proto je nutné
dosaZzené vysledky hodnotit s urcitou opatrnosti. DalSi vyzkum, zejména na poli intracelularnich
mechanismu, je nutny k lepSimu pochopeni procest navozenych stimulaci mozkové klry. Nase
prace tak mUZze svym skromnym dilem prispét k dalSimu poznéani toho, jako ovliviiovat (nejen)

chronickou bolest.
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OBJECTIVES: The aim of the study was to describe the effect of motor cortex stimu-
lation (MCS) on pain thresholds in deafferentated rats.

SETTINGS AND DESIGN: The effect of MCS was studied in 18 deafferentated and 14
intact laboratory rats, using a standardised plantar test and tail-flick latencies. Two
inoxious stimulation electrodes were implanted subdurally over the cerebral cortex
and a C5 - Th1 dorsal root rhizotomy was performed on the left side. Pain thresh-
olds were measured before and after cortical stimulation. The data were analysed
with ANOVA for repeated measures.

RESULTS: MCS in intact animals evoked no changes in pain thresholds except for
the contralateral forelimb, in which the pain threshold increased after MCS. Follow-
ing deafferentation, pain thresholds increased in both plantar test and tail-flick in
comparison to baseline values. When MCS was applied to the deafferentated ani-
mals, the pain thresholds returned to baseline levels. The effect of MCS disappeared
within 24 hours.

MAIN FINDINGS: 1. MCS in intact animals evoked hypoesthesia in the correspond-
ing contralateral forelimb; 2. deafferentation itself increased pain thresholds in the
unaffected limbs; 3. under MCS, pain thresholds in deafferentated rats were not dif-
ferent from pre-dafferentation values; 4. the effect of MCS disappeared in 24 hours
and oscillated.

CONCLUSIONS: Our results show a similar effect of the stimulation in man and
experimental animals despite the differences in the organisation of the cerebral cor-
tex. The use of laboratory animals is promising for further studies in the field of
involved antalgic mechanisms of MCS.
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Introduction

Motor cortex stimulation (MCS) has become an
important part of the treatment of resistant, intolerable
pain mainly of neuropathic origin. Its effect has been
tested for thalamic, postherpetic, trigeminal, deafferen-
tation and phantom pain [9,12,13,24,25,26,28].

In general, stimulating electrodes are placed over
the motor pre-central cortex. The localization of elec-
trodes somatotopically corresponds with the painful
region of the body. Perioperative verification of the
localization is based on somatosensory evoked poten-
tials, where the central sulcus (sulcus centralis Rolandi)
corresponds with the site of a phase reversal of N20.
To confirm the precise location of the electrodes, the
presumably placed contacts are stimulated at a relative
high intensity to induce muscle twitch in the painful
area. The stimulation is intermittent, because the MCS
exhibits not only immediate - acute analgesic effect,
but also post-stimulatory maintenance of analgesia for
hours up to a few days [28].

As far as the authors know, two papers dealing with
the effect of cortex stimulation in rats have been pub-
lished so far. Electrodes were placed over the somato-
sensory area and stimulation evoked weak antinocicep-
tion in formalin test [18] and the antinociception was
suppressed by spinal administration of NOS inhibitors
[19]. The effect of motor cortex stimulation on pain and
nociception in experimental models of chronic neuro-
pathic pain has not yet been described.

An extensive dorsal rhizotomy at the cervicotho-
racical level (C5-Th1) in the rat is used as a model of
central pain [1,2,4] which often develops after brachial
plexus avulsion in man [3,7,23,27,29]. Physiologi-
cal changes following the rhizotomy in rats implicate
development of a chronic pain syndrome in the ipsi-
lateral limb. The dorsal rhizotomy model differs from
other chronic pain models due to the localization of the
nerve lesion, which is proximal to the neuronal body. It
prevents any further afferent firing that occurs in other
models - sciatic nerve transection/ligation [6,15,21,34]
— in which lesions are localized in the distal part of the
axon (related to the neuronal body). In the rhizotomy
model any observed changes are to be of central ner-
vous system origin.

The aim of our study was to explore the effect of
motor cortex stimulation on pain thresholds in deaf-
ferentated and intact laboratory rats.

Methods

Animals. The experiments were carried out on 32
adult Long Evans rats of either sex (body weight 200-
350g). The rats were housed with free access to food and
water and maintained under a regime with 12 h of light
and 12 h of darkness per day. The mean temperature
was 22 + 2 °C and the relative humidity equalled 55%
+ 10%. The acclimation period was 5 days long. This
experiment was approved by the Expert Committee for
Animal Care and Use of the 3" Faculty of Medicine,
Charles University, Prague, and conducted according
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to the guidelines of the Ethics Committee of the Inter-
national Association for the Study of Pain [36].

Pain testing. Nociception in rats was determined
according to the latency (s) of avoidance reaction of
the forelimbs, the hindlimbs and the tail to the noxious
thermal stimulation (Plantar test; Ugo Basile, Comerio,
Italy; Tail Flick Analgesia Meter; Life Sciences, USA).
In one session every reaction was tested three times
following one-minute break, and average values were
used for statistical analysis. In intact animals, the effect
of the motor cortex stimulation on plantar test was
tested on ipsilateral (right) and contralateral (left) sides
to the stimulation.

Implantation of the electrodes. Two stimulation
electrodes made of inox wire were implanted subdu-
rally over the forelimb representation area of the cere-
bral cortex under ketamine-xylazin anaesthesia (100
mg.kg-1, 16 mg.kg-1) and fixed with dental enamel.
The stereotaxic coordinates were: negative electrode
Imm posterior and 3mm right, positive 1mm anterior
and 3,5mm right related to bregma. Their appropriate
location was verified by the stimulation of the left fore-
limb and recording of somatosensory evoked poten-
tials through the electrodes. Electrical stimulation with
duration 0.2ms of square-wave pulses at a frequency
of 25Hz was delivered for five hours in five consecu-
tive days. Subthreshold intensity was set as 80% of the
intensity that evoked left limbs myoclonus.

Deafferentation. Under ketamine-xylazin anaes-
thesia (100 mg.kg™, 16 mgkg™) the rhizotomy of
dorsal roots C5 — Th1 was performed on the left side
as described previously in details (Vaculin and Rokyta
2004).

Experimental design. 18 rats were included in the
first group. Following recovery from the electrodes
implantation, the pain thresholds were measured
before and after cortical stimulation.

14 rats of the second group were implanted and
their pain thresholds were measured before the deaffer-
entation and these were considered as baseline values.
Then the rats were deafferentated as described above.
4 - 6 weeks after the deafferentation the pain thresh-
olds were measured before and after the stimulation in
five consecutive days. The deafferentated forelimb was
excluded from the measurements.

Sex differences in analysed thresholds were found
non-significant; therefore the data from males and
females were spooled together.

Statistics. Data were analysed with ANOVA for
repeated measures. In the first group, two-way ANOVA
has been used for the tail-flick test. Latency obtained
before and after the stimulation represented the factor
stimulation, five consecutive days of stimulation repre-
sented the factor trend. The plantar test was analysed
separately for forelimbs and hindlimbs by three-way
ANOVA where the third factor (side) compared noci-
ception on right and left side.

In the second group, the main effects of deafferenta-
tion and stimulation were tested by one-way ANOVA
with three repeated measures which included base-
line values before deafferentation, mean values after
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deafferentation and after the stimulation. Stability of
stimulation effect was analysed by two-way ANOVA
with factors stimulation comparing pre- and post-
stimulation latencies and factor trend represented five
days of stimulation. In the plantar test of hindlimbs,
the factor side was also included in the analysis.
Within-subject variability consists of eleven repeated
measurements of nociception with the first baseline
value and pairs of values obtained before and after the
stimulation in five consecutive days. Bonferroni test
was used for post hoc comparison. Data are expressed
as means +- standard deviations, p < 0.05 was consid-
ered significant.

Results

The effect of the stimulation in intact animals

In the intact group, repeated motor cortex stimula-
tion did not affect the pain thresholds in plantar test
of hindlimbs (F(1,17)=2.563, p=0.127) as well as in tail
flick test (F(1,17)=2.382, p=0.141). Stimulation had the
same effect on both hindlimbs; the factor side was non-
significant (F(1,17)=2.147, p=0.161).

Different results were obtained on forelimbs. The
motor cortex stimulation increased latencies from 3.23
s +0.49 to 3.41 s + 0.52 (the main effect of stimulation
was F(1,17)=12.09, p=0.0029), however, significant
interaction of factors side x stimulation F(1,17)=6.82,
p=0.0182 showed that this effect was lateralized mainly
to the contralateral side to the stimulation (post hoc
Bonferroni test p=0.0108). Moreover, the magnitude of
stimulation-induced analgesia of forelimbs was fluctu-
ating during the observed period (interaction of fac-
tors trend x stimulation F(4,68) = 2.67, p=0.0391) with
higher latencies observed after the 3™ (p=0.0265) and
the 5" stimulation (p=0.0427).

The effect of the deafferentation on nociception

After the deafferentation the pain thresholds were
increased in plantar test as well as in tail-flick test in
comparison with the baseline values. The baseline
value for the right forelimb (contralateral to the deaf-
ferentated forelimb) was 3.55 + 0.35 s, six weeks after
the deafferentation it increased to 4.22 + 0.51 s (t=
4.04, p = 0.0014, t-test for dependent samples). The
pain thresholds of the left hindlimb (ipsilateral to the
deafferentated forelimb) before and after the deaffer-
entation were 3.58 + 0,34 and 4.2 + 0,39, respectively
(t=4.25, p= 0,0009). The pain thresholds of the right
hindlimb (contralateral to the deafferentated forelimb)
before and after the deafferentation were 3.55 + 0,38
and 4.43 + 0.59, respectively (t=5.79, p =0.00006). The
tail-flick latencies before and after the deafferentation
were 3.61 £ 0,5 and 4.26 + 0,43, respectively (t=3.41,
p = 0.0046).

The effect of stimulation in deafferentated animals
One-way ANOVA for repeated measures showed sig-
nificant differences between compared conditions, i.e.
between baseline latency, latency after the deafferenta-
tion and latency after the stimulation in all nociceptive

tests (for forelimb F(2,26) = 8.38, p=0.0015, and for the
tail F(2,26) = 7.38, p= 0.0029) Results are shown in Fig.
1. In all tested areas, the stimulation decreased with-
drawal latencies to the baseline levels. The same applies
to hindlimb (F(2,26) = 27.53, p <0.000001). The com-
parison of latencies on right and left hindlimb showed
also significant effect of side (F(1,13) = 5.63, p=0.0337)
with longer latencies observed on the contralateral side
to the deafferentation. Latency on the right hindlimb
was higher than on the left hindlimb after deafferenta-
tion as well as after the stimulation (interaction of fac-
tors side x conditions F(2,26) = 3.5, p =0.045).

The effect of repeated stimulation

Stability of the magnitude of repeated stimula-
tion was tested from pre- and poststimulation values
obtained during the five-day interval. The effect of
repeated stimulation on nociception of hindlimbs was
highly significant (F(1,13) = 75.7, p = 0.000001). The
changes in withdrawal latencies were stable across
the whole observation period of intermittent stimu-
lation, the effect of factor trend was non-significant
(F(4,52) = 0.077, p = 0.989). The differences between
pre and poststimulation latencies were in every trial
significant (Fig. 2). Repeated stimulation confirmed
the lateralization effect of deafferentation with the
higher both pre- and poststimulation latency on the
contralateral side to the deafferented limb (F(1,13) =
9.96, p=0.0076).

The cortex stimulation decreased also latencies of
forelimb (F(1,13) = 73.55, p=0.000001). However, the
stimulation-induced decrease was different in differ-
ent days of stimulation (interaction of factors trend
x stimulation F(4,52)=2.67, p=0.04226). The effect
of stimulation was significant after the 1st, the 3rd
and the 5th day of stimulation (Bonferroni post hoc
tests p=0.000057, P=0.004385 and P=0.00028 respec-
tively).

Similar results were obtained in the tail flick
test. Stimulation decreased the tail flick latencies
(F(1,13)=21.63), p=0.00045) and this effect was stable
across the five day stimulation. Although the interac-
tion of trend x stimulation was marginally significant
F(4,52) = 2.22, p=0.0793), similarly to results obtained
from forelimb, the observed differences between pre-
and poststimulation latencies were only significant
after the 1st and the 5th stimulation (Bonferroni post
hoc tests p= 0.0135 and p=0.00057 respectively).

Discussion

The main findings in our study are as follows: first,
motor cortex stimulation in intact animals did not
evoke any changes in pain thresholds except contralat-
eral forelimb; second, deafferentation increases with-
drawal latencies from the painful stimulation; third,
the motor cortex stimulation returned increased laten-
cies to the baseline levels; fourth, the effect of stimu-
lation disappeared during 24 hours; fifth, the effect of
stimulation oscillated. The results will be discussed in
the above-mentioned order.
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Motor cortex stimulation in intact animals did not
evoke any changes in pain threshold in both hindlimbs
and right forelimb. However, pain threshold in the con-
tralateral (left) forelimb increased after MCS. It corre-
sponds well with the location of electrode implantation,
which is located in the representative motor cortex area
of the left forelimb. It parallels the increase of cold pain
threshold reported in man after a high frequency repet-
itive transcranial magnetic stimulation [32]. This type
of stimulation is known to evoke similar effects, and it
is used as a test before the electrode implantation for
MCS [22].

The deafferentation resulted in increase of paw with-
drawal latencies to thermal noxious stimulation in three
innervated limbs. The transient increase of the thresh-
olds after the deafferentation in rats was described by
Kayser et al. [14], who tested mechanical nociceptive
threshold after deafferentation. The authors concluded,
that the loss of tonic afferent input from the deafferen-
tated limb results in a decrease in the background level
of firing in whole spinal cord and thus a greater input
from the intact limbs is required to drive the second
neuron. According to our results, the increase of the
thresholds is rather to be long lasting. However, pain
threshold should not be stable in rats. During 10-week
observation period after unilateral deafferentation K¢iz
et al. ([16]) found simultaneous oscillations in self-
mutilation behavior and in tail-flick latencies, which
was the lowest during self-mutilation attacks.

In accordance with Kayser et al. (1990), we also
observed higher pain threshold on hindlimb contralat-
eral to the side of deafferentation. This effect was stable
and was present prior to as well as after the motor
cortex stimulation. From our experiment we could not
conclude whether this effect was predominantly main-
tained through the different activity of dorsal horn

neurons, which are under the descendent antinocicep-
tive control, or through the activity of motor neurons
in ventral horns, which should be affected by dorsal
rhizotomy too [10].

In man, deafferentation caused by brachial plexus
avulsion results in chronic pain [23,27,29]. From
clinical studies, there are conflicting views about the
effect of chronic pain on pain thresholds of unaffected
sites. Whereas Yang et al. [35] and Peters et al. [30]
described increase of pain thresholds in patients with
chronic pain, Langemark et al. [20] and Bendtsen et al.
[5] found decrease of the thresholds in patients with
chronic pain. The thresholds seem to be dependent on
the type of pain. Autotomy reported to develop after
extensive dorsal rhizotomy [4] has not been observed
in our study because of the ketamine anaesthesia used
for the deafferentation [33].

The main result in present study is that pain thresh-
olds being impaired by the deafferentation recover
transiently and repeatedly to the pre-deafferentation
values after the motor cortex stimulation. The effect of
the stimulation disappeared in one day, which corre-
sponds well with findings from clinical studies, where
transience of the effect is described [28]. These results
are more interesting when differences in anatomy
of cerebral cortex between humans and rats are con-
sidered. The man is gyrencephalon and motor and
somatosensory areas in the cortex are strictly divided
by the central sulcus, whereas the rat is lisencephalon
and the representative fields of both sensory and motor
areas are mixed up.

There is only one study dealing with the effect of
MCS on pain thresholds in man [11]. In patients with
partial sensory loss, the threshold to the nociceptive
warm stimulation in contralateral side decreased after
MCS, however in non-significant manner. Despite
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Figure 1: Comparison of changes in nociception on tested areas after the deafferentation and after the
stimulation expressed relatively to the baseline latencies obtained prior to the deafferentation. “a” signifi-
cant differences between deafferentation and control, “b” significant differences between deafferentation

and stimulation.
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Figure 2: The effect of five-hour stimulation repeated for five days on nociception of right and left
hindlimb in the plantar test. The pain thresholds decreased after the stimulation to the baseline values.
The effect of the stimulation disappeared in 24 hours and pain thresholds increased to the pre-stimula-
tion levels. The next stimulation resulted in decrease of the thresholds again. After the deafferentation,

longer latencies were observed on the side contralateral to the deafferentation.

that and the fact, that the baseline thresholds were not
known in that study, the results support hypothesis
about the similar effect of MCS in man and animals.

The detailed analysis of the effect of repeated MCS
on nociception showed that the degree of pain sup-
pression in forelimb and tail oscillates within two-day
intervals. The suppression was significant after the first,
the third and the fifth stimulation. Similar results were
observed after repeated cocaine or repeated morphine
exposure on shock-induced hypoalgesia [8,17].

One-day interval of stimulation with subthreshold
intensity used in our experiment is close to kindling
paradigm, although the duration of the stimulation and
the stimulated structure were different. It is hypothe-
sized that pain evolution also should possess kindling-
like phenomenon [31].

In conclusion, we considered the increase of pain
threshold after the deafferentation as an impact of deaf-
ferentation on pain processing, thus afterwards we
interpreted observed changes in the thresholds during
MCS as the effect of MCS on pain. In this respect, our
results show a similar effect of the stimulation in man
and experimental animals despite the differences in the
organisation of the cerebral cortex. Thus, the usage of
laboratory animals is promising for further studies in
the field of involved antalgic mechanisms of MCS.
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Abstract

OBJECTIVE: Investigation of pain and nociception refers to different models.
Depending upon the intensity of stimulation, unmyelinated pulpal fibers or peri-
odontal A-fibers can be stimulated producing a short or a long latency jaw opening
reflex of the digastric muscle. This paper investigates the different components of
the jaw opening reflex in addition to the correlation between afferent fibers involved
in the cortical evoked response.

DESIGN AND SETTING: Fifteen awake male rats were implanted with tooth pulp
stimulation electrodes, digastric and cortical recording electrodes. Ten rats were
submitted to recordings after a single tooth pulp stimulation, while five rats were
using conditioning and test stimulation. Tooth pulp evoked potentials and digastric
EMG were simultaneously recorded. A multiresolution denoising method was used
for signal processing.

RESULTS: Following tooth pulp stimulation, a cortical response was produced
including the following peaks: P6.5+1.1, N11+1.2, P17+1.2, P27+2.9, N53+7.5,
P69+5.8,P88+13,N160+9.7, P204 + 14.2. The distribution and amplitude of these
peaks are correlated to the stimulation intensity (r=0.96, p<0.01). An interaction
between the different components of the jaw opening reflex was identified on EMG,
following a conditioning shock, where a cortical evoked response showed a P30 +£2.7
peak which was observed concurrently with the jaw opening long latency reflex.
CONCLUSION: Our results identify the interaction between the different compo-
nents of the jaw opening reflex and the correlation to the cortical evoked response.

..................................................................................................
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ABBREVIATIONS:

TPS - tooth pulp stimulation
EP - evoked potentials
TPEPs - tooth pulp evoked potentials
JOR - jaw opening reflex
LLJOR - long latency component of the jaw opening reflex
SLJOR - short latency component of the jaw opening reflex
ISI - inter stimulus interval
INTRODUCTION

Different animal models were identified in order to
determine the relationship between pain, nociception
and motor control. In this respect, electrical tooth pulp
stimulation allowed the activation of high threshold re-
ceptors, mainly connected to A-delta and C-fibers. This
reflex, considered as a relevant orofacial protective reflex,
mediated at the brain stem level can also be elicited by
the stimulation of low threshold mechanoreceptors, such
as those located in the periodontal ligament and oral
mucosa. Previous studies showed an interaction between
pain and behavioral activity [33]. In humans, the study
of cortical responses following tooth pulp stimulation
(TPS) has been used for pain investigation [9,27].

In rats, tooth pulp stimulation of incisors produces
a jaw opening reflex (JOR) usually recorded on the
digastric muscle, this usually being a way to analyze the
mechanisms of pain [36].Two different JOR components
are recorded at different latencies, depending upon the
TPS intensity. It is commonly admitted that moderate
TPS evokes a long latency (LL) reflex (10-25ms) cor-
responding to the stimulation of pulpal unmyelinated
fibers [8,9,26]. With the increasing stimulus intensity, the
long latency reflex amplitude increases, then decreases
and disappear; concurrently, a short latency (SL) reflex
(=6ms) appear. This short latency reflex is due to the
electrical stimulus spreading to the periodontal myelin-
ated nerve fibers [3]. The LL response loss is due to an
inhibitory effect produced by the periodontal afferents on
the response of the motoneurones of the digastric muscle
[8]. Different authors investigated the JOR following TPS.
In rats, the LL and SL JOR has been well identified and
few papers demonstrated that LL JOR could be recorded
without SL JOR, following TPS [7,8].

Following TPS, a response can be evoked in the
somatosensory cortex concurrently with the JOR. The
afferent volley is triggered by the TPS and is conducted
through sensory relays to the somatosensory cortex. The
study of tooth pulp evoked potentials (TPEPs) allows to
analyze the projection of primary sensory afferent neu-
rons to the somatosensory cortex. In this respect, different
investigations were performed on rats [15,25,33,36,38],
on cats [1,20], on monkeys [17] and on human [9,10].

In rat, though the central projection of the pulp has
already been identified with trans-ganglionic transport
of HRP peroxidase [4,24], the central pathway of the JOR
is still unknown. The incisors of the rats are continuously
growing teeth, the pulp of which is almost entirely in-
nervated by unmyelinated axons [6,23,28,34,35]. The
conduction velocity of these fibers may vary between 0.6
and 2.9 m/s [38], although some of them may be my-
elinated outside of the pulp with a conduction velocity
of 25m/s. Thus, the conductive period of time between
the crown and root apex of the lower incisor is about
12-25ms when stimulation was performed at the incisal
part of the crown of the teeth. When high intensity TPS
was performed on the lower incisor of the rat, it is pos-
sible that the stimulus spreads to periodontal tissues [8].

Neither the interaction of the different components of
the JOR nor the cortical evoked responses following the
TPS have been completely described. This paper aims at
analyzing the interaction of the different components of
the JOR in freely moving rats, the correlation between the
different components of the JOR and the cortical poten-
tials, and the interaction between the different compo-
nents of the JOR and cortical response after paired shocks.

MATERIALS AND METHOD

Surgical procedures

The experiments were performed on 15 male rats of
the Sprague-Dawley strain, weighing 300 to 350 g which
were operated under anesthesia with Ketamine® (Imal-
gene 500, 100 mg/Kg i.m.). Peripheral bipolar stimula-
tion silver electrodes were implanted in the lower incisor
tooth pulp and sealed with dental cement (SuperBond
C&B, Sun Medical Co.,LTD, Shiga, Japan). Silver EMG
electrodes were wrapped over the ipsilateral anterior belly
of the digastric muscle to record the JOR [7]. Then a pe-
ripheral reference electrode was inserted subcutaneously
behind the auricular area. Epidural recording electrodes
were placed in the contralateral somatosensory cortex
over the tooth field (bregma-anterior +1 mm, lateral 3
mm below the crest of the skull) [33]. A cortical reference
electrode was implanted in the left nasal bone and the
wires were connected to a connector which was sealed
on the cranial skull [23]. The animals were placed in a
controlled animal house for six days in order to recover
from surgery, all experiments were realized in accordance
to ethical guidelines.

Recordings
Freely moving animals were divided into 2 groups,

according to the stimulation paradigm.

In the first group (G1, n=10), the JOR and TPEPs
were recorded during 250 ms following a single TPS. TPS
intensity was adjusted to 3 different levels slightly above
the threshold of the 3 components of the JOR (LL, LL
and SL, SL alone) so as stimulating pulpal unmyelinated
fibers and then periodontal myelinated fibers.
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Regarding the second group (G2, n=5), the JOR and
the TPEPs were recorded by means of a stimulation
paradigms consisting of a conditioning stimulation fol-
lowed at variable delay by a test stimulation of variable
intensities. In this group, different intensities of stimula-
tion were applied for conditioning and test stimulation
in order to produce: a double LL reflex, a SL reflex
followed by a LL reflex, double LL + SL and double SL
reflex. Recordings were performed for an inter-stimulus
interval (ISI) varying from 80 ms to 30 ms with steps of
10 ms and from 30 to 5 ms with steps of 5ms.

Before each experiment a test was performed to
ensure that animals presented clearly differentiated LL
and SL jaw opening reflex. The animals were placed in
a controlled environmental area to ensure that experi-
mental conditions will prevent them from stress which
inhibits the LL muscular responses [29,34].

TPS was produced by a stimulation unit (302-T, WPI,
UK) at2 V (continuous current), for 1 ms, every 2 s. Differ-
ent TPS intensities was adjusted slightly, between 100 pA
and 10 mA, above thelevel corresponding to the threshold
of each components of the JOR, after testing individually
each animal. TPS was delivered using dedicated software
(Clampex 8.0, Axon instrument, USA) by means of an
D/A converter (Digidata 1200 A, Axon instruments) and
a linear stimulus isolator (A 395, WPI, UK). Responses
were recorded using a preamplifier probe (AI417 and Al
405, Axon instrument) and a programmable amplifier
(Cyberamp 380, Axon instrument). A/D acquisition was
realized through a converting card (Digidata 1200 A) at
2kHz sampling rate. Then data were stored and assessed
on a PC. In all cases, in accordance with respecting the
rule of ethic committee, TPS amplitude were applied
without nociceptive behavioral expression of pain or
distress like vocalization, depression or other behavioral
changes, abnormal appearance or abnormal posture or
immobility.

Signal processing

100 sweeps of 250 ms were recorded for each run in
order to perform an acceptable digital filtering. Following
A/D converting, a signal processing procedure was used
to standardize sweeps and to eliminate artifact responses.
Then a multiresolution thresholding method was applied
to TPEPs data to eliminate noise of the signals. Each EP
was divided (transforming process) into a set of basic
sinusoid functions called wavelets. Different processing
tests demonstrated that the 8th order Symlet wavelet was
the most efficient to eliminate noise. Following shrink-
age of the wavelets coefficients, an inverse transforming
process was applied to the signal to restore a de-noised
signal, as previously demonstrated [5]. Signal process-
ing was programmed by means of the Matlab® software
language (Mathick, CA, USA) with the Wavelet toolbox®.
Signal averaging was also performed on the same data in

Somatosensory Evoked Response in Rat

order to evaluate the performance of the multiresolution
method in relation with the averaging method.

Statistical analysis

JOR or TPEPs recordings presented important inter
individual variations of intensity between animals which
limited the comparison of the results. So it was necessary
to standardized data in order to allow a comparison across
animals. In order to obtain results as ratios (percentage
of variation) we compared each animal to himself. Then
TPEPs were split into different classes of latency and
tested using the ANOVA and complementary Tukey-
test for an inter-group comparison. The low number
of animals used in different portions of the studies did
not affected statistical analysis and was compensated by
the great number of datas which were recorded for each
animal.

RESULTS
SIGNAL ANALYSIS OF EVOKED POTENTIALS

Signal analysis of the showed that the wavelet
shrinkage method, for all the different components of
the evoked response were preserved (Figure 1) though
the noise was eliminated. The comparison between
the averaging method and the multiresolution analysis
significantly improved (71% +22) the signal-to-noise
ratio measured out in relation to the averaging method
(t=4.95, p<0.001).

SINGLE SHOCK STIMULATIONS

For all stimulation paradigms, TPEPs are described in
relation to the JOR, which is used as a reference value to
determine which type of fibers (pulpal and/or periodon-
tal) was stimulated.

Jaw opening reflex

The latency of the JOR was recorded after TPS. For all
animals, the two components of the JOR were recorded:
between 5 and 8 ms for the SL JOR and between 12 and
20 ms for the LL JOR.

Cortical evoked responses
For low TPS situated under the threshold of the JOR,
TPEPs did not appear on the somatosensory cortex.

For supraliminar TPS, the TPEPs recorded on the
somatosensory cortex presented different patterns, in
relation with the TPS intensity. The maximum TPEP
amplitude and the intensity of the stimulation were
significantly correlated (r=0.96, p<0.01), excepted when
stimulus artifact obscuring recordings like when the
TPEPs was saturated at high stimulus intensity. The
maximum amplitude of the TPEPs varied among the
rats, but was still recorded between 48 and 53 ms.
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For low stimulation intensity, when TPS evoked a LL
JOR, the TPEPs were characterized by 2 phases:

- An early component [0ms-17ms] (Table 1), con-
sisting of a low amplitude (<32uV £ 10) polyphasic
wave P6.5+1.1ms, N11+1.2ms and inconstant
P17+£1.2ms.

- A late component [20 ms-240ms] (Table 1), was
characterized by a three-phase wave: P27 2.9 ms,
N53+7.5ms, P69+5.8ms, followed by a P88+13
peak and a late multiphase response composed of
a complex set of components of variable amplitude,
P132+4.7ms, N160+9.7ms, P204+14.2ms . The
[P27, N53, P69] components were statistically iden-
tified (ANOVA and Tukey test, p<0.05) and linked
to the JOR LL component.

For medium stimulation intensities, when the SL and
the LL JOR were recorded: TPEPs were characterized
by an early, low amplitude (<32pV £10) component
[P7.6+£1.6,11.2+1.3,17.1+ 1] (Table 1) followed by a bi-
phasic component [P23 +2.5,N48 + 6.8] and a polyphasic
component constituted by a complex set of components
of variable amplitude [N87+ 3.6, P125+ 13.7, N155 £ 6.6,
P220+12.3] (Table 1).

For high stimulation intensities, when only the SL
JOR persisted, TPEPs are characterized by an early, low
amplitude (<32 uV +10) component [P6+0.8,10.7+ 1.4,
16.5+1.4] (Table 1) followed by a biphasic response
[P22+3.5,N51+9.7] and a polyphasic component con-
stituted by a complex set of components of variable am-
plitude [N73+7.2, P124+4.3, N161+£17.2, P216 £ 16.3]
(Table 1).

Somatosensory Evoked Response in Rat

The early component of the TPEPs [0-20 ms], was
present in each case and no correlation could be found
with any component of the JOR.

PAIRED SHOCKS EXPERIMENTS

Jaw opening reflex response

A.

When the conditioning stimulation evoked a SL JOR
and the test stimulation intensity was adjusted to the
amplitude that normally evokes a LL JOR, then a SL and
a LL JOR reflex was present after the test stimulation.

B.

With a decreasing inter stimulus interval (ISI), in
the same conditions of stimulus intensities as in (A.):
After the test stimulation, the amplitude of the SL JOR
raised when the ISI = 40 + 3.2 ms, and then decreased to
a threshold for ISI=10+ 0.2 ms (Figure 2a), concurrently,
the amplitude of the LL JOR after test shock increased
by step (Figure 2b) until the ISI reached 25+ 9.1 ms and
then decreased and disappeared when the ISI was shorter
than 10+ 6.5 ms.

C.

When the conditioning stimulation evoked a SL JOR
and the test stimulation intensity was adjusted to the am-
plitude that normally evokes a SL JOR, only the SL JOR
was observed after the conditioning stimulus and the test
stimulus. This response pattern changed when the ISI
decrease below 45 ms (Figure 3 and 4). When the ISI was
below 35ms+ 7.4, an unexpected LL reflex appeared fol-
lowing the test TPS (Figure 3a and b). The amplitude of
the LL reflex reached a maximum value (ISI=9+0.7 ms)
(Figure 3c) and then faded away progressively

Table 1. Components of the tooth pulp evoked potentials recorded after tooth pulp stimulation.

Intensity of

stimulation TPEPs
Low P6.5 N11.1 P17.2 p27* N53* P69 N88 P132 N160 P204
sd 1.1 1.2 1.2 2.9 7.4 13 47 4.7 9.7 14.2
Moderate P7.6 N11.2 P17.1 P23 N48 — N87 P125 N155 P220
sd 1.6 13 1 2.4 6.8 — 3.6 13.7 6.6 12.3
High P6.0 N10.7 P16.5 P22 N51 — N73 P124 N161 P216
sd 0.8 1.4 1.4 3.5 9.7 — 7.2 4.3 17.2 16.3

Mean latency (in ms) and standard deviation (sd) of the tooth pulp evoked potentials. Low intensity tooth pulp stimulation corresponded
on the EMG to the long latency component of the JOR, moderate intensity of stimulation corresponded to the short and the long latency
component together and high intensity of tooth pulp stimulation corresponded to short latency JOR alone. For low intensity tooth

pulp stimulation, when a long latency jaw opening reflex was recorded on the digastric muscle, the P27, N53 evoked potentials present
significant differences; for medium and high intensity of stimulation; P69 could not be observed.
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SIGNAL PROCESSING

Evoked potentials

The impact of paired TPS on responses evoked on
the somatosensory cortex was investigated in group G2
(n=5) with freely moving rats. After low intensity TPS no
change were observed in relation with the TPEPs after
simple stimulation paradigms.

When the conditioning stimulation evoked a SL JOR
and the test stimulation was adjusted to a high intensity
that normally evokes a SL JOR a P30 component was
observed after the second stimulation, when ISI was de-
creasing,. The amplitude of such a component increased
till ISI=26 ms+ 6.2 and then decreased and disappeared
(ISI<10ms+4.1).

The investigation of evoked cortical potentials with a
low signal-to-noise ratio represents a serious challenge
when the potentials are embedded in the ongoing EEG
activity. Somatosensory evoked potentials are complex
and transient non-stationary signals (i.e. not time locked
to stimulus). Digital filtering of such signals, with time
invariant descriptors such as Fourier’s transform analysis,
remains a difficult issue. The averaging of a high number
of sweeps is generally used to obtain a satisfactory result.
Nevertheless, due to the large analog bandwidth used
during recordings, a high frequency noise still remains
following averaging. It happens that this noise frequency
is in the same frequency range as one of the evoked
potentials (EP).
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decreases and then increases again.

Several methods have been identified to improve the
EP resolution such as Wiener filtering [12,13,21]. How-
ever time-varying filters or optimal time-varying filters
[5,40] were more adapted to the characteristics of EP. In
accordance with other studies [5, 31] the time-varying
signal processing method used in this paper, improved
significantly the signal-to-noise ratio in relation to the
averaging method. The characteristics of the evoked sig-
nal are preserved after wavelet analysis (Figure 1). Usu-
ally the averaging method requires at least 800 sweeps
for each run. Together with the rejection of overloaded
responses the wavelet method allowed for the reduction
of the number of sweeps necessary to obtain a satisfac-
tory response with a ratio of 1 to 10.

JAW OPENING REFLEX

A two-component reflex was elicited in the ipsilat-
eral digastric muscle after a single TPS [7]. A LL reflex
component was produced at low stimulation intensity, by
the activation of unmyelinated axons of the pulp. With
increasing TPS intensity, a SL reflex component was
elicited by the stimulation of periodontal myelinated
fibers due to the current spread to periodontal tissues.
Periodontal afferents caused an inhibitory period on
digastric motoneurones canceling inputs from tooth-
pulp, as demonstrated earlier [8]. Therefore, when the
TPS intensity increased and reached the threshold of the
SLJOR, the LL reflex was progressively inhibited.

Our results confirm these interactions between
the JOR components. This inhibitory process may use
different pathways from the pre-synaptic inhibition of
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primary afferents to the activation of inhibitory inter-
neurons controlling the excitatory neuronal chain. The
interneurons involved in the early JOR are localized at
all levels of the trigeminal sensory complex (TSC) and in
the inter-trigeminal area [2].

In cats, previous experiments suggested that SL reflex
interneurons could be localized in the rostral part of the
TSC (subnuclei oralis and interpolaris). In rats, although
controversial, interneurons could be localized in the nu-
cleus principalis [7] and in the intertrigeminal area [22].
However the JOR pathway remains a speculative issue.

In our experiment we tried to apply the double stimu-
lation paradigm to investigate the JOR and TPEPs. This
method has not been used in the field of JOR studies in
rats. The double stimulation enhanced a period of facilita-
tion (ISI= 80 to 45 ms) after SL JOR component, followed
by a phase of inhibition (ISI=45 to 10 ms) (Figure 2a and
2b). The results show that the SL reflex decrease and the
LL reflex increase are simultaneous (Figure 3b). This
clarifies the relation between the two components of the
JOR observed [7] and supports to the assumption of an
interaction between C and A fibers.

The inhibition and facilitation process has been
identified on other facial reflexes such as blink reflexes
[14,30] which presents two components (early and late
components) interacting together. In addition, double
shock stimulation may be used to disclose component in-
teractions and to elucidate the reflex pathways, produced
according to different ways of stimulation.

In our experiment, a double high intensity stimulation
eliciting a SL JOR allows the reappearance of a LL JOR
component as soon as the second SL reflex component
decreases (Figure 3 a,b,c and d). Those results confirm
the importance of the SL JOR and the periodontal af-
ferences in the facilitation/inhibitory process. Regarding
our results it is possible to quantify the inhibitory effects

of the periodontal afferents (Figure 4). The amplitude of
the reappearing LL JOR did not reach the amplitude of
the LL JOR produced at low intensity stimulation (-30%).
This could indicate that the inhibitory process partially
persists under these conditions.

SOMATOSENSORY EVOKED POTENTIALS

Previous results [33] showed that the TPS produced a
cortical response in an area being one millimeter anterior
to bregma in the TPS controlateral somatosensory cortex;
it was confirmed in our results. The amplitude of the EP
is in relation with the intensity of the TPS and follows
a power law [37,39]. When the TPS intensity increases,
this relation reaches a limit which could be attributed to
fibers saturation. Thus we could consider that the EP is
in relation with the recruitment of nervous fibers after
TPS.

The number of unmyelinated axons of the man-
dibular incisor dental pulp of rats varies between 127
and 224 [6,16]. The low recruitment of fibers, in some
experimental conditions, may be the reason why it was
difficult to record the TPEPs after low intensity stimula-
tion (LL evoking). This allows us to consider that there
is a specific threshold of recruitment necessary to evoke
a cortical response.

The lake of TPEPs for Low TPS, situated under the
threshold of the LL JOR, showed that there is a link
between JOR and TPEPs. This could be due, either to
the threshold of nervous afferences or to an insufficient
recruitment of fibers.

The question of a possible myogenic contamination of
TPEPs was evoked by different authors [18]. This should
be considered as a possible bias in our study for the
[5-20 ms] interval in which the JOR was recorded. In our
studies, the TPEPs elicited after a single stimulation show
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an early component, at about [6+0.8 to 17.2+1.2ms]
(Table 1), in the range of a possible myogenic contami-
nation. Selected rats presented a lower incisor length
about 25 mm. Electrodes were implanted in their pulp at
12mm from the incisal edge. If we consider the conduc-
tive time-period of the non-myelinated fibers into the
pulp (0.5m/s) and the conductive time-period of fibers
outside the pulp (2.9 to 25m/s) [32,35], consequently,
the conductive period of time to the somatosensory cor-
tex should not be less than 20 ms and the cortical evoked
responses recorded for 6 to 20ms of latency did not
have a pulpal origin. Following TPS of the upper incisor,
Rehnig [33] observed a P6 and N12 peak. In our study,
P6 was concurrent with the SL JOR component, and it is
possible to suppose that P6 corresponds to the periodon-
tal afferents activation and the recording of motor reflex
response with the TPEP recording electrodes.

The study of the thalamic projection of the primary
sensory afferent neurons [36] confirms the lack of TPS
evoked potentials prior to 8 ms. Furthermore the thalamic
EPs were recorded for 8 ms, [20-30 ms] and [40-90 ms]
following the TPS (4). In this respect, considering our
results after single TPS, the [20-250 ms] EP components
are acceptable as cortical TPEPs (Table 1).

When single TPS evoke cortical responses, our results
showed different patterns depending on TPS intensity.
Statistically identification of the [P23+2.5, N48+6.8]
component after low intensity TPS, evoking LL JOR,
could suggested that this TPEP component corresponds
specifically to the pulpal unmyelinated fibers.

Concerning double stimulation experiments, when
the second stimulation produced a LL JOR, no spe-
cific EP was evoked by the second stimulation. However,
some potential were elicited by higher TPS intensities
producing a SL reflex. This could be due to the weak
afferent volleys reaching the cortex. As we observed for
the JOR, a cortical evoked response could be expected
following after conditioning shock, due to summation
of responses. This effect was not observed at the cortical
level, confirming the weakness of the input at this level.
This assumption is confirmed by the effective correlation
(r=0.96) between the integration of the EP and the TPS
intensity.

In this experimental configuration, the results showed
main peak values at P30 following the second stimula-
tion. P30+2.7 appeared only after the double SL TPS,
namely when the current spread through the periodontal
tissues and probably activated myelinated afferents. The
window of appearance of P30 (ISI=70 to 10ms) cor-
responded to the window of appearance of the JOR LL
component following the second stimulation (Figure 4).
Accordingly we could assume that P30 was evoked by the
stimulation of unmyelinated slow fibers.

Somatosensory Evoked Response in Rat

As a conclusion our results allow to determine the
TPEPs corresponding to the stimulation of the differ-
ent afferences involved in the JOR. Results after paired
shocks makes it possible to identify and to quantify the
interaction between the different components of the JOR
and to establish a correlation with the TPEPs.
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Cortical stimulation and tooth pulp evoked potentials in rats:
A model of direct anti-nociception
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While the effect of cortex stimulation on pain control is widely accepted, its physiological basis remains poorly understood.
We chose an animal model of pain to study the influence of sensorimotor cortex stimulation on tooth pulp stimulation evoked
potentials (TPEPs). Fifteen awake rats implanted with tooth pulp, cerebral cortex, and digastric muscle electrodes were
divided into three groups, receiving 60 Hz, 40 Hz and no cortical stimulation, respectively. TPEPs were recorded before,
one, three and five hours after continuous stimulation. We observed an inverse relationship between TPEP amplitude and
latency with increasing tooth pulp stimulation. The amplitudes of the early components of TPEPs increased and their latency
decreased with increasing tooth pulp stimulation intensity. Cortical stimulation decreased the amplitude of TPEPs; however,
neither the latencies of TPEPs nor the jaw-opening reflex were changed after cortical stimulation. The decrease in amplitude
of TPEPs after cortical stimulation may reflect its anti-nociceptive effect.

Key words: pain, sensorimotor cortex stimulation, TPEP, rats

INTRODUCTION

Chronic pain remains a challenging field for inves-
tigation and development of further therapeutic
approaches. Pain control, and methods to achieve it,
have been topics of study for many years. In contrast
to pharmacotherapy, which is not always efficient,
there is less data available regarding non-pharmaco-
logical management of chronic pain, in particular
regarding electrophysiological methods.

Clinical research, in humans, has provided data
demonstrating the efficiency of long-term motor cor-
tex stimulation (MCS) in the treatment of trigeminal
neuropathic pain (Boucher et al. 1993, Meyerson et al.
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1993, Nguyen et al. 1997, Lefaucheur et al. 2004),
deafferentation pain (Tsubokawa et al. 1991), and thal-
amic, post-herpetic and phantom pain (Meyerson et al.
1993, Nguyen et al. 1999). Although the therapeutic
benefit of motor cortex stimulation has become widely
accepted, the underlying physiological mechanisms
and determinant factors of its analgesic effect remain
poorly understood.

To date, few papers have dealt with the effect and
mechanisms of cortical stimulation in animals. The
pain model of cortical stimulation in awake rats has
shown weak anti-nociception efficacy in the formalin
test (Kuroda et al. 2000), and the effect of anti-nocice-
ption has been shown to be suppressed by spinal
administration of nitric oxide synthase (NOS) inhibi-
tors (Kuroda et al. 2001). Cortical stimulation has also
been shown to transiently inhibit the responses of spi-
nal cord dorsal horn neurons to nociceptive stimuli
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(Senapati et al. 2005), while rhizotomized animals
(central pain model) (Rusina et al. 2005) and animals
with ligated sciatic nerves (causalgia model) (Vaculin
et al. 2008) recovered pain thresholds to normal levels
after cortical stimulation. Somatosensory cortical
stimulation in rats has been shown to decrease upregu-
lated expression of c-Fos, an immediate early gene
protein product sensible to noxious stimulation in med-
ullary dorsal horn neurons (Gojyo et al. 2002).

Despite several controversies, it is generally accept-
ed that in rats, tooth pulp stimulation (TPS) represents
a valuable pain model (Morita et al. 1977, Toda et al.
1980, Chapman et al. 1986, Sugimoto et al. 1988,
Alantar et al. 1997); moreover, TPS has been proposed
as a model for trigeminal pain (Chapman et al. 1986).

Tooth pulp stimulation evokes the jaw-opening
reflex (JOR) in rats, considered to be a correlate of
pain, which is mediated by C fibers — the only pain
conducting fibers present directly within the tooth
pulp. Low intensity TPS elicit a long latency JOR
(15 ms). When TPS intensity is increased, the long
latency component of the JOR decreases and finally
disappears, while a short latency component of the
JOR (6 ms) appears. This is elicited by activation of
more distant periodontal afferents and fast conduct-
ing A fibers (Azerad and Woda 1976, Jiffry and
Matthews 1977, Hayashi 1980, Jiffry 1981, Toda et al.
1981, Engstrand et al. 1983, Carter and Matthews
1989, Kowler 1990).

Tooth pulp cortical evoked potentials (TPEP) are
considered to be a useful tool for investigation of anal-
gesic drug action (Cox et al. 1998). TPEP amplitude
decrease and latency increase demonstrated a drug
induced antinociceptive effect (Dannemann 1994). To
our knowledge there is no study showing similar
changes in TPEP latency and/or amplitude in a non-
pharmacological setting.

The aim of our study was to analyze modifications
of TPEPs following cortical stimulation as a marker of
non-pharmacologically induced antinociception. We
used tooth pulp stimulation (TPS) as a painful stimu-
lus. Concomitant TPEP and JOR recordings allowed a
more precise identification of pulp stimulation induced
nociception and its analysis. We evaluated the influ-
ence of cortex stimulation on TPEP amplitude and
latency in awake and freely moving rats. Our hypoth-
esis is that this arrangement would allow us to estab-
lish a useful model for the explanation of the compli-
cated effect of motor cortex stimulation.

METHODS

Experiments were carried out on fifteen adult male
Sprague-Dawley rats (body weight 300-350 g),
obtained from the Animal Facilities of Paris VII
University. The experiment was conducted in accor-
dance with the guidelines of the International
Association for the Study of Pain (Zimmermann 1983)
and the principles of laboratory animal care (NIH pub-
lication No. 86-23, revised 1985). The study was
approved by the local animal care study committee.

Prior to electrode positioning surgery, the animals
were anaesthetized with an intraperitoneal injection of
ketamine® (Imalgene 500, Rhone Merieux- France)
(100 mg/kg) and the implantation procedures were
performed on a heat controlled operating table.

Three types of electrodes were implanted: (1) tooth
pulp stimulating electrodes, (2) jaw opening reflex
recording electrodes, and (3) cortical electrodes for
both evoked potential recording and sensorimotor cor-
tex stimulation (contrarily to humans, in rats there is
no distinct division between the sensory and motor
cortex (Kolb 1990, Starr et al. 1991, Paxinos and
Watson 2007).

The left mandibular incisor was carefully prepared
and peripheral bipolar stimulation electrodes, made of
Teflon coated 125 um platinum wires, were implanted
into the tooth pulp and sealed. Correct electrode place-
ment was confirmed by evoking a JOR. The electrode
wires led to a common, subcutaneously implanted,
contact board located on the skull. Tooth pulp stimula-
tion was delivered using a stimulation unit (302-T,
WPI, UK). Stimulating parameters of the rectangular
impulses were as follows: duration 1ms, frequency 0.5
Hz; intensity was manually adjusted within the range
0.01 to 10 mA in order to evoke three types of JOR
latencies: (1) long latency alone (low intensity), (2)
both long and short latency (moderate intensity), and
(3) short latency JOR (high intensity).

Two 170 um silver Teflon coated electrodes were
exposed and placed over the anterior belly of the left
digastric muscle in order to record EMG responses.
The wires from this electrode led subcutaneously to
the common contact board. After amplification, the
signal was visualized on an oscilloscope so that JOR
latencies could be set using electromyography.

Lastly, two cortical electrodes made of inox wire, to
measure cortical evoked potentials and provide senso-
rimotor cortex stimulation, were inserted, after cran-



iotomy, and cemented to the skull with 4AMETA resin
(Superbond, C&B, Japan). Cortical epidural electrodes
were placed (1) 1 mm rostral and 1 mm right, and (2)
1 mm caudal and 2 mm lateral to bregma. The ground
reference electrode was inserted in the nasal bone.

Anesthesia was used only for implantation of elec-
trodes. All other study procedures (TPS, TPEP record-
ing, cortical stimulation) were done on awake freely
moving rats.

A pulse generator, (Medtronic-3625, Medtronic, Inc.
Minneapolis, USA) was used to deliver rectangular
impulses 0.2 ms in duration at a frequency of 60 Hz
(Group 60) or 40 Hz (Group 40). Stimulation frequen-
cies of 40 Hz and 60 Hz were chosen on the basis of a
pilot study (unpublished data). The intensity was set
between 80-90% of the intensity that evoked facial
muscles twitches (the range of stimulation was from
0.27-0.150 mA). Conscious test animals received con-
tinuous sensorimotor cortex stimulation for periods of
1, 3, and 5 hours.

TPEP recordings utilized the same electrodes used for
cortical stimulation. In order to analyze TPEPs, the sig-
nals obtained from the electrodes were amplified (AI417
and AI 405; Cyberamp 380, Axon instrument, USA) and
digitized using a sampling rate of 2 kHz (Digidata 1200
A, Axon instruments) for off-line signal processing.
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Fig. 1. Variation and SD of the maximum amplitude value of
TPEPs after stimulation in percents; recorded over the sen-
sorimotor cortex after 1 hour, 3 and 5 hours of cortical
stimulation at 60 Hz (Group 60) for the different compo-
nents of the jaw-opening reflex [(LL) long latency JOR;
(SLLL) short and long latency JOR; (SL) short latency JOR]
following tooth pulp stimulation. Significant differences
appear after 5 hours of continuous cortical stimulation in
contrast to non significant results after 1 hour and 3 hours
of stimulation
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Following a recovery period (5—7 days) after elec-
trode implantation, TPEPs were recorded for three
different intensities of tooth pulp stimulation (no sen-
sorimotor cortex stimulation; START — Figs 1 and 2).

Each animal was stimulated separately; the stimulus
intensity was adapted following the slow and rapid
component of the JOR in order to obtain well designed
curves which confirmed that periodontal A and/or
pulpar C fibers, respectively, were actually stimulated.
That means that stimulation intensities showed an
important inter/individual variability and therefore
cannot be displayed in a simple table

The animals were then divided into three groups.
The first group (Group 60) received 5 hours of 60 Hz
cortical stimulation. TPS induced TPEPs were record-
ed at one, three, and five hours (time 1, 3, 5 — Figs 1
and 2) after the start of stimulation. The second group
(Group 40) received 40 Hz cortical stimulation follow-
ing the same experimental paradigm. The third control
group did not receive any cortical stimulation but
underwent TPEP recordings following the same time
intervals.

We analyzed 128 TPEP records of 250 ms duration
using multi-resolution-based noise reduction using a
protocol detailed by Bertrand and coauthors (1994).
This method used a time-scale transformation of the
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Fig. 2. Variation and SD of the integration of TPEPs after
stimulation in percents; recorded over the sensorimotor cor-
tex after 1, 3 and 5 hours of cortical stimulation at 60Hz
(Group 60) for the different components of the jaw-opening
reflex [(LL) long latency JOR; (SLLL) short and long
latency JOR; (SL) short latency JOR] following tooth pulp
stimulation. Significant differences appear after 5 hours of
continuous cortical stimulation in contrast to non significant
results after 1 hour and 3 hours of stimulation
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signal similar to the time-frequency transformation
used in FFT (Fast Fourier Transform). The coefficients
of this time-scale transformation were adjusted in such
a way as to cancel the non Gaussian white noise pres-
ent in the TPEP, subsequently the inverse transform
was computed in such a way as to return the de-noised
TPEP. Because of fluctuant inter-individual variations
of the TPEP curve, a normalization process was
employed in this study to compare animals with note-
worthy inter-individual differences (Shigenaga et al.
1974, Falinower et al. 1994, Grass et al. 2003, You et
al. 2003).

Results are presented as a mean percentage of the
variation observed between individual steps of cortical
stimulation. Two parameters were calculated for every
TPEP: (1) the maximal amplitude of the main wave
(appearing between 20 and 30 ms), and (2) the integra-
tion of the whole evoked curve.

The data were compared in order to determine if
there were statistical differences in observed parame-
ters of TPEPs after 1 hour, 3 hours or 5 hours of corti-
cal stimulation at 60 Hz or 40 Hz. Due to the small
sample and uncertain data normality, the Kruskal-
Wallis non parametric test was carried out, followed
by the Dunn test for multiple comparisons. Statistical
analysis was performed using XLSTAT software v
2007.1 (Addinsoft, USA).

RESULTS

Depending on the tooth-pulp-stimulation intensity,
different response patterns could be observed at the
level of the digastric muscle (JOR) and at the cortical
(TPEPs) level (Fig. 3). Low intensity TPS evoked long
latency JORs (mean latency 16 ms), moderate intensity
TPS evoked both long and short latency JORs, and
high intensity TPS evoked short latency JORs (mean
latency 6 ms).

The TPEPs consisted of a first component including
the stimulation artifact and recorded between 0 and 17
ms . This component was followed by either a triphasic
component (N27, P53, N69) at low intensity TPS, or a
biphasic early component (N23, P48) and (N22, P51) at
medium and high TPS intensities. Regardless the TPS
intensity, those components were followed by a late
polyphasic component composed of a complex set of
peaks having variable amplitudes (Fig. 4).

We assessed the latency and amplitude of the first
negative peak (N27 for low intensity TPS and N23 for

higher intensity TPS, respectively) as a marker of noci-
ception, accordingly to previously published reports
(Danneman 1994).

The maximal amplitude of TPEP was recorded at 27
ms for low intensity TPS, at 23 ms for medium inten-
sity TPS and at 22 ms for high intensity TPS. The
maximal amplitude ranged 75-250 pV. The average
value of the maximal amplitude was 87 uV, 150 uV and
210 pV for low, medium, and high TPS, respectively.

The distribution and amplitude of the peaks corre-
lated with TPS stimulation intensity (#=0.96, P<0.01).

Effect of cortex stimulation on TPEP

Results are given for both stimulated groups after one
hour, 3 hours and 5 hours of continuous cortical stimula-
tion and compared to the values obtained in the same
animal before cortical stimulation (To) (Figs 1, 2).

Cortex stimulation and latency of TPEP

Regardless of TPS intensity, no statistically signifi-
cant variation of TPEP latency was observed.
Accordingly, no significant latency differences were
observed in relation to the frequency or the duration of
cortical stimulation.

Cortex stimulation and maximal amplitude of
TPEP

For low intensity TPS (evoking long-latency JORs)
a progressive decrease in the component of maximal
amplitude was observed in both experimental groups
after cortex stimulation (Fig. 1). In both experimental
groups (Group 60 and 40), the decrease became sig-
nificant, —19% + 2.26 and —6.34% = 2.16 respectively,
after 5 hours of continuous cortical stimulation.

For the medium intensity TPS (evoking both short
and long-latency JOR) similar results were obtained.
In Group 60, a significant decrease (—25.62% = 5.03) in
the early component maximal amplitude was found
after 3 hours of continuous cortex stimulation. In
Group 40, a significant decrease (—7.99% =+ 4.07) for
the peak of the maximal amplitude of P23 was
observed after 5 hours of continuous cortical stimula-
tion.

Similar results were also obtained for the high inten-
sity TPS (evoking only short-latency JORs). In both
experimental groups (Group 60 and 40), a significant



decrease, —23.15% + 7.03 and —9.66% + 4.96, respec-
tively, was found in the maximal amplitude of the P22,
after 5 hours of continuous cortical stimulation.

In the control group, no significant changes were
found in the latency or in the amplitude of TPEP,
regardless of TPS intensity.

Cortex stimulation and integration of the TPEP
curve

In the analysis of TPEP integration, a trend similar
to that described for the maximal amplitudes, could be
seen. Regardless of TPS intensity and cortical stimula-
tion frequency, TPEP integration decreased signifi-
cantly after 5 hours of continuous cortical stimulation
(Fig. 2).

In controls, no significant changes were found in the
integration of TPEP regardless of TPS intensity.

DISCUSSION

A key point in our study methodology was to ensure
that during tooth pulp stimulation (TPS) we stimulated
nociceptive C fibers and not other surrounding struc-
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tures, and that concomitantly recorded evoked poten-
tials over the sensorimotor cortex really reflected
induced nociception.

For this purpose we rigorously analyzed the jaw-
opening reflex (JOR) obtained by pulp stimulation and
recorded over the digastric muscle to reassure that our
experimental tooth pulp stimulation activated nocicep-
tive fibers.

The jaw opening reflex — as previously described
(Carter and Matthews 1989), consists of two different
responses which are dependent on stimulation intensity.

Low intensity TPS evokes long-latency JORs result-
ing from stimulation of slow conducting non-myelinat-
ed C-fibers, which are the only fibers present in the rat
incisor tooth pulp that we stimulated (Jiffry 1981).
Only a higher intensity TPS evokes short-latency JORs
because it spreads toward the more distant periodontal
tissue and also activates fast conducting periodontal
myelinated A fibers (Azerad and Woda 1976).

These anatomical conditions explain why — with
increasing intensity stimulation - we recorded the long
latency component of JOR reflex prior to the short
latency component. Therefore our findings are not in
contradiction with basic neurophysiological principles

N23
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Fig. 3. Responses evoked after a single tooth pulp stimulation at the digastric level (jaw opening reflex — IN 0) and at the
cortical level (tooth pulp evoked potentials — IN 1). JOR and TPEP are recorded at the same time for a duration of 250 ms.
(IN 0 — EMG recording channel, IN 1 — EEG recording channel). Amplitude scale is in V for IN 0 and for IN 1
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that A fibers have a lower threshold than C fibers when
exposed to electrical stimulation (You et al. 2003).

The amplitude of the JOR is not directly related to
nociception and pain in such a way that more the pain-
ful the stimulus the more intense the JOR response.
We included the JOR into our study protocol with the
aim to control that tooth pulp stimulation really stimu-
lated the periodontal A fibers and pulpal C fibers. Our
study enhanced three main findings in Figs 1 and 2: (1)
the amplitudes of the early component of tooth pulp
evoked potentials (TPEPs) increased and latencies
decreased with increasing tooth pulp stimulation inten-
sity, (2) cortical stimulation decreased both the ampli-
tude of TPEP waves and curve integration (possible
analgesic effect), and, (3) cortex stimulation did not
significantly change the latencies of the TPEP waves
or the appearance of the jaw-opening reflex.

First, in our study, TPS induced evoked potentials
recordable over the sensorimotor cortex. The pattern
of the TPEP curve consists of an early and a late com-
ponent. The early component in the (0 ms—17 ms)
range included a large stimulation artifact. Because of
the conduction time between the tooth pulp and the
somatosensory cortex, this early component could not
be considered to be of pulpal origin (Barek et al. 2007).
So we analyzed only the part of the cortical evoked
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potential in the (20 ms to 250 ms) range. Regarding
previous results and the results of this study the first
negative peak of the early component (appearing
between 22 and 27 ms after TPS — Figs 3 and 4) con-
sidered to be a correlate of nociception (Shigenaga et
al. 1974, Danneman 1994, Barek et al. 2007).

Both TPEP latency and amplitude were dependent
on the intensity of TPS: the greater the intensity of
TPS, the higher the amplitude, and the lower the
latency of the analyzed wave.

In other words, at lower stimulus intensities, slow
conducting tooth pulp C-fibers were activated — result-
ing in longer TPEP latencies; when the stimulus inten-
sity (TPS) was increased, both C-fibers and periodon-
tal A-fibers were recruited, resulting in a shorting of
TPEP latencies and an increase of the TPEP amplitude.
Therefore, we believe that the waves appearing at 27,
23 and 22 ms, at different TPS intensities, were varia-
tions of the same wave.

Second, the increase in amplitude and decrease in
latency of the analyzed TPEP wave (with increasing
TPS intensity) were observed in animals prior to con-
tinuous cortical stimulation. The same procedure con-
sisting of TPEP recording with concomitant JOR
monitoring was repeated following continuous stimu-
lation of the sensorimotor cortex.
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Fig. 4. Mean of 128 multi-resolution enhanced TPEPs recorded for medium intensity TPS before (blue) and after five hours
(red) of stimulation at 60Hz (Group 60) and showing noteworthy attenuation of the evoked potential. Standardized error of

main peak is presented on the peak.



In our study, the maximal amplitude of the early
TPEP component tended to consistently decrease with
the duration of cortex stimulation. In the current litera-
ture (Danneman 1994, Logginidou et al. 2003),
decreases in the amplitude of tooth pulp evoked poten-
tials are considered to be a correlate of analgesic
effects in both humans and animals.

Most available data about this topic are based on
pharmacological studies. Cortical evoked potentials
after TPS, in human volunteers, were observed to
decrease after codeine administration (Suri et al. 1996).
A study involving TPS in rats (Cox et al. 1998) found a
decrease in the amplitude of the early component after
alfentanil administration, although the latency of the
wave was unchanged. It was shown (Logginidou et al.
2003) that propofol (drug with no analgesic effect) pro-
duced a dose-dependent depression of somatosensory
evoked potentials and prolonged the response latency.
Another study using TPEP in rats (Danneman 1994)
showed that morphine decreased the maximal ampli-
tude, while droperidol had no effect. Consequently
Danneman suggested that the decreased amplitude of
the early component of TPEP could be considered as a
marker of anti-nociception rather than a general reduc-
tion of cortical excitability (Dannemann 1994). Similarly,
the decrease in the maximal amplitude of the early com-
ponent observed in our study suggests an anti-nocicep-
tive effect produced by cortical stimulation.

Due to the TPEP shape variability following motor
cortex stimulation (Fig. 4), analysis of the early maxi-
mal amplitude component alone might be an insuffi-
cient marker, as such we preferred to analyze the area
under the curve using TPEP integration.

The results of integration are in good agreement with
amplitude evolution: in both stimulated groups the inte-
gration decreased significantly after 5 hours of stimula-
tion, the results were more evident in the highest stimu-
lation frequency group (Group 60). We consider data
from integration evaluation to be more reliable if com-
pared to amplitude analysis alone. Thus, in the 60 Hz
group there was a significant decrease in the maximal
amplitude at both 3 hours and 5 hours, however, a sig-
nificant decrease in integration was only observed at 5
hours — demonstrating the greater benefit of a longer
periods of continuous sensorimotor cortex stimulation.

Third, in our study, continuous sensorimotor cortex
stimulation neither prolonged the latency of the ana-
lyzed TPEP wave nor did modify JOR patterns. These
findings indirectly suggest that cortical stimulation
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acts by a direct antinociceptive mechanism rather than
impact on cortical excitability and/or arousal.
Mechanisms responsible for anti-nociceptive effects
are still quite poorly understood. Cortical activity is
influenced by both duration and frequency of cortical
stimulation inducing temporary inhibition probably
with a distant effect on subcortical regions.

In a similar way, cortical stimulation in Parkinson’s
disease is thought to be effective at cortico-striatal
circuits pathways by activation of neuromodulatory
inputs on the basal ganglia-cortex loops (Gutierrez et
al. 2009). Moreover, cortical stimulation could proceed
to liberation of neurotrophic factors with a distant
effect on nociceptive transmission in subcortical areas.
Cortical stimulation may act by rebalancing the con-
trol of non-nociceptive sensory inputs over nociceptive
afferents at cortical, thalamic, brainstem and spinal
levels. In addition, it may interfere with the emotional
component of nociceptive perception. Biochemical
processes involving endorphins and GABA may also
be implicated in the mechanism of motor cortex stimu-
lation (Cioni and Meglis 2007).

The main limitation of our study was the small
number of animals involved — which is the general
problem of all experiments with implanted animals
and the clinical observations of implanted humans.
Another difficulty could have been the influence of
stress and anxiety in animals with implanted elec-
trodes. Nevertheless the behavior of implanted animals
did not differ from other rats in our laboratory. It is
worth noting that for continuous cortical stimulation
we used the same epidural electrodes as for TPEP
recording. We considered this process to be less trau-
matic than implantation of two electrodes and without
influence on the final results. It has been demonstrated
(Rusina et al. 2005, Barek et al. 2007) that cortical
stimulation modifies the pain threshold in deafferented
animals and the effect of cortical stimulation disap-
pears within 24 hours.

Therefore we conclude that the observed changes in
this study are directly related to cortical stimulation
itself, rather than to eventual changes in the impedance
of the electrode or any damage/inflammation to the
underlying brain tissue.

CONCLUSION

In the present study, we used the jaw-opening reflex to
investigate the effect of sensorimotor cortex stimulation
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on TPEPs — a non-pharmacologic pain control model.
The concomitant use of TPEP analysis together with JOR
recordings allowed a more precise identification of tooth
pulp stimulation. Mathematical processing with signal
purification and the analysis of TPEP integration added
more precision to our results. Therefore, our protocol
enables us to differentiate analgesic effects of continuous
cortical stimulation on C and A afferents.

Since continuous cortical stimulation led to a
decrease in TPEP amplitude, but did not reduce nor
prolonged the latency of the maximal amplitude, corti-
cal stimulation using the TPS models suggests a direct
anti-nociception effect.

This hypothesis is supported by (1) the decrease in
the early component maximal amplitude (present
study) and (2) similar results showing at least slight
anti-nociception from cortical stimulation in other
acute pain models (Kuroda et al. 2000, Rusina et al.
2005). However, due to the small sample size, our
results should be interpreted with care. Further research
i.e. in cellular mechanisms would be beneficial for bet-
ter understanding of the underlying processes induced
by cortical stimulation.
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