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A KUTATAS EREDMENYEI

Hipotézis és a kutatomunka hattere

Az emberi szervezet jelentds mértékben képes a regenerdciora. Egyes szdvetekben, mint a
vérképzo sejtek vagy az epithelium, életiink sordn a sejtek folyamatosan osztodnak és
regeneralddnak, mig mas szovetek sejtjeinek megujulasa sokkal lassabb, és csak bizonyos
bioldgiai jelekre indul meg. Ez a megujulasi képesség a szdvetekben megtalalhato, kiilonbozo
mértékben elkotelezett dssejteknek koszonheté. Ossejtnek neveziink minden olyan sejtet, amely
onmegujito képességgel bir, és emellett képes differencialt utddsejtek 1étrehozasara. Ez a definicio
azonban differenciacidés képességek tekintetében igen heterogén sejtpopuldciot takar. Az
egyedfejlodés korai fazisaban megtaldlhatdé embrionalis 6ssejtek elvben képesek 1étrehozni az
Osszes szOvettipust, és igy lehetOséget nyljtanak az egyedfelddés soran lezajlé folyamatok
mélyebb megismerésére ¢és 1), Ossejtek beiiltetésén alapuld szdvetregeneracios eljarasok
megvalaszolatlan, amelyet jol mutat, hogy komoly technikai nehézséget okoz, a sejtek
meghatarozott szoveti iranyba torténd differencidltatdsa reprodukélhatd és kontrolldlhaté médon.
E mellett az embriondlis Ossejtek klinikai/kutatasi célti felhaszndldsa szamos moralis-etikai
problémat vet fel és felhasznaldsuk torvényi szabalyozasa megoldatlan.

Régota ismert, hogy az érett szovetekben megtalalhat6 tgynevezett posztnatalis, vagy felnétt
ossejtek (ASC) nagy szerepet jatszanak a szovetek folyamatos megujuldsaban és feltehetden a
sériiléseket kovetd szovetregeneracioban. A csontvelobdl izoldlt haemopoetikus Ossejtek
elméletileg minden vérsejtbdl szarmazoé sejttipust képesek létrehozni. A csontveld stroma dssejtek
ugyanigy képesek az esetlegesen sériilt csont regeneralasara, és felelések a mindennapos
mikrotorések javitdsaért. A legujabb eredmények azonban azt mutattdk, hogy ezek a szoveti
Ossejtek a feltételezettnél lényegesen szélesebb differenciacios potenciallal rendelkeznek, a
legvaltozatosabb szoveteket képesek létrehozni. A felndtt szervezet csontveldi Ossejtjel a vér
alakos elemein kiviil izomszovetet ¢és az agyban neuronalis jellegli sejteket is képezhetnek. Talan
még meglepdbb eredmény, hogy egér kozponti idegrendszeri Ossejtek mas szovetté, példaul
izomma, vérsejtté, vagy szivizomma képesek differencialodni a sokféle idegrendszeri sejttipuson
kiviil. Amennyiben bebizonyosodik, hogy a posztnatilis Ossejtek az embriondlis Ossejtekéhez
hasonl6 széleskorti differenciacios képességekkel rendelkeznek, az utobbiak felhasznalasaval
kapcsolatos etikai problémak az ASC sejtek alkalmazasaval athidalhatoak.

A posztnatalis 6ssejtek kutatasa és alkalmazasa tekintetében a csontveld a legrészletesebben
vizsgalt szovet. A csontveldben két kiilonbozd, de egymastol kdlesondsen fiiggd sejtpopulacio, a
haemopoetikus és a csontveld stroma &ssejtek taldlhatok. Szamos tanulmany mutatta be a két
sejtpopulacio kozotti kooperativ kolesonhatdsokat. A sejtek hatassal vannak a stromadlis sejtek
aktivitasara, és a csontveld stromdja szignalizacids faktorokkal vesz részt a vérsejtek érési
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eredetli letapado sejtek elszaporodnak, és ezeken a sejteken csontveld stromara jellemzé markerek
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mutathatok ki. A csontvel6bdl izolalt és kultaraban tartott stromalis sejteket csontveldi stromalis
sejteknek (bone marrow stromal cell=BMSC) nevezik. Ezen a heterogén populacion beliil 1étezik
egy kisebb szubpopuldcid, a mesenchymalis Ossejtek csoportja, amely multipotens, tobbiranyt
differencialodasra képes. Ezek a mesenchymalis Ossejtek képesek onmaguk megujitasara, és
sokfele érett szovet, igy csont, porc, zsirszovet, haemopoesis-fenntartd stroma képzésére. Az
eddigi munkak ezen a teriileten foleg a BMSC-k csontszdvet iranyaba torténo differencialodasaval
foglalkoztak. Az in vitro felszaporitott BMSC-k gazdag forrasai lehetnek az osteogén progenitor
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alkalmasak a kiillonb6z6 fajokbol szarmazd sejttranszplantatumok befogaddsara, sot akar
tobbszords transzplantacid is lehetséges. Ilyen mddszerrel végzett vizsgalatok azt mutattak, hogy
osteogenesis nem torténik, ha szubkutan, vagy intramuszkularisan csontveld szuszpenzidt
injektalnak, vagy BMSC sejteket sejtszuszpenzioként, vivéanyag nélkiil, esetleg gyorsan
felszivodo (rapidly resorbing) vivéanyaggal implantalnak. Ez arra utal, hogy a csontképzéshez a
transzplantalt BMSC sejteknek sziiksége van egy vazszerkezet jelenlétére, elsdsorban az
osteogenesis kezdeti fazisaban.

A posztnatalis Ossejtek kapcsan tett felfedezések, felvetették a lehetdséget, hogy a fog eredetii
szovetek ugyancsak tartalmaznak hasonld sejteket. A csontveldi dssejtek izolaldsakor alkalmazott
modszerek felhasznalasaval végzett vizsgalatokbol mara mar vildgos, hogy ezekben a
szovetekben is talalhatdak magas proliferacids aktivitassal rendelkezd, klonogén sejtek.

A fogak f6 allomanyéat képez6 dentin a csontoktol eltéréen nem épiil at, bar karosodast kovetden
a dentindllomany limitalt Gjraképzddése megfigyelhetd. Ehhez hasonloan, a fogakat az alveolaris
csonthoz rogzitd gyokérhartya részleges regeneracioja is megfigyelhetd. Korabban is feltételezték,
hogy ennek lehetdségét a szovetekben elhelyezkedd prekurzor sejtek teremtik meg. Az elmult
néhany év soran az emberi marad6 (dental pupl stem cell=DPSC) ¢s tejfogak pulpajabol (stem
cells from human exfoliated deciduous teeth=SHED) ¢és a parodontalis ligamentumbol
(periodontal ligament stem cells=PDLSC) is multipotens Ossejteket izolaltak. Ezek a sejtek
kultaraban hosszan fenntarthatdak, osztédnak, atiiltethetdk, s megfeleld koriilmények kozott
differencialodasra, s6t mineralizaciora is képesek. Bizonyos jellegzetes, BMSC-tdl eltérd
molekularis markereket is mutatnak, igy példaul a DPSC-k és SHED-k csak a dentinre jellemzd,
mas mineralizal6do szovetekben nem expresszalddo foszfoforint. Eldzetes eredmények szerint a
fogeredetli multipotens Ossejtek, s ezek koziil is leginkabb a tejfogak pulpdjabdl izolalt SHED-k
képesek mas szovettipusokka is differencialédni, igy adipogén indukcidt kovetden zsirsejtekké
alakulni, vagy neurogén aktivéalast kovetden idegi differencidlodas jellegzetességeit mutatni.
Ugyanakkor sem a fogszovet sejtes elemei irdnyaba, sem az egyéb szovetek iranyaba torténd
differencidlodas celluldris mechanizmusa, s ennek molekuléris szabalyozasa nem tisztazott.

A programban a kivetkezo feladatokat tiiztiik ki és végeztiik el:

Vizsgalataink célja emberi foghélbdl és parodontalis ligamentumbél szirmazo ossejtek
izolalasa és jellemzése, in vitro modell-rendszerek ¢€s eljarasok kidolgozasa a fogeredetii, €s igy
felhasznalhatd Ossejtek azonositdsara, izolalasara ¢s fejlodési, differencialédasi képességeik
meghatarozasara, illetve ectodermalis sejtekkel vald kolcsonhatasaik jellemzésére. Munkank
soran emberi maradd (dental pulp stem cell=DPSC) és tejfogak pulpdjabdl (stem cells from
human exfoliated deciduous teeth=SHED) ¢és a parodontalis ligamentumbol (periodontal ligament
stem cells=PDLSC) illetve emberi nyalmirigyekb6l (PTHSG) preparaltunk pluripotens Ossejteket
tartalmazé sejtkulturakat. Ezen kultardkat molekuldris és sejtbiologiai mddszerekkel jellemeztiik,
a sejteket kiilonboz6 iranyu differencialodasra / transdifferencialédasra birtuk.

Fentiek mellett egy uj allatkisérletes tesztrendszert dolgoztunk ki az osseointegracio,
illetve a parodontalis ligamentum ¢és a fogbél regeneracidjanak tanulmanyozasara. Ez
megalapozza tovabbi ilyen irdnyu kutatdsainkat, a fogeredetli sejtek in vivo regeneracids
alkalmazasanak kidolgozasara.



Elért eredménvek, kidolgozott modszerek, eljarasok

A program inditdsakor 4 koézlemény megjelentetését terveztik. A ,Kozlemények” rovatban
toltottiik fel nemzetkozi folyodiratban 4 megjelent és 1 elfogadott cikkiinket, 6sszesen 12,49
impakt faktorral. Ezzel vallalasunkat jelentdsen tulteljesitettiilk. Emellett harom olyan jelenleg
csak absztrakt forméjaban megjelent munkank van, amelyek kozlésén most dolgozunk. Fentiek
mellett hazai szaklapban is kozoltiink két dolgozatot. Bar a végzett munka alapkutatas, a
megszerzett Gj informaciok kozvetve alapot szolgaltathatnak a fogeredetii dssejtek biologiai
regeneracioban torténé alkalmazasahoz. Legalabbis a lehetdségeket és jelen ismereteinket
tekintve ez nem korlatozédik a szajiiregi keményszovetek meguhjitasara, de mas szovetek,
kiilonosen is a neuronalis jellegii struktiurak wjjaépitésére realis igérettel szolgal.

Eredményeinket pontokba foglalva a kiovetkezo lényeges megfigyeléseket tettiik:

1. DPSC (felnétt pulpa), SHED (tejfog pulpa) PDLSC (parodontilis ligementum) és PTHSG
(nyalmirigy eredetii) sejtek izolalasa, primer tenyészetek létrehozasa

Az Semmelweis Egyetem fogaszati klinikairol gytijtott szovet (tej és maradd bolcsességfogak
pulpdja) mintdkbol koldniaformald sejteket izoldlunk és primer sejttenyészetet hoztunk létre. A
gyokérhartyaszovet izoldlasat kovetden a fogakat steril lemosdst kovetden steril flroval
megnyitottuk, a pulpaszovetet eltavolitottuk. Mindkét szdvetet kollagendz 1 és diszpaz
keverékében emésztettiik 1 ordn at 37°C-on. Ezt kovetden szuszpendaltuk, 70 pm-es sziirén
atszlrtiilk, 6-iliregli tenyésztdtalcaba tenyésztettik 37 °C-on, steril koriilmények kozott. A
szOvettenyésztést alfa-MEM médiumban, 37°C-on, 5% CO2 tartalom mellett, standard
koriilmények kozott végeztiik. Az izoldlas és tenyésztés rutin eljarassa valt a laboratériumunkban.
A fogakhoz hasonlé eredetii, szajiiregi epithelidlis-mesenchimalis sejtkdlcsonhatdsok révén
kialakulé emberi nyalmirigyekbdl is sikeriilt primer kultarékat létrehoznunk (PTHSG). Ezekbdl a
tenyésztés modjatdl, illetve a médiumtdl fiiggéen epithelidlis (Hepatostim médium) vagy
mesenchimalis (MEM médium) jellegli tenyészetet hoztunk létre. Ezt kdvetden tobb irdnyban
tovabb Iéptiink a kulturak tulajdonsagainak jellemzésére.

2. PDLSC kulturak jellemzése

Kovetkezd vizsgalataink kozvetlen célja a PDLSC sejtek in vitro modellrendszerének jellemzése
volt. Primer sejttenyészetek létrehozasat kdvetden az emberi gyokérhartyaszovetbol, ezek
klonogén, progenitor tulajdonsagait igyekeztiink azonositani. Ezt kdvetden vizsgalni kivantuk a
sejtkultarak proliferacios képességét. A gyokérhartyaszovet izolalasat kovetden az extracellularis
matrix bontdsara enzimatikus emésztést alkalmaztunk. MTT analizis segitségével jellemeztiik a
szérum ¢s az Emdogain hatdsat a sejtkultirak életképességére. A STRO-1 mesenchymalis, c-kit
embrionalis, CD34 vérképzd Ossejtmarkert hordozo populacid azonositasara citometrias (FACS)
analizist ~ végeztiink.  Sikeriilt  stabilizalt  sejttenyészeteket  létrehoznunk  emberi
gyOkérhartyaszovetbdl. A sejttenyészetekben a sejtosztddas mértéke jelentdsen fiigg a szérum ¢és
az Emdogain jelenlététdl. A sejtkulturak sokszorosan atiiltethetok és klonogén, STRO-1, c-kit és
CD34 immunpozitivitast mutatd sejteket tartalmaznak. A primer tenyészetek akar 25 passzalason
¢s 5 honapon keresztiil is fenntarthatéak voltak. A sejtek jellegzetes fibroblaszt morfologiat
mutatnak. Modelliink lehetdvé teszi a foggyokérhartya eredetli és potencidlisan fogagy
regeneralasara képes sejtek osztodasanak ¢és differencidloddsdnak molekuldris szintl
tanulmanyozasat.



3. DPSC kulturak jellemzése

Ezen vizsgdalataink célja primer sejttenyészetek jellemzése volt human fogbélbdl: a kultarakban
klonogén, progenitor tulajdonsagokkal bird sejteket igyekeztiink azonositani, valamint a
sejtkultarak proliferacios képességét jellemezni.

A fentebb leirtak szerint a fogbél izolalasa miitéti uiton eltavolitott bolcsességfogakbol tortént, az
extracellularis matrix bontdsara enzimatikus emésztést alkalmaztunk, majd sejtizolalast
végeztink. STRO-1 mesenchymalis  &ssejtmarkert hordozéd populdcid  azonositasara
immuncitokémiai vizsgélatot végeztiink. Az MTT moddszerrel jellemeztiik a szérum, az EGF és a
BMP2 hatasat a sejtkulturdk életképességére. Legfontosabb eredményiink az, hogy sikeriilt
stabilizalt sejttenyészeteket 1étrehoznunk emberi fogpulpaszovetbdl. A sejtkultirdk sokszorosan
atliltethetok és klonogén, STRO-1 immunpozitivitdst mutatd sejteket tartalmaznak (a tenyésztett
sejtek mintegy 5-10 %-a). Ezek primer tenyészetek akar 30 passzaldson keresztil is
fenntarthatoak voltak (ennél tovabb nem végeztiink vizsgalatokat). A sejtek jellegzetes fibroblaszt
morfolégiat mutatnak. A tenyészetek mineralizaciés képességét a megfeleld indukcids
médiumban mineralizacioés depozitumok kialakulasa mutatta. A sejttenyészetekben a sejtosztodas
mértéke jelentdsen fiiggott a szérum jelenlététdl. Mind az EGF, mind a BMP2 dézisfiiggé médon
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4. Osteogén differencialodas a sejtkultirakban

A DPSC, a PDLSC ¢és az epithelidlis és mesenchimalis elemeket egyarant tartalmaz6 PTHSG
sejtek keményszoveti differencidlodasanak kivaltdsdhoz B-glicerofoszfat, aszkorbinsav-2-foszfat
¢s dexametazon tartalmu tapkozeget alkalmaztunk. Mindharom tenyészet mintdin négy-othetes
kezelést kovetden Alizarin voros festést végeztiink a Ca®™ tartalmu lerakodasok kimutatasara.
DPSC sejtek mineralizacidja a tenyésztofeliilet egészén egyenletes, haldzatos mintdzatot mutatott,
mig a PDLSC és PTHSG kulturdkban inkabb gocszerli depozitok voltak jellemzdk. A sejtek a
mineralizalt szovetekre jellemzé BSP, MEPE és DSPP (utobbi csak a DPSC sejtekben)
immunoreaktivitdst mutatnak. Az ilyen irdnyu differencidloddst megalapozd génexpresszids
mintdzatokat jelenleg kvantitativ PCR moédszerrel tanulmanyozzuk.

5. Adipogén differencialédas

A MEM médiumban kultivalt DPSC, PDLSC és PTHSG tenyészetek zsirszoveti elkdtelezodését
IBMX, inzulin és dexametazon alapi médiummal serkentettilk. A sejteket négy héten at
differencialtattuk, majd a képzodott lipid lerakodasokat Oil Red festéssel sikeresen azonositottuk.
Ezek a vizsgalataink kiillondsen fontosak, ilyen megfigyeléseket kordbban nyélmirigy-eredetii
progenitor sejtek tekintetében nem tettek.

6. Sejtproliferacios és sejttoxicitasi és transzdifferenciacidos vizsgalatok DPSC, SHED,
PDLSC és HSG sejtekkel — szérum, matrixfehérjék és fogaszati anyagok hatasa

Vizsgélataink szerint mindharom kultira esetében a sejtek osztédasa ¢és életképessége
nagymértékben fiiggoétt a médiumban a szérum jelenlététdl. Az extracellularis zomanc matrix
kivonat Emdogain magas koncentraciokban ugyancsak fokozta a sejtek osztodasat. Matrigel,
bazalis membrankivonat alkalmazdsa ugyanakkor a sejtek gyors pusztuldsdhoz vezetett.
A rutin fogéaszati kezelés soran a gingivalis sulcust leggyakrabban kemo-mechanikai modon
reagesekkel atitatott fonalak segitségével tagitjak. A vasszulfat és az aluminium-klorid széles
korben hasznalt anyagok a sulcus tagitd fonalak atitatasara. Szovetkarositd hatasuk azonban nem
tisztazott. Vizsgalataink szerint klinikailag alkalmazott dézisokban mar rovid ideji, 10 perces
expozicidt kovetden is mindkét anyag jelentdsen csokkentette a DPSC és a PDLSC kultarak
sejtjeinek életképességét. Igy az altalunk létrehozott sejtkulturak alkalmasak lehetnek direkt



5

citotoxicitasi vizsgalatok alkalmazasara olyan anyagok esetében, amelyek fogaszati kezelések
soran a fogszovetekkel kdzvetlen érintkezésbe keriilhetnek.

Fentiek mellett hasonld proliferaciés és differencialodasi vizsgalatokat végeztiink az
humén szdjiiregi epithelidlis eredetli, progenitor tulajdonsdgokat mutatdé HSG sejtekkel. Ezen
sejtek jellemzése azért tlinik jelentdésnek, mert a fogfejlodés folyamatanak megértéséhez
feltétleniil sziikséges az epithelidlis és mesenchimalis sejtek kolcsonhatasainak vizsgalata. Ezek a
plasztik tenyészedényben immortalis sejtek Matrigel jelenlétében, nem mutatnak olyan gyors
sejtpusztulast, mint a mesenchimalis eredetii sejtek, de elobb markans acinéris differencialédast
mutatnak, ez azonban megreked, majd a HSG sejtek apopototikus folyamatok révén szintén
eltiinnek a kultarabol. A valtozasokat molekularis szinten az antiapoptotikus faktor survivin,
illetve az apoptozis kulcsfaktora a caspase-3 aktivitdsanak szintjén kovettiikk. Farmakologiai
modszerekkel blokkoltuk a kulcs szignal transzdukcids utvonalakat is (tyrosine kinase, nuclear
factor kappa B, protein kinase C, phosphatidylinositol 3-kinase és matrix metalloprotease-ok
kiilon kiilon mintdkban torténd gatlasaval). Az eredmények szerint a HSG sejtek apoptotikus
pusztuldsa a survivin szint csOkkenéséhez, a caspase-3 aktivitds fokozddasdhoz, illetve tobb
szignalizacios utvonal aktivitasbeli valtozasahoz kotheto.

Rendkiviil figyelemre méltd, hogy a PTHSG sejtek, azaz a normal nyalmirigyekbdl
szarmazo6 sejtek az extracellularis matrixfehérje kivonat Matrigelen a HSG sejtekkel, valamint a
DPSC ¢s PDLSC sejtekkel szemben nem pusztulnak el. Ez a sejtpopulécid is mutatja ugyanakkor
az duktalis-acinaris transzdifferencialodas fenotipikus jeleit, mind a sejtek morfologiai valtozasa,
mind a molekularis markerek expresszidjanak a szintjén. A Hepatostim médiumban tartott sejtek
tenyészthetdk, 2-3 passzdzs sordn megtartjdk eredeti, epithelioid fenotipusukat. Matrigel
extracellularis matrixkivonat hatasara acino-tubularis strukturakba rendezddnek, s ekdzben a
duktalis markerek rovéasara acinaris markereik expresszidja fokozodik.

7. Az emberi foghél eredetii sejtek és az oralis eredetii epithelialis progenitor
tulajdonsagokat mutaté HSG sejtek kolcsonhatasanak vizsgalata

A DPSC és HSG sejteket iiveglemezen egymas mellé iiltetve a DPSC sejtek nagyon heterogén
morfologiat mutattak. A DPSC sejtek sokkal lassabban néttek, mint a HSG, és egyes sejtek HSG
monolayer feliiletére kiisztak. HSG monolayer mellett névekvé DSPC sejtek csillag alaka képet
mutattak hosszl nyulvanyokkal. Ezek a sejtek nem festddtek a neuralis marker, N-tubulinnal. A
HSG monolayer feliiletén novekvé DPSC sejtek morfologidja jellemzé a kis, kerek sejttest és
hosszll nyulvany. Ezeknek a sejteknek jelentds része N-tubulin expressziot mutat a nyolcadik
napon ¢s ezek a sejtek kis teriiletre lokalizalédnak. Eredményeink szerint tehat a konfluens
epithelialis HSG sejt monolayer feliilet a DPSC sejtek neurdlis differencialodasat valdsziniileg
parakrin modon indukélja, s ezt feltehetden nem szolubilis faktorok kozvetitik. A neuralis
differencidlodas feltehetden eldmozditja a szomszédos sejtek hasonl6 irdnyt differencialédasat is.

A fiatalabb populaciobol szarmazé SHED sejtek a HSG feliiletére iiltetve ugyancsak
neuralis differencidlodésra birhatok. Sokkal tobb N-tubulint expresszald sejt alakul ki azonban,
mint a DPSC-HSG kokultarakban. Neuralis sejtek talélését tamogatd Neurobasal-B27 médiumban
tenyésztve a DPSC és SHED sejtek N-tubulint expresszaltak és a differencialodas gyorsabban (2
nap) létrejott. Ujsziilott patkany embridbol izolalt asztroglia monolayer aljzatra iiltetve a SHED
sejteket ugyancsak kivélthatd a neuralis differencidlédas. Eredményeink azt mutatjdk, hogy a
fiatalabb populaciobol szarmazé SHED sejtekben feltehetden nagyobb szamban vannak olyan
progenitor alakok, amelyek neurdlis differencialédasra képesek. Vizsgalataink vilagosan
megmutattak, hogy a korabbi vizsgalatokkal ellentétben nemcsak honapok, hanem napok alatt is
kivalthato a neuralis differencialodas. A HSG epithel monolayer hasonldan viselkedik az astroglia
sejtekhez, amelyek fontos Osszetevoi az idegrendszernek. A neuralis differencialédas
mechanizmusénak vizsgéalatdhoz tovabbi kisérletek sziikségesek, amelyekhez megfeleld
modellnek tiinik a SHED sejtek valamilyen (astroglia vagy HSG) aljzatra valo iiltetése és
neurogén médium haszndlata.



6

8. DPSC és PDLSC sejtek neurogén differencialodasa, morfodiffenencialodas, neuronalis
markerek vizsgalata fesziiltségfiiggé Na és K csatornak kimutatasa patch clamp technikaval

Neurondlis indukciot tobbféle modszer szerint végeztiink, stromalis csontvel6i Ossejtek idegi
differencialodasat leird protokollokbdl kiindulva. Az egyik eljards szerint cAMP noveld
agensekkel (forskolin, IBMX), valamint PKC aktivatorral (PMA) stimulaltuk a sejteket, a masik
modszer alkalmazasakor el6szor a tenyészetben el6forduld neuroprogenitorokat dusitottuk fel
bFGF eldkezeléssel, majd KCl-dal depolarizaltuk dket. A citoplazma retencid kivaltasa, valamint
a neuritok kialakitasa céljabol forskolint, DMSO-t és butilalt hidroxianizolt adtunk hozzajuk.
Mindkét modszerrel sikeriilt a neuronspecifikus N-tubulin, NeuN és MAP-2 fehérjék
expressziojat kimutatni, azonban a differencialodott sejtek aranya, illetve €letképessége eltérd volt
az egyes sejttipusok és protokollok esetén. Miutdn a fenti modszerekkel csak részleges, illetve
reverzibilis eredményeket értiink csak el, a két eljarast kombinaltuk. NGF, NT-3, illetve retinsav
megfeleld idOben torténd adasa mellett sikeriilt B27-tel és N2-vel kiegészitett Neurobasal
médiumban hosszl tadvon (9-14 napig) fenntarthaté N-tubulin, NeuN és MAP-2 pozitiv sejteket
differencialtatnunk DPSC, PDLSC ¢és PTHSG sejtekbdl. Végiil egy alapjaiban 1) kombinaciot
haromlépcsds protokollt dolgoztunk ki. Ennek elsé eleme a dedifferencialtatas, a masodik a PKC-
PKA rendszerek parhuzamos sokkszerli aktivacidja, amit egy hosszabb ideig tartd neurotrofikus
médium zar le.

A fentiekben ismertetett protokollok szerint differencidltatott, neuronalis tulajdonsagokat
mutatd sejtjeinket funkcionalis patch clamp vizsgalatoknak vetettiik ald, fesziiltségfiiggd Na”
csatorndik  kimutatdsa céljabol. Poli-L-lizin bevonatu iiveglemezeken tenyésztett ¢&s
differencialtatott DPSC ¢és PDLSC tenyészetekbdl ,,whole-cell” mérésekre alkalmas
preparatumokat készitettiink egy, az extracellularis kérnyezet sszetételéhez (magas Na™ szint,
alacsony K" koncentracio) hasonlé folyadékkal feltoltott ellatott kamraban. Az iivegkapillaris az
intracellularis koncentracidviszonyokhoz hasonlé (magas K, alacsony Na™ tartalma) médiumot
tartalmazott. A pipetta és a sejt kozott stabil, nagy ellenallast (gigaohmos) zart kapcsolatot
Iétesitettiink, majd a membrant atszakitottuk, és a mérdelektrod segitségével, depolarizald
impulzusokkal valtottuk ki a fesziiltségfiiggd Na" és K csatornak nyitasat. A fentebb leirt elsd két
modszerrel tortént differencialodas limitalt mértéki, ezeket kdvetden nem regisztralhatok a idegi
differencialodas funkciondlis kritériumanak tekinthetd fesziiltség fliggdé Na csatornak.
Ugyanakkor az Aaltalunk kidolgozott 1j haromlépcsés modszer szerinti, a kombinalt
differencialtatast kovetd eldzetes kisérleteink biztaté eredményeket mutatnak, fesziiltség fliggd
Na" és K csatornak jelenlétét sikeriilt regisztralnunk a vizsgalt sejteken.

A morfologiai, immunhisztokémiai, PCR ¢és funkcionalis patch clamp vizsgalatok,
valamint a proliferacios ¢€s sejt ¢életképességi adatok egyarant arra utalnak, hogy sikeriilt egy olyan
eszkozrendszert kidolgoznunk, amely alkalmas a fogeredetli dssejteket tartalmazé kulturakbol egy
robosztus idegi differencialodasi folyamat véghezvitelére.

9. Uj osseointegracios modell kidolgozisa a csontosodis, a parodontilis ligamentum,
kialakulasa, illetve a fogaszati implantatum csontosodasanak vizsgalatara, az dssejtekkel
torténé biologiai regeneracio megalapozasara

Jelenleg nagyon szegényes eszkozkészlet all rendelkezésre az osszeointegracid, a parodontalis
regeneracid teriiletén. Célunk egy 1j vizsgalati modell kidolgozasa volt a csontregeneracid és
csontdegeneracié modellezésére. A szajiiregi csontszdvet irdnyitott valtozasainak modellezésére
kerestiink szdveti, strukturalis hasonldsagot mutatdé morfologiai egységet. Ennek a kortikalis kiilsé
réteggel és a pordzus spongiosaval rendelkezd patkény farokcsigolya nagymértékben megfelel.
Ezen tal a species gazdasagos, a patkany elterjedten alkalmazott kisérleti allat, a farokcsigolya
mitéttechnikailag is kedvezd. A csigolydban vertikalisan kialakitott csontkazetta lehetdséget ad
kiilonféle biologiailag aktiv anyagok (sejtek, szovetek, morfogén anyagok), implantatumok,
csontkdzegben torténd valtozasainak, implantdtumoknal az oszteointegracid elemzésére.
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A csontszovet-regeneracidé modellezését 250-300 g-os ndstény kisérleti patkanyon
a vizsgalando tesztanyagot/sejteket. A specidlisan e célra késziilt implantatumok ezutan keriiltek
felhelyezésre. Az 4llatok hospitalizdldsa az implantditum-modell behelyezését kovetd elsod
hetekben egyedi ketrecekben tortént. Négy idépontban, a 3-18. hét kozott, kiszakitasi probat és
mikro-CT rontgen-analizisét végeztiik, majd reprezentativ hisztologiai vizsgalatot végeztiink.
Eredményeink egyértelmiien jelzik, hogy az alkalmazott modszer alkalmas mind a csontosodas
kotdszilardsaganak, mind pedig a finomszekezeti valtozdsok kovetésére. A kidolgozott
modszerrel megjelentetett dolgozatunkban a biszfoszonat Ostim csontosodasra valo hatasat
jellemeztiik.

Vizsgalati modelliink alkalmas a csontregeneracié és implantdtum osseointegracio
tanulmanyozasara experimentélis lokalis és/vagy szisztémas kezelések és eljarasok soran, illetve
kiilonféle experimentalis patoldgias allapotokban. Megitélésiink szerint kivalo lehetdséget teremt
a csontosodds, a parodontdlis ligamentum kialakulasa, illetve a fogaszati implantditum
csontosodasanak vizsgalatara, az dssejtekkel torténd bioldgiai regeneracié megalapozasara.

10. Nemzetkozi egyiittmiikodés a Torontoi Egyetem munkatarsaival.

A K61543 kutatasi palyazathoz kozvetleniil a meginduldskor kiegészitd nemzetkozi kiegészitd
tamogatast nyertiink (IN67250). Ennek a kiegészito palyazat minden fentebb emlitett kutatasi
pont végrehajtasaban jelentds szerepet jatszott. Kiilon kiemeljiik Torontéi Egyetem
munkatarsainak Dr. Benhard Ganssnak és Dr. Somogyi Eszternek a szerepét, Dr. Somogyi 3
alkalommal, ebbdl egyszer 4 héten keresztill, Dr. Ganss pedig két alkalommal latogatott
laboratoriumunkba. Emellett Dr. Kadar Kristof harom alkalommal, Dr. Varga Gabor és Kiraly
Mariann egy alkalommal dolgozhatott a palyazat iddtartama alatt kiillonb6zé iddintervallumokat
toltve Torontdban.

Kozosen dolgoztuk ki a munkéank alapjat képezo sejtizolalasi €s sejtkultira metodikakat,
melynek alapjan Dr. Somogyi ezen kdzleményeinkben tarsszerzdséget szerzett. Szamos vizsgalati
modszer technoldgiai transzfere tortént a torontdi laboratéoriumbol Budapestre Dr. Ganss a
laboratérium vezetdje jovoltabol, s mi pedig sejt tenyészeteket szolgaltattunk, illetve
megosztottuk in vitro modszertani fejlesztéseinket. Dr. Ganss dontd szereppel bir mind a DPSC,
mind a PDLSC sejtekbdl kiindulé neurondlis differencialdédasi vizsgéalatainkban, amint ezt
tarsszerzOsége is jelzi. Dr. Ben Ganss és Dr. Somogyi Eszter Tet-On rendszeri indukalhato
BMP2-t tartalmazo6 plazmidokat allitottak eld, az ezek transzfekcidjaval kapcsolatos kisérleteink
folyamatban vannak a budapesti laboratériumban és Torontoban egyarant. Fentiek mellett a
kozeljovoben fejezziik be azokat a vizsgélatokat, amelyek a fogeredetli kultirdk in vitro
differencialodasara vonatkoznak fogeredetii fehérjék tisztitott kivonatainak jelenlétében.
Végezetiil most folyik a kiértékelése azoknak a vizsgalatoknak, amelyek soran Kéadar dr. kanadai
tanulmanyutja soran egy 1Uj Ossejtizolalasi modszer kidolgozéasaban vett részt, a parodontalis
ligamentum felszinén torténd sértés alkalmazasaval.

MELLEKLET (a még hozza nem férhet6 eredmények bemutatisara)

1. Kiraly et al.: DPSC neuronalis differencialodas kézirat (2009)
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Abstract

The plasticity of dental pulp stem cells (DPSCs) has been demonstrated by
several studies showing that they appear to self-maintain through several passages,
giving rise to a variety of cells. The aim of the present study was to differentiate DPSCs
to mature neuronal cells showing functional evidence of voltage gated ion channel
activities in vitro. First, DPSC cultures were seeded on poly-L-lysine coated surfaces
and pretreated for 48 hours with a medium containing basic fibroblast growth factor and
the demethylating agent 5-azacytidine. Then neural induction was performed by the
simultaneous activation of protein kinase C and the cyclic adenosine monophosphate
pathway. Finally, maturation of the induced cells was achieved by continuous treatment
with neurotrophin-3, dibutyryl cyclic AMP, and other supplementary components.
Noninduced DPSCs already expressed vimentin, nestin, N-tubulin, neurogenin-2 and
neurofilament-M. The inductive treatment resulted in decreased vimentin, nestin, N-
tubulin and increased neurogenin-2, neuron-specific enolase, neurofilament-M and glial
fibrillary acidic protein expression. By the end of the maturation period all investigated
genes were expressed at higher levels than in undifferentiated controls except vimentin
and nestin. Patch clamp analysis revealed the functional activity of both voltage-
dependent sodium and potassium channels in the differentiated cells. Our results
demonstrate that although most surviving cells show neuronal morphology and express
neuronal markers, there is a functional heterogeneity among the differentiated cells
obtained by the in vitro differentiation protocol described herein. Nevertheless, this study
clearly indicates that the dental pulp contains a cell population that is capable of neural

commitment by our three step neuroinductive protocol.



1. Introduction

One of the first signs of mammalian tooth development is seen as the oral
epithelium starts to invaginate into the underlying neural crest-derived mesenchyme.
The mesenchymal cells are derived from the dorsal-most aspect of the neural tube, and
contribute to many tissues, including the dental pulp (Thesleff and Aberg, 1999, Tucker
and Sharpe, 2004). From this aspect, it would be of great interest to identify a neural
progenitor pool in the adult human dental tissues, and investigate its regenerative
potential for nervous system defects such as neurodegenerative diseases or disorders

arising from stroke or injuries.

Dental pulp harbors a subset of cells that are able to differentiate along several
pathways, including neural and mesenchymal progenitors (Arthur, et al., 2008, d'Aquino,
et al., 2007, Gronthos, et al., 2000, Koyama, et al., 2009, Miura, et al., 2003, Nosrat, et
al., 2004, Shi, et al., 2005). Both neural and mesenchymal progenitors have been shown
to have the potential for neurogenesis similar to that of embryonic stem cells (Bouchez,
et al., 2008, Hamanoue, et al., 2007, Kimiwada, et al., 2009, Ma, et al., 2007, Orojan, et
al., 2008, Rizvanov, et al., 2008). Previous studies revealed that dental pulp stem cells
(DPSCs), when transplanted into adult rat/mouse brain, infiltrated into the host nerve
tissue, and expressed neurospecific markers (Miura, et al., 2003, Nosrat, et al., 2004). It
was also reported, that dental-pulp odontoblasts show some partial neuronal-like
features (Pavlin, et al., 1991, Pavlin and Vidmar, 1979) to enable their sensory function
(Allard, et al., 2006, Magloire, et al., 2008, Magloire, et al., 2003). Very recently a
pioneer study demonstrated that DPSCs can be differentiated into neuronal-like cells in

Neurobasal media supplemented with differentiation factors (Arthur et al., 2008). That



protocol, however, resulted in an incomplete neuronal differentiation, since only voltage
gated sodium channels could be detected without the presence of voltage gated
potassium channels which are also regarded as a basic criterion for functional neuronal

cell identification (Arthur et al., 2008).

It has been known for some time that activation of the cAMP and PKC signaling
pathways promotes neuron and glia differentiation (Audesirk, et al., 1997, Cabell and
Audesirk, 1993, lacovitti, et al., 2001, Kim, et al., 2002, Otte, et al., 1989). Human bone
marrow stromal stem cells (BMSCs) were also shown to differentiate into neural
progenitors in response to PKC activation and increased intracellular cAMP level (Deng,
et al., 2001, Scintu, et al., 2006). However, these changes were transient, and the cells
reverted to the original fibroblastic BMSCs within 48 hours (Scintu, et al., 2006). Factors
that elevate intracellular cAMP induce neuroendocrine differentiation in cell lines of
diverse origins (Bang, et al., 1994, Ghosh and Singh, 1997, Moore, et al., 1996, Sharma
and Raj, 1987). Moreover, a number of previous studies demonstrated the importance
and necessity of neuronal differentiation factors such as neurotrophin-3 (NT-3) and
nerve growth factor (NGF) during neuronal maturation. Furthermore, bFGF, EGF and
retinoic acid were also reported to be regulators of cell proliferation and neural
commitment (Arthur, et al., 2008, Tatard, et al., 2007, Widera, et al., 2007). DNA
methylation may promote cell differentiation by preventing transcriptional regulator
proteins binding to the appropriate sequences, and by recruiting additional chromatin
remodeling proteins forming compact, inactive silent chromatin. 5-azacytidine has been
shown to cause hemi-demethylation of DNA (Holliday, 1996), leading to dedifferentiation

of partly committed cells to a multipotent state. It was also reported to be a potent



maturation inducing factor for neurogenesis (Kohyama, et al., 2001, Schinstine and

lacovitti, 1997).

In the present study, we investigated whether adult human DPSCs were capable
of producing a large number of electrically active neural cells. Therefore, we developed
a three-step differentiation method involving 1) pretreatment with 5-azacytidine and
bFGF, 2) induction with bFGF, NGF, NT-3 and the consecutive stimulation of the PKC
and cAMP pathways, 3) followed by maturation under increased cAMP, continuously
added NT-3 and other neuroprotective factors. Our results demonstrate that using our
protocol DPSCs can be differentiated into cells that not only express neuronal markers,

but also display simultaneous voltage dependent sodium and potassium currents.

2. Experimental protocols

2.1. Materials

Alpha-modification of Eagle’s medium (aMEM), Neurobasal A medium, 1:1 ratio
of Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) and F12 media
(DMEM/F12), fetal calf serum (FCS), N2 and B27 supplements, penicillin and
streptomycin were obtained from Invitrogen. Other standard reagents and cytokines
were purchased from Sigma. Tissue culture dishes were from Costar. RNA isolation and
purification kits (RNeasy Plus Micro Kit with on-column DNAse digestion) were from
Qiagen. Polyclonal anti-NF-M (neurofilament M), anti-GFAP (glial fibrillary acidic
protein), and monoclonal anti-NeuN (neuronal nuclei) were purchased from Chemicon.

Monoclonal anti-N-tubulin was from Santa Cruz.



2.2. Isolation and culture of human DPSCs

Normal impacted human third molars were collected from adults (19-55 yrs of
age) at the Departments of Maxillofacial Surgery, Prostodontics and Periodontology,
Semmelweis University, Hungary, under approved guidelines set by the National
Institutes of Health Office of Human Subjects Research. Human DPSCs were isolated
and cultured as previously reported (Gronthos, et al., 2000). Briefly, dental pulp tissues
were minced and then digested in a solution of 3 mg/ml collagenase type | and 4 mg/ml
dispase type Il for 1 hr at 37°C. After centrifugation, cells were resuspended in culture
media, and passed through a 70 um strainer to obtain single-cell suspension. Cells were
seeded in culture dishes and maintained under standard conditions (37°C, 100%

humidity, 5% CO3) in aMEM medium, supplemented with 100 M ascorbic acid 2-
phosphate, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin and 10% fetal

calf serum (FCS). Subconfluent cultures were regularly passaged by treatment with
0.05% trypsin in phosphate-buffered saline (PBS, pH 7.4) and seeded at a density of 10*

cells/cm?.

2.3. Osteogenic differentiation

Osteogenic differentiation was achieved as reported previously (Song and Tuan,

2004). Briefly, DPSCs were cultured with 1% FCS, 100 U/ml penicillin, 100 g/ml
streptomycin, 2 mM L-glutamine, 10® M dexamethazone, 50 g/ml L-ascorbic acid 2-

phosphate, 10 mmol/L B-glycerophosphate in aMEM for 20 days without passaging, but



replacing the medium twice a week, after which calcium accumulation was detected by

2% Alizarin red S (pH 4.2, buffered with ammonium hydroxide) staining.

2.4. Neural differentiation

For neuronal induction, cultured morphologically homogeneous dental pulp cells
(DPSC cultures, passage 1 to 4) were seeded at 20000 cells/cm? in poly-L-lysine coated

10 cm Petri dishes, 6-well plates and coverslips in DMEM/F12 (1:1), 2.5% FCS,

100 U/ml penicillin, and 100 g/ml streptomycin, and cultured for 24 h. Epigenetic

reprogramming (step 1) was performed using 10 uM 5-azacytidine in DMEM/F12
containing 2.5% FCS and 10 ng/ml bFGF for 48 h. Neural differentiation (step 2) was
induced by exposing the cells to 250 uM IBMX, 50 uM forskolin, 200 nM TPA, 1 mM
dbcAMP, 10 ng/ml bFGF, 10 ng/ml NGF, 30 ng/ml NT-3, 1% of insulin-transferrin-
sodium selenite premix (ITS) in DMEM/F12 for 3 days. At the end of the neural induction
treatment, cells were washed with PBS, and then neuronal maturation (step 3) was
performed by maintaining the cells in Neurobasal A media supplemented with 1 mM
dbcAMP, 1% N2, 1% B27, and 30 ng/ml NT-3 for 3-7 days. All solutions were freshly
prepared immediately prior to use. Following each step, cells in one well of the 6-well
plates were lysed in lysis buffer containing 1% (-mercaptoethanol (Qiagen), and stored
for RT-PCR analysis. After the final step, coverslips were fixed for immunocytochemistry

analyses, or used for electrophysiological recordings.

2.5. MTT assay



To determine viable cell number in the cultures, an indirect method measuring
metabolic activity of mitochondrial enzymes was used. The assay is based on the
cellular conversion of a tetrazolium salt [MTT: 3(-4,5-dimethylthiazol-2-yl) 2,5
diphenyltetrazolium bromide] to formazan. Control and treated cells were incubated with
MTT (0.2 mg/ml) diluted in the appropriate media, in each phase of the differentiation for
60 min at 37°C in 96-well plates. Culture medium was removed and formazan was

solubilized in DMSO (100 1). The extent of reduction of MTT to formazan within cells

was quantified by using a spectrophotometer (Bio-Rad 3550, Bio-Rad Laboratories) at a
wavelength of 480 nm with the reference wavelength of 650 nm. Absorbance is directly
proportional to the number of living cells in culture. Changes in cell viability were
estimated by calculating the relative absorbance values normalized to absorbance
values of the confluent culture from the same sample on each plate, which were used as
internal controls (the cell number of the confluently grown wells on each plate remained

constant 95001380 cells/well during the 9 days long experiment series).

2.6. RT-PCR

Total RNA from DPSCs was isolated by lysis buffer supplemented with 1% [3-
mercaptoethanol and RNA was cleaned up using an RNeasy Plus Micro Kit (Qiagen)
with on-column DNase digestion. The concentration of the RNA was determined by the
Ribogreen method (Invitrogen). The integrity of the RNA was verified by electrophoresis
on a 1% agarose gel and 200 ng total RNA was used per sample for cDNA synthesis,
using random primers (High-Capacity cDNA Archive Kit, Applied Biosystems) in a total

volume of 50 pl. cDNA was subsequently amplified by polymerase chain reaction (PCR)



using specific oligonucleotide primers and conditions described and successfully used

previously.

PCR reactions were performed using the following primers and conditions after
optimization using the gradient PCR method : vimentin (VIM) sense primer 5’-
GGGACCTCTACGAGGAGGAG-3’ (Scintu, et al., 2006) and anti-sense primer 5'-
CGCATTGTCAACATCCTGTC-3 (Scintu, et al., 2006), 94°C 30s, 59°C 30s and 72°C
30s, 30 cycles; nestin (NES) sense primer 5-GCCCTGACCACTCCAGTTT-3’ (Scintu, et
al., 2006) and anti-sense primer 5-GGAGTCCTGGATTTCCTTCC-3’ (Scintu, et al.,
2006), 94°C 30s, 55°C 30s and 72°C 30s, 33 cycles ; neurogenin-2 (NGN2) sense
primer 5-GTCTCCCGGGGATTTTGTAT-3’ and anti-sense primer 5’-
TCTCCATCTTGGCAGAGCTT-3, 94°C 30s, 55°C 60s and 72°C 90s, 35 cycles ; N-
tubulin sense primer 5-ATGAGGGAGATCGTG-3’ (Carles, et al., 1999) and anti-sense
primer 5-AAAGGCCCCTGAGCGGACACT-3' (Carles, et al., 1999), 94°C 10s, 59°C 30s
and 72°C 30s, 33 cycles ; NSE sense primer 5-CATCGACAAGGCTGGCTACACG-3’
(Hung, et al., 2002) and anti-sense primer 5-GACAGTTGCAGGCCTTTTCTTC-3'’
(Hung, et al., 2002), 94°C 60s, 56°C 60s and 72°C 120s, 33 cycles; NF-M sense primer
5-TGGGAAATGGCTCGTCATTT-3’ (Scintu, et al., 2006) and anti-sense primer 5'-
CTTCATGGAAACGGCCAA-3’ (Scintu, et al., 2006), 94°C 30s, 57°C 60s and 72°C 90s,
35 cycles ; GFAP sense primer 5-GCAGAGATGATGGAGCTCAATGACC-3’ (Nagai, et
al., 2007) and anti-sense primer 5-GTTTCATCCTGGAGCTTCTGCCTCA-3’ (Nagai, et
al., 2007), 94°C 30s, 55°C 30s and 60°C 60s, 35 cycles ; and 96°C 10s, 55°C 20s and
72°C 40s for B-actin. PCR reactions were performed with an Eppendorf Mastercycler

gradient PCR machine.
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2.7. Real-time PCR

For quantitative PCR amplification, 5% of the cDNA synthesis reaction was used
with the real time PCR primers and target-specific fluorescence probe (FAM-labeled
MGB probe). The probes and primers were selected from the Applied Biosystem Assay
on Demands database for the specific markers (VIM, NES, N-tub, NSE, NF-M, GFAP)
and for the human acidic ribosomal phosphoprotein PO (RPLPO), which was used as an
internal control. Universal Mastermix (Roche Diagnostics) containing AMP-erase was
used for amplification in a total volume of 20 pl. For detection of fluorescence signal
during the PCR cycles, a LightCycler 480 (Roche) was used with the default setting
(50°C for 2 min, 95°C for 10 min, 45 cycles: 95°C for 15 s, 60°C for 1 min). Each
treatment was repeated five times and each sample was measured in duplicate.
Changes in gene expression levels were estimated by calculating the relative expression

values normalized to the RPLPO level from the same sample.

2.8. Immunocytochemistry

DPSCs grown on poly-L-lysine-coated glass coverslips were fixed with 4% PFA in
PBS for 20 minutes at room temperature (RT), then permeabilized with 0.1% Triton X-
100 (in PBS) for 8 min. To block nonspecific binding, fixed cultures were incubated in
PBS containing 4% bovine serum albumin (BSA; 90 min at RT), then reacted with
primary antibodies at 4 °C overnight. Antibodies were diluted in 4% BSA as follows: anti-
N-tub 1/200, NeuN 1/50, NF-M 1/200, and GFAP 1/1500. IgG anti-mouse and anti-rabbit
Alexa fluor 488 conjugated (Molecular Probes) secondary antibodies were diluted 1/750

and applied for 1 hr at RT. After washing, the preparations were mounted with Mowiol
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containing 10 mg/ml bisbenzimide (Hoechst 33258). Labeled sections were examined by
fluorescent microscopy (Nikon Eclipse E600, Nikon Instruments), and images were
captured with a cooled CCD camera (POT RT Color 2000, Diagnostic Instruments)
connected to a PC running image acquisition software (SPOT Advanced, Diagnostic
Instruments). The digitized images of DAPI and specific stainings were merged using

Adobe Photoshop.

2.9. Patch-Clamp Recordings

Voltage-clamp recordings were performed using the whole-cell technique (Hamill,
et al., 1981) at room temperature with an Axopatch 200B amplifier (Axon Instruments).
Micropipettes were fabricated by a P-97 Flaming/Brown type micropipette puller (Sutter
Instrument) from GC120F-10 glass capillary tubes (Harvard Apparatus) and had a
resistance of 5 to 10 MQ when filled with pipette solution. Capacitative currents were
compensated with analog compensation. Linear leak currents were not compensated.
Series resistance was approximately 8 to 15 MQ, and series resistance compensation
(70-80%) was used in whole-cell recordings if the current exceeded 1 nA. Currents were
filtered at 2 kHz (four-pole Bessel filter) and sampled at 5 kHz. Pulse generation, data
acquisition, and analysis were performed using the pClamp 6.03 software (Axon
Instruments). For whole-cell recordings, the electrodes were filled with a solution
containing (in mM): KCI 130.0, CaCl, 0.5, MgCl, 2.0, EGTA 5.0, HEPES 10.0 (pH 7.2).
The extracellular solution contained (in mM): NaCl 145.0, KCI 3.0, CaCl, 2.0, MgCl, 1.0,

D-glucose 10.0, HEPES 10.0, osmolality 300 mmol/kg, supplemented when appropriate
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with 1 mM tetrodotoxin (TTX, Alomone Diagnostics) or 5 mM tetraethyl ammonium

chloride (TEA) (final concentrations).
2.10. Electrophysiological Measurements and Protocols

Electrophysiological measurements were performed according to a protocol
described previously (Hamill, et al., 1981) with minor modifications. Input resistance (IR)
was determined from the currents elicited by a 10-mV test pulse depolarizing the cell
membrane from =70 mV to —-60 mV, 40 ms after the onset of depolarizing pulse.
Membrane conductance was determined from currents elicited by depolarization from a
holding potential of =70 mV to +10 mV. Currents were measured 40 ms after the onset
of the pulses. Membrane capacitance (Cm) was estimated by using the time constant of
the membrane, which was calculated by fitting the double-exponential function to the
measured currents elicited by a 10-mV test pulse depolarizing the cell membrane from
-70 mV to -60 mV (Schroder, et al., 1999). Current patterns were obtained by clamping
the cell membrane from a holding potential of =70 mV to values ranging to +10 mV at
intervals of 10 mV. Pulse duration was 50 msec. To isolate the voltage-gated Kpr and
TTX-sensitive Na* currents, the voltage step from —70 to —60 mV was used to subtract
the time- and voltage-independent currents. The amplitudes of Kpr were measured at
the end of the pulse. Na* current amplitudes were measured at the peak value. The

changes in current amplitudes were expressed as changes in current densities (pA/pF).
2.11. Statistical Analysis

All values are expressed as mean + SEM. Statistical comparisons were
performed in Sigma-Plot 10.0 software. The differences between groups were evaluated

via One Way Repeated Measures of ANOVA followed by post-hoc Dunnett-tests.
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3. Results

3.1. Isolation, culture, passage and osteogenic differentiation of DPSCs

Dental pulp stem cell cultures consist of morphologically homogenous, spindle-
shaped cells, harboring elements that express stem cell and progenitor markers (Arthur,
et al., 2008, Laino, et al., 2005, Shi and Gronthos, 2003). Following their release by
enzymatic digestion from the host tissue, and cultivation under standard conditions, they
adhere to the tissue culture grade plastic surface and start dividing (figure 1A, 1B). They
expand even more rapidly than BMSCs (Gronthos, et al., 2000). Two to three weeks
after plating, DPSCs isolated from a normal human impacted third molar reach

confluence in a standard T75 culture dish (figure 1C, 1D).

Several recent studies reported that DPSCs were capable of osteogenic
differentiation (d'Aquino, et al., 2007, Gronthos, et al., 2000). Under our experimental
conditions, the cultures plated in parallel with those prepared for neuronal differentiation
showed overt signs of mineralization by accumulating insoluble calcium deposits (figure
1E, 1F). Thus, this observation confirms the previous findings that DPSCs are capable
of differentiation into at least two different cell types, which are normally derived from

different germ layers.

3.2 Differentiation of dental pulp stem cells into a neuronal lineage

Dental pulp stem cells give rise to neuronal cells consistently and reproducibly

when induced by activators of the PKC and cAMP signaling pathways. Noninduced cells
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(figure 2A, stage A) display flat morphology typical of fibroblasts, but become more
rounded after pretreatment with 5-azacytidine and bFGF for 48 hours (stage B). After 2
hours of treatment with the inducing mixture, DPSCs grow processes and start moving
towards the high cell-density areas (figure 2B, stage C). During the three days of
induction, cells anchor their position in the network structure, the previously developed
processes disappear, and their morphology reverts to flat and round cell shapes
observed during earlier stages of differentiation (stage D). In the final maturation step,
cells diverging radially from the centers begin to grow neurite-like processes (figure 2C,
stage E). After 10 days of differentiation, the vast majority of cells display complex
neuronal morphology, expressing both bipolar and stellate forms (figure 2D, 2E, stage
F). However, a small portion of cells retain their flat shape, and are attached beneath the
processes of the neuronal cells (figure 2D, 2E). These elements are presumably
committed towards glial fates, or serve as a stanchion for the developing neuronal cells.
Therefore, they might be indispensable for neuronal survival. Taken together, our three
step differentiation procedure over 10 days results in a robust differentiation of cells
towards neural lineages in essentially all surviving cells that initially showed all
characteristics of dental fibroblasts. However, exclusion of the intracellular cAMP
increasing components (dbcAMP, forskolin, IBMX, figure 2F) or the PKC activator TPA
(figure 2G) from our differentiation protocol resulted in the development of incomplete
neural-like morphology by the 10th day of the differentiation procedure. When we
applied the recently described differentiation protocols for periodontal ligament-derived
stem cells (Widera, et al., 2007) (figure 2H), we found the formation of some neuronal-
like structures, but the proportion of these cells compared to the entire population
appeared to be very small, probably due to the high proliferation capacity of the

overgrowing undifferentiated early passage DPSCs that we used in our studies.
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However, we also found that treatment with the combination of bFGF, EGF and retinoic
acid (Widera, et al., 2007) acts in a highly effective manner on the neural differentiation

of stem cell cultures isolated from the human periodontal ligament (data not shown).
3.3. Cell viability profile during the differentiation process

Viability of human dental pulp stem cells during differentiation was evaluated by
MTT assay (figure 3). Four DPSC cultures collected from different patients were used for
cell viability assays. The cell density of the confluent wells was constantly between
30000 + 1200 cells/cm? during the ten-day experimental protocol, which was confirmed
each time by cell counting. There was a minor decrease (approximately 10%) in viability
in response to pretreatment, then the switch to inductive conditions resulted in a
significant loss of viable cells (p<0.001), but all of the remaining (approximately 40
percent of control) remained vital, showing almost exclusively neural morphological
characteristics. In the maturation phase, there was a minor recovery in cell viability, but

the number of viable cells was still significantly lower than it had been initially.

3.4. Changes in the expression of neuronal markers during induction

The time-dependent changes of neuronal marker gene expression in DPSC
cultures undergoing neural development was evaluated by RT-PCR (figure 4). DPSCs
isolated from five independent healthy human donors were subjected to our three step
differentiation protocol. Total RNA was harvested at six different time points during this
period: at time 0 (noninduced control DPSCs), after 2 days of pretreatment, on the first
day of induction, on the third day of induction, after 24 hours of maturation, and after

three days of maturation.
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Transcripts for mesenchymal vimentin, the neural progenitor marker nestin, the
neuronal N-tubulin and NSE were already detectable in the noninduced and pretreated
DPSCs, confirming the presence of neural progenitors in the mesenchymal fibroblastic
cultures (figure 4A, 4B). During induction, NF-M was strongly expressed, while vimentin
and nestin became downregulated. A transient decrease in N-tubulin expression was
also observed (figure 4C, 4D). During the maturation phase, the glial marker GFAP
became detectable, the neuronal NGN2 was strongly upregulated, NF-M was
downregulated, while nestin and N-tubulin expression increased (figure 4E, 4F). NSE
was present at every examined time point during differentiation, and its expression
progressively increased under maturing conditions. As expected, expression of 3-actin,

which served as an endogenous control, was constant in all phases of differentiation.

To quantify the changes in the mRNA expression of neuronal marker genes at
different time points, we performed real-time PCR assays (figure 5). The expression of
each target gene was normalized to that of the RPLPO housekeeping gene, and
expressed as fold change relative to the noninduced sample. The decrease in the
expression was sharp for vimentin and nestin, and moderate for N-tubulin in response to
neurogenic stimulation (p<0.05). The expression of NSE, NF-M and the glial

intermediate filament GFAP increased during induction and maturation (p<0.05).

Immunocytochemical analysis was performed in the final maturation stage of the
differentiation, to correlate with mRNA expression data. The protein expression pattern
of the DPSCs fixed on the 10th day of neural differentiation showed a mixed population
harboring neural cells expressing the early appearing neuronal microtubule marker N-
tubulin, (figure 6A), intermediate filament subunit NF-M (figure 6B), the glial intermediate

filament marker GFAP (figure 6C), or postmitotic nuclei protein NeuN (figure 6D).
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Control staining of noninduced DPSCs or differentiated DPSCs incubated without

primary antibodies did not detect any specific staining (not shown). Expression of N-
tubulin, NF-M and NeuN was observed in more than half of the neuronally committed
DPSCs. On the contrary, immunostaining for glial specific markers was seen only on

less than 10% of the cells.

3.5. Electrical properties of differentiated DPSCs

Membrane currents were measured to confirm that a subpopulation of dental pulp
cells had the potential to develop into functionally active neuronal cells. Altogether five
parallel DPSC cultures, differentiated for 8-11 days, were prepared for patch clamping.
Figure 7A shows the representative whole-cell current traces obtained by whole-cell
clamping of a DPSC derived neural cell on the 10" day of differentiation, exhibiting
typical multipolar neuronal morphology. The arrow with diamond indicates the voltage-
activated sodium current I, (figure 7A), which was shown to be sensitive to 1 mM TTX
(figure 7B). Circle indicates the delayed, outwardly rectifying potassium current Kpr
(figure 7A), which was demonstrated to be sensitive to 5 mM TEA (figure 7C). The
apparent inward Na™ current inactivated very rapidly, while the outward K* current was a

delayed current, likely to be non-inactivating within the time of the test pulse 50 ms.

The amplitudes of Kpr were measured 40 ms after the onset of the pulse, while
Na® current amplitudes were detected at the peak values. After normalizing the currents
with membrane capacities, three subsets of cells became separable. The first
subpopulation (n=5, type 1) displayed fast inactivating Na* currents which were

completely blocked by 1 mM TTX, with a threshold between -60 and -50 mV, and a
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maximum around -40.1 £ 4.0 pA/pF at -10 mV (from a holding potential of -70 mV, figure
7D). 1 mM TTX completely blocked the sodium currents of type 1 cells having neuronal
morphology. Delayed, outwardly rectifying currents (Kpr) were also demonstrated in
these cells. 5 mM TEA partially reduced the Kpr currents (figure 7C). The threshold of
the current was at -30 mV, and the maximum current densities were around 88.3 + 6.1
pA/pF at +10 mV (figure 7E). The passive membrane conductance in these cells was
about 1.7 £ 0.4 nS. Another subset of the cells (type 2, n=21) expressed TTX sensitive
Na" currents with the same threshold as observed in type 1 cells (figure 7D), but their
maximal amplitudes were only about -19.0 £5.1 pA/pF around 0 mV. Kpg currents were
observed after depolarization over a threshold of -30 mV as seen in type 1 cells, but the
maximal amplitudes were only 60.8 £ 9.8 pA/pF (figure 7E). The inhibitory effect of TEA
was less pronounced in type 2 cells than in type 1 ones. The passive membrane
conductance was 2.5 + 0.8 nS. The third group of cells (type 3, n=12), as well as the
noninduced DPSCs, displayed a passive membrane conductance of 25 + 10.1 nS, and
did not exhibit any voltage dependent ion currents. However, in contrast to noninduced

cells, they showed neuronal-like morphology.

4. Discussion

In the present work we describe for the first time that neural crest derived adult
human dental pulp stem cells can be differentiated into cells that not only express
several neural markers, but also simultaneously display voltage dependent sodium and
potassium currents. We have developed a relatively rapid and highly reproducible

differentiation protocol that selectively supports the development and survival of neural
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progenitor cells residing in dental pulp derived cultures. Our three-step protocol is based
on the combination of previously described treatments primarily applied to BMSC
cultures, resulting in either temporal or long term expression of neural markers
(Kohyama, et al., 2001, Nagai, et al., 2007, Scintu, et al., 2006, Tatard, et al., 2007,
Widera, et al., 2007). The complex stimulatory effect of our protocol involves the
influence of 5-azacytidine on cell plasticity and neurogenesis, the inductive effect of the
cross-talk between the protein kinase C and cyclic AMP pathways and the maturation
inducing effect of the combination of known differentiation promoting agents. When
applied to DPSCs, our protocol results in a mixture of immature and more mature neural
cells, and presumably it does not support the survival of mesenchymal fibroblastic
elements that have no potential for neural commitment. Beside the stimulatory agents,
another important factor that might affect the efficiency of the differentiation is the plating
cell density. In preliminary experiments when we used either higher or lower initial cell
concentrations, we found that both the number of cell clusters formed during the
induction and the proportion of cells growing neuronal processes under maturing
conditions were considerably lower. Our observations are in line with previous data
(Jelitai, et al., 2007, Tarnok, et al., 2002) showing that physical cell-to-cell contacts may
be crucially important for neuronal commitment of DPSCs as well as of neural progenitor

cells obtained from other tissue sources.

Our RT-PCR and real-time PCR results show that noninduced DPSCs already
express neuronal markers such as nestin, N-tubulin and NSE, as well as low levels of
NGN2 and NF-M. However, we could not detect substantial expression of GFAP in
these undifferentiated DPSC cells. These data indicate that already at the nontreated

stage, at least a subset of DPSCs have high potential for neural differentiation. Following
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pretreatment and induction, vimentin and the progenitor marker nestin became
downregulated. This phenomenon, in conjunction with cell viability data, suggests that
stimulation of neural differentiation results in the loss of a large fraction of the cells, and
at the same time triggers neurogenic mechanisms in the surviving population. This is
supported by the time-dependent changes of expression of the intermediate/mature
neural markers NSE and GFAP as their levels gradually elevated during the first two
steps of the protocol, while NF-M expression dramatically increased during induction by
combined PKC-cAMP activation. Only a small percentage of DPSCs started growing
processes and developed neuronal morphology during the PKC-cAMP activation period
suggesting that the visible changes in morphology occur much slower than the
alterations in gene expression. Our data suggest that approximately 40 percent of the
cells survive the combined, sustained activation of the PKC and cAMP systems. This
level of cell loss is not surprising, considering that long term PKC activation results in
cell proliferation arrest followed by programmed cell death, an effect that has been
attributed to the PKC delta isoform (Racz, et al., 2006). The c-kit stem/progenitor cell
marker was previously shown to be expressed in about 20 percent in DPSC cultures
without neurogenic induction (Laino, et al., 2005). Only 5 to 10 percent of the cells in
DPSC cultures were shown to be immunoreactive for STRO-1, another early
mesenchymal stem cell marker (Shi and Gronthos, 2003). Therefore, the proportion of
cells that survive the induction period is clearly much higher than that of the cell
population that has progenitor characteristics in the initial cell population. During
maturation, the cell number only moderately increased, presumably due to limited cell
proliferation. These data suggest that not only the subset of DPSCs originally expressing
stem/progenitor markers has the capability of differentiating towards neural cells. Other

cells of the DPSC cultures may also differentiate in response to the inductive treatment.
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In the final maturation phase of the protocol described in the present study, the
expression levels of N-tubulin, NSE, NGN-2 and GFAP increased, and NeuN
immunoreactivity was also detected. Vimentin and nestin expression increased as well,
but they did not increase over the initial levels measured in noninduced DPSCs. The
MRNA level of the late neuronal marker NF-M, which is known to be expressed prior to
final maturation,decreased after peaking on the first day of induction. These data
suggest that a fraction of induced cells entered the final developmental stage of
neurogenesis. For the expression profile of these markers, similar observations were
made previously (Arthur, et al., 2008) using a fundamentally different protocol for neural

differentiation.

In addition to mMRNA and protein expression results, the characteristics of ion
currents obtained by patch clamping indicate that the differentiation of adult human
dental pulp cells results in the development of a mixed, heterogeneous cell population.
Within this population are subsets that contain neurally committed cells in different
proportions. Embryonic stem cell derived neural stem cells were shown to express
voltage-sensitive sodium currents only after a few days’ exposure to inductive media
(Biella, et al., 2007, Jelitai, et al., 2007). The progressive increase of current amplitudes
during neuronal maturation was documented by several studies (Biella, et al., 2007,
Jelitai, et al., 2007, Okamura and Shidara, 1990, Takahashi and Okamura, 1998). Cells
derived from neuronal regions of cleavage-arrested blastomeres isolated from ascidian
embryos display different, altering types of voltage dependent sodium and potassium
channels along the 80 hours of the developmental period starting with the event of
fertilization (Okamura and Shidara, 1990). The early voltage gated channel forms are

gradually replaced over time with the more mature types. Our investigations indicate that
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a subset of differentiated DPSCs exhibits sodium currents displaying mature
characteristics, while another subpopulation also exists among the differentiated DPSCs
that displays premature currents. Therefore, subsets of differentiated DPSCs may
represent distinct developmental stages. Taken together, the above-mentioned
electrophysiological studies raise the possibility that distinct subtypes of sodium
channels might be present in the membrane of differentiated DPSCs, but further

investigations are necessary for their detailed characterization.

We observed similar heterogeneities among the amplitudes of the evaluated
outward delayed rectifier potassium currents. Kpgr currents are delayed potassium
currents that play a major role in membrane repolarization during an action potential,
and were reported to appear during neurogenesis prior to the expression of voltage
dependent sodium currents (Biella, et al., 2007, Jelitai, et al., 2007, Takahashi and
Okamura, 1998). Their density, as well as their TEA sensitivity, increases during
maturation (Jelitai, et al., 2007). Therefore, it may not be surprising that the subset of
differentiated DPSCs displaying more mature, characteristic type of sodium currents,
expressed Kpr currents with increased amplitudes and higher TEA sensitivity (type 1).
On the other hand, the type 2 subpopulation exhibited a premature sodium current
pattern, and produced Kpgr currents with lower amplitudes and moderate TEA sensitivity.
These data provide important additional functional evidence for the neuronal
differentiation of human DPSCs. A very recent pioneer work reported that voltage
dependent potassium currents could not be detected on DPSCs that underwent
neuronal differentiation and displaying voltage gated sodium currents (Arthur, et al.,

2008). The reason for the discrepancy between the two studies is not clear, but it might
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be attributed to the different inductive protocols resulting in different levels of neuronal

differentiation.

Another neuronal feature investigated on DPSCs by patch clamping was the
passive conductance, which is known to be very small in maturing neurons (Jelitai, et al.,
2007). Passive membrane conductance values measured on type 1 and type 2 DPSCs
were lower by one order of magnitude than those measured on type 3 cells. Although
these cells had some morphological features typical of neurons, they did not produce
any voltage dependent ion currents. These data suggest that type 3 DPSCs may have
remained in an early progenitor stage, or are as yet undescribed, non-differentiated

neuron-like fibroblastic byproducts of the differentiation process.

Overall, our observations confirm the presence of pluripotent cells in the adult
dental pulp that can form both nonmesenchymal and mesenchymal derivatives. These
results obtained in our in vitro multistep activation neurogenic model indicate that
DPSCs may differentiate into cells with distinct neuronal phenotypes after exposure to
specific signals and thus may help understand the molecular background of neuronal
differentiation of adult neural progenitor cells. Eventually, these neurally committed
DPSCs might represent a new, easily available pool for cell therapy of degenerative

disorders of the central nervous system.
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Figure legends:

Figure 1: DPSC (p2) cell morphology during culture, and osteogenic differentiation. A:
Rounded DPSCs photographed before attaching to the plastic surface directly after
isolation, B: cells form colonies after one week in culture, C: subconfluent culture after
three weeks, D: confluent DPSCs. E: DPSCs produced mineralized deposits under
osteogenic conditions as detected by 2% Alizarin Red S staining F: control staining of

noninduced DPSCs. The lengths of the bars indicate 100 pm.

Figure 2: Morphological changes during neuronal differentiation of DPSCs. A: Control
DPSCs had spindle-shaped morphology on poly-L-lysine coated plastic surface. B: After
24 hours of induction, cells formed clusters. C: One day after the removal of the
inductive medium, the aggregates spread, and most of the cells started to take a more
spherical shape and developed extending processes. D: After three days of maturation,
cells had morphological features typical of neurons, showing complex neuronal
processes. E: After 10 days of differentiation, most of the cells displayed either multi- or
bipolar forms (signed by the white arrowheads and the black arrow), while beneath them
some flat cells were also observed (showed by the black arrowheads). F: Omitting the
intracellular cAMP increasing components, or G: excluding the PKC activator TPA from
the differentiation protocol resulted in the development of incomplete neural-like
morphology by the 10th day of the differentiation procedure. H: When applying a
recently described differentiation protocol on DPSC cultures, originally developed for
periodontal ligament derived culture (Arthur, et al., 2008, Widera, et al., 2007), the
proportion of cells displaying neuronal morphology compared to the entire population

was very small. The lengths of the bars indicate 100 pm.
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Figure 3: Cell viability of DPSCs during the 3-step differentiation protocol. Cell viability
was assessed by MTT assay. Data are reported as mean £SE in % of the untreated
control (n=4). 48 hours of 5-azacytidine-bFGF pretreatment had no effect on the number
of living cells. On the contrary, by the end of the induction less than 40% of the initial
viable cells were detectable. Small elevation of the cell viability was observed during
maturation. However, cell loss compared to initial value still remained significant (*,

P<0.001, tested by one way ANOVA, and post hoc Dunnett’s test).

Figure 4: Gene expression during neural differentiation of DPSCs, assessed by semi-
quantitative RT-PCR as described in the Experimental Protocols section. $-actin was
used as an endogenous control in the experiments. A: noninduced DPSCs, B: after 2
days of pretreatment C: on the first day of induction, D: on the third day of induction, E:
after 24 hours in the maturation mixture, F: after three days of maturation. Arrows

indicate PCR products of the correct size for each amplicon.

Figure 5: mRNA expression pattern of mesenchymal, neuronal and glial markers in
DPSCs during neuronal differentiation. Total RNA of DPSCs isolated from five
independent normal human donors was used. RNA was harvested at six time points
during the differentiation of each sample: from noninduced DPSCs (A), after 2 days
pretreatment (B), on the first day of induction (C), on the third day of induction(D), after
24 hours of maturation (E), and after three days of maturation (F). Target gene
expressions were normalized to RPLPO housekeeping gene expression levels and
evaluated as fold change relative to the noninduced sample. mMRNA expression of the
mesenchymal vimentin and neural precursor nestin appeared to be significantly
suppressed by the treatment, while the mRNA expression of the neuron specific

glycolytic enolase NSE, neuronal intermediate filament medium polypeptide NF-M, and
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glial intermediate filament protein GFAP was significantly elevated by the stimulation. A
minor temporal decrease in the expression level of the early appearing neuronal N-
tubulin was observable, but its transcription increased during the maturation phase (*
indicates p<0.05, calculated by one way repeated measures of ANOVA and post hoc

Dunnett’s test). Data are reported as mean +SE.

Figure 6: DPSCs expressed neural markers after 10 days of differentiation. A: Neuron
specific microtubule marker N-tubulin, B: neuronal NF-M and C: glial GFAP intermediate
filament protein was primarily observed in the processes of cells. D: NeuN neuronal
nuclei protein was visible in some cell nuclei. Nuclei were visualized by DAPI. The

lengths of the bars indicate 40 ym.

Figure 7: Representative whole-cell recordings measured on a DPSC derived neuronal
(type 1) cell showing typical multipolar neuronal morphology displayed voltage-activated
sodium (diamond) and delayed outwardly rectifying potassium (circle) currents (A). B: In
some experiments, voltage gated sodium channels were blocked by TTX. C: Kpr
currents were partially TEA sensitive. D-E: |-V relationship of voltage-dependent
currents recorded on differentiated DPSCs. To normalize the measured currents for
appropriate cell sizes, the changes in current amplitudes were expressed as changes in
current densities (pA/pF). Five DPSC cultures collected from different hosts were used
for electrophysiological measurements. By their |-V characteristics, cells could be
divided into three basic groups: type 1 (n=5) showed mature, type 2 (n=21) produced
voltage-gated currents with smaller amplitudes, type 3 (n=12) did not express any
voltage-dependent ionic channels. Empty diamonds show the currents displayed by type
1, full circles indicate the data measured on type 2 cells. D: TTX sensitive sodium

currents. E: TEA sensitive potassium currents. Data are reported as mean +SE.
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