Eredmények a palyazati munkatervben megadott iitemezés szerint
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Elsé év

1.A CART hatasanak vizsgdlata karragén indukalt hiperalgézia modellben

A CART(55-102) peptidet tarjak a CART peptidcsalad egyik bioldgiailag is aktiv tagjanak. A peptid
intratekdlis beaddst kovetSen karragénnel kivaltott hiperalgézia modelliinkben jelent6s motoros
abnormalitdsokat idéz el6. Ismertek olyan irodalmi adatok, amelyek a fajdalommodellektél
fliggetlendl leirjak, hogy a CART(55-102) az agykamrakba vagy kilénb6z6 agyteriletekre torténd
beaddst kdvetSen ddzisfiggden jelentds motoros zavarokat idéz eld. Feltételeztiik, hogy a motoros
perturbdcidk létrejottéért a peptid hdrom diszulfid hiddal stabilizalt ,globuldris” régidja tehetd
felelGssé. igy megnéztiik, hogyan viselkedik a CART(55-76) globularis régié nélkiili peptid, valamint az
N-terminusan elhelyezked§ lle-Pro-lle tripeptidtél és a globularis régiétdl is megfosztott CART(62-76)
fragmentum. A méréseket karragénnel kivaltott gyulladdsos modellben a mechanikai hiperalgézias
kiisz0b meghatarozasaval végeztik. Vizsgdltuk a ddzis-hatds és id6-hatas gorbéket. A dozis-hatds
vizsgalatok azt mutattdk, hogy: (1) A CART(55-102) a legkisebb vizsgalt 0,1 nM-os koncentraciéban is
jelent6sebb antihiperalgézias hatast valtott ki, mint a masik két peptidfragmentum, viszont 0,3 nM-
os koncentraciondl mérsékelt, nagyobb koncentracidéknal pedig a méréssel jelentdsen interferald
tremor jelent meg, ami ezekben az esetekben a kiértékelést megbizhatatlannd tette. (2) Mind a
CART(55-76), mind a CART(62-76) peptidek antihiperalgézids hatdst mutattak, az ED50 értékek kozott
az eltérés szignifikdns, egy nagysdgrendnyi volt. Mozgasi abnormalitdsok egyetlen koncentracional
sem jelentkeztek. Az id6-hatas gorbék elemzése szerint: (1) a CART(55-102) mindharom dézisban
(0,1-0,3-1,0 nM) és minden id6épontban szignifikdnsan mérsékelte a mechanikai hiperalgéziat; (2) a
CART(55-76) mindharom alkalmazott koncentracidéban (0,1-0,3-1,0 nM) 15 és 30 percnél
szignifikdnsan csokkentette a mechanikai hiperalgéziat. A két nagyobb ddzis hatdsa mar 5 percnél, a
legnagyobb doézis hatasa pedig még 60 percnél is szignifikans volt. (3) A CART(62-76) kilonbo6z6 (1,0-
3,0-10,0 nM) koncentracioi esetén a két nagyobb ddzis hatdsa minden idépontban, mig a legkisebb
ddzis 15 és 30 perc utan tér el a kontroll allatokhoz képest. A legnagyobb ddzis esetén mind az ipszi-,
mind a kontralateralis oldalon szignifikans véltozas mutatkozott a kontroll allatok kezeletlen
(kontralateralis) oldalahoz viszonyitottan. Korabban bizonyitast nyert, hogy az lle-Pro-lle tripeptid
jelent6s antihiperalgézias hatdssal rendelkezik a fent emlitett modellben, és ez a hatas mind
altalanos opioid receptor antagonistaval naltrexonnal, mind endomorphin-2 (EM2) antiszérummal
blokkolhato volt. A mu-opioid receptor (MOR) érintettségének bizonyitasara a vizsgalatot specifikus
mu-opioid receptor antagonista CTAP jelenlétében is elvégeztilk, amely meggatolta az
antihiperalgézias hatds kialakulasat. Naltrexonnal és EM2 antiszérummal a CART(55-76) peptid
antihiperalgézias hatasa is kivédhetd volt.

Farmakoldgiai eredményeink arra utalnak, hogy a CART(55-102) molekulan belil az lle-Pro-lle
terminus, a 62-76 szakasz, valamint a 77-102 globularis régié mas-mdas mechanizmusokat aktivalhat,
amelyek kllén-kilon is, de akar egyittesen is lejatszédhatnak dézisfliiggé mdodon. Az lle-Pro-lle
peptidszakasz 6Gnmagaban és a CART peptiden beliil is mu-receptor aktivaciot idéz el§, amelyben az
EM2 is érintett.

2.Az EM2 szintézisben szerepet jatszo peptidek morfoldgiai vizsgalata.

Tobbes (négyes) immunfluoreszcens festéseink és kvantitativ analiziseink a P anyag (SP), EM2,
CART(55-102) és NPY peptidek egylttes el6fodulasat bizonyitottak és szamszerUsitették a gerincvel6
hatsé szarvdban. A vizsgalt EM2 tartalmd axonterminadlisok 79,6, ill. 52,1 szazaléka (lamina |, ill.



lamina Il) tartalmazott egyidejlleg CART peptidet. Az EM2-t expresszalé boutonok 65,9, ill 70,3
szazaléka (lamina | és Il) SP-re is immunreaktivnak bizonyult. Az EM2-t, CART-ot és SP-t koexpresszalo
végzGdések (az EM2-pozitiv terminalisok 54,2%, ill. 31,2% a lamina I-ben, ill. ll-en) tdlnyomd
tobbségénél (92,6-93,5% mind a lamina I-ben, mind a lamina Il-ben) az NPY is megfigyelhet6 volt:
leginkdbb NPY-tartalmu végzédések fekldtek hozzd az EM2/CART/SP-pozitiv termindlisokhoz,
ritkdbban a négy peptid egyazon terminadlisban expresszalddott. Morfoldgiai eredményeink azt
bizonyitottdk, hogy a palydzatban vazolt hipotézisnek megfelel6en a DPP4 enzim szubsztratjait
szolgaltatd neuropeptidek egylittesen jelen vannak a gerincvelS hatsé szarvaban.

3.Az EM2 membrankotottségének vizsgalata normal és fenntartott gyulladasos koriilmények
kozott. Elektronmikroszképos vizsgalatainkban az EM2-t ezisttel intenzifikdlt, arannyal jelolt
antitestek segitségével mutattuk ki a gerincvel6 hatsé szarvdban. A kordbbi leirdsokkal ellentétben
EM2-immunreaktivitasra utalé aranyszemcsét soha nem taldltunk dens core vesiculdkban, csak a
vezikula membrdjahoz kiviilrél kapcsolddva, illetve az axon membrdnjahoz nagyon kozeli pozicidban.

A hdrom vizsgdlatcsoport eredményei azt mutatjak, hogy mind az lle-Pro-lle tripeptid 6nmagaban,
mind az lle-Pro-lle szekvenciat tartalmazé teljes CART és a CART(55-76) peptid EM2 kapcsolt mu-
receptor aktivacién kersztiil antihiperalgézids hatast valt ki a karragénnel indukalt hiperalgézia
modellben. Ez a hatds |étrejohet a palydzatban leirt hipotézisnek megfelelGen, azaz az EM2 de novo
szintézisével, illetve az EM2 csdkkent bontasdval, amit a DPP4 enzim gatldsa eredményez. Megvan a
lehet6sége annak, hogy ezek a folyamatok kilon-kiilon, de akar egylittesen is lejatszédjanak
megfelel6 kortilmények kozott.

Masodik év

1. A CART peptidek és a DPP4 inhibitorok antihiperalgézidas hatasanak kialakitasaban szerepet
jatszo opioid receptorok vizsgalata

Annak meghatdrozasara, hogy a CART(55-76), CART(62-76) valamint a DPP4 inhibitor IPI és
vildagliptin antihiperalgézidas hatdsat pontosan milyen opioid-receptorok medialjdk, a peptidek
hatasatat szelektiv p- (CTAP), 6- (TIPPW) és k- (GNTI) antagonistak jelenlétében vizsgdltuk a karragén-
indukalt hiperalgézia modelliinkben. A 3nM CART(55-76) és 30nM IPI antihiperalgézids hatasat teljes
egészében (96,21%+2,82 és 92,59%+2,53 ) eliminalta a (200 pM) CTAP, ami arra utal, hogy ezen
peptidek hatdsa p-receptor medialt. Ezzel szemben a 10nM CART(62-76) hatdsat 30,74%+4,64-ban a
CTAP és 89,78%+3,11-ban a (10nM) GNTI sziintette meg, sugallva, hogy ebben a folyamatban
elsédlegesen a k-receptor érintett, de a p-receptor kozremiikédése sem elhanyagolhatd. A
vildagliptin antihiperalgézias hatasat 32,79%+5,87-ban a CTAP, 45,40%+6,01-ban a GNTI és emellett
91,49%+1,71-ban a TIPPW (1 nM) elimindlta, ami mindhdrom klasszikus opioid-receptor szerepét
bizonyitja. (Az értékek atlag %zstandard hiba formaban vannak megadva!)

Opioid receptor assay - egér vas deferens (u-, 6-) és tengerimalac ileum (k-receptor) - azt mutatta,
hogy mig a CART(55-76) nem aktival kbzvetlenil egyetlen opioid-receptort sem, addig a CART(62-76)
aktivalja a k-receptorokat.

2. CART fragmentumok kimutatdasa a gerincvelGben.
Mivel a rendelkezésiinkre allé antitestek nem tudjdk elkiloniteni, a CART(55-102) és CART(62-102)
természetes peptideket, ezért eddig nem volt ismert, hogy mindkét fragmens, vagy csak az egyik



taldlhatd-e meg a gerincvel6ben. Western blot analizissel kimutattuk, hogy mindkét peptid jelen van
a gerincvel6ben.

3. CART peptidek és DPP4 inhibitorok hatasa akut nociceptiv tesztben
Akut nociceptiv ,tail flick” tesztekben sem a CART peptid fragmentumok, sem a DPP4 inhibitorok
nem mutattak hatast.

4. DPP4 enzim immunhisztokémiai kimutatasa patkany és egér gerincvelben

Annak a kérdésnek a megvdlaszoldsara, hogy a DPP4 enzim ténylegesen megtalalhatd-e a gerincveld
hatsé szarvaban és upregulalddik-e gyulladasos korilmények kézott, immuncitokémiai vizsgalatokat
végeztink patkany és egér gerincvel6ben. Az enzim jelenléte kimutathatd volt a gerinceviGben
patkanyban és egérben is, els6dlegesen a nociepcidban érintett hatsé szarvban. Az enzim
upregulacidja volt megfigyelhet6 az L5-0s szegmentum medidlis részén, azon a terileten, ahol a talp
b6rének nociceptiv afferensei végzédnek mindkét allatfajban.

A CART peptidek jelentGs antihiperalgézids hatdst mutattak, ezért elinditottunk egy erre a tényre
alapulé szabadalmi eljarast 2013-ban. A Semmelweis Egyetem befogadta és tamogatta ezt a
szabadalmat, amelyre vonatkozé igazoldsokat csatoltam a részjelentésekhez. Amig a szabadalmi
eljardas folyamatban volt, a Szabadalmi Hivatal kérésére a CART peptidekkel és a DPP4 enzimmel
kapcsolatos eredményeink nem keriilhettek publikdldsra.

4.A gerincvelGi neuroncsoportok aktivitasanak tanulmanyozasa akut nocicepcidéban és karragén-
indukalt hiperalgézia modellben

A gerincvel6 hatso szarvaban elhelyezkedd kiilonb6z6 neurokémiai neuroncsoportok c-fos és pERK
aktivitasat vizsgaltuk akut nociceptiv ingerek (h6, kémiai, mechanikai) és karragénnel kivaltott
gyulladasos koriilmények kozott, az ingert kdvet6 kiilonb6z6 id6pontokban. Szamos neuron csoport
mutatott aktivitast mindkét marker esetén, azonban a rapidan bekdvetkezd és hosszan megmarado
aktivitas az id6beli felbontds elemzését nem tette lehet6vé.

5.A kilonb6z6 MOR agonistak és DPP4 inhibitorok hatasanak leirasa akut nocicepcidban és
fenntartott gyulladasos koériilmények kozott.

A palydzatban vallaltaknak megfelel6en az egyes agonistdk dozis-hatas gorbéjét vizsgaltuk akut
hGinger (tail-flick teszt) és karragén indukalt gyulladasban. EM2 ED50 értékek - gyulladas: 0,27nM
(0,199-0,377), akut fajdalom: 10,68 nM (5,1-22,37). DAMGO ED50 értékek - gyulladas: 0,9 pM (0,74-
1,26), akut fajdalom: 5 pM (3,4-10,55). Vildagliptin ED50 értékek - gyulladas: 0,455 nM (0,335-0,617),
akut fajdalom: 30 nM-ban sem hatott. Az értékek atlag (95% Kl) formaban vannak megadva! A teljes
agonista DAMGO esetén kisebb kiilonbség mutatkozott a két modellben, mint a parcidlis agonista
EM2 esetén. Ez arra utal, hogy a gyulladasos modellben vagy nagyobb az elérhetd receptor készlet
vagy a receptoraktivacio fokozottabb.



Harmadik-negyedik év

1.A MOR agonistakra valaszolé lamina | és Il neuronok fiziologiai és morfoldgiai karakterizalasa,
kapcsolatrendszeriik feltérképezése

Kisérleteinkben, P14-21 napos Wistar patkdnyok gerincvel6i hatsé szarvdban, az l-es laminaban
végeztliink whole-cell patch-clamp méréseket. A mérésekhez intakt lumbalis gerincvel6szakaszt
haszndltunk in vitro, az L4-es vagy L5-0s szegmentumhoz tartozé megtartott hatsé gyokérrel egyitt.
A fenti kisérleti feldllasban megvizsgdltuk, hogy a MOR agonista DAMGO (1uM) milyen hatdssal van:
1) az elvezetett l-es lamina neuron passziv membranparamétereire; 1l) a primer afferensek
sejten észlelhet6 spontan EPSC-k és IPSC-k frekvenciajara.

El6zetes eredményeink alapjan a MOR megtaldlhaté I-es lamina sejtek membrdnjaban. Ennek
megfelel6en a DAMGO-ra érzékeny sejtek (6/36 sejt, 16%) bemeneti ellendllasa jelentésen csokkent
és a sejt ezzel egyidGben hyperpolarizadlddott (1.b abra). Ez a megfigyelés megfelel a korabban a ll-es
laminaban tapasztalt DAMGO érzékeny sejteken tapasztaltaknak (Santos és mtsai.,, 2004), azaz
valdszinGsithet6en hasonlé mechanizmus a GIRK csatornak kdzrem(ikodése a felelGs a jelenségért.
Fontos megjegyezni, hogy mig a ll-es lamina sejtjeinek kb. 10%-a reagalt a DAMGO-ra, addig a mi
kisebb szdmu mintankban ez az ardny valamivel magasabbnak mutatkozott.
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2. abra: A képen egy DAMGO-ra reagald, biocytinnel (zold) feltoltétt lamina | sejt (Cell ID 2015.09.18_E481)
konfokalis mikroszképpal, tébb sik egybevetitésével készitett képe I[dthatd. Az inzertek proximalis
dendritszakaszokat mutatnak egyetlen optikai sikban. A piros pontszerli képletekre mutaté nyilak a
dendriteken elhelyezkedd MOR receptorokat jelzik.

A C- és Adelta primér afferensek kivaltotta EPSC-k DAMGO hatdsasra az elvezetett sejtek kozel
felében (14/29 sejt, 48%) szinte teljesen eltlintek a DAMGO applikacié id6tartama alatt (1.a abra). A
DAMGO kimosasat kovetéen az EPSC-k bar kisebb amplitidéval de visszatértek. Current clamp
elvezetések soran a primér afferens ingerlés DAMGO applikacié alatt és annak kimosdasat kovet6en
kiiszobb felettinek bizonyult, mig a MOR aktivacié soran a primér afferens ingerlés nem volt képes
tlzelésre birni az I-es lamina neuronokat. A primér afferenseken kivaltott hatas finomabb vizsgalatat
nem végeztik el, mivel a pdlyazattal egyidében Sandkiihler és munkatarsai megallapitottak, hogy a
primér afferens termindlisokbdl torténd transzmitterfelszabadulds MOR dependens blokkjaban a K-
csatornak helyett elsésorban kilénb6z6 tipust Ca-csatorndk jatszanak szerepet (Heinke és mtsai,
2011). A DAMGO érzékeny primer afferensek aranya esetiinkben hasonlénak bizonyult mint amit
kozleményilikben bemutattak ami jé validacidja a kisérleti felallasunknak.

A DAMGO alkalmazdasa soran a primér afferens aktivaciotdl fliggetlen, spontan haldzati aktivitdsra
utald, és az intakt preparatumunkban -ahol nagyobb szamu lokalis szinpatikus kapcsolat megtartott-



jobban tettenérhetd spontan EPSC-k és IPSC-k szamat is jelentdsen lecsokkentette (1.c abra). Ez arra
utal, hogy a korabban mar megfigyelt (REF) nem primér afferenshez kothet6 axondlis MOR
valdszinlleg lokalis gerincvel8i neuronokon taldlhatd Ezen neuronok kézé tartozhatnak pl. azon I-es
lamina interneuronok melyek gazdag axonkollaterdlis rendszere s(ir(in behdldézza a felszines
lamindkat (Szlics és mtsai, 2013) és amelyek membranjaban a morfoldgiai és fizioldgia iméréseink
alapjan el6fordulhat a MOR. Ezen sejtek a DAMGO okozta hyperpolarizdcié miatt ,elhallgatnak”, ami
az altaluk innervalt sejteken a serkentd és gatlé bemenetek szdmdanak csokkenését eredményezi.

A fiziolégiailag karakterizalt és biocytinnel feltoltott sejteken MOR ellenes immunreakcidt (2. abra)
végeztink annak bizonyitdsara, hogy a MOR nem csak a lamina Il sejtjein és primer
afferens/interneuron terminalisokon fejez6dik ki. A fiziologiai eredményekkel 6sszhangban MOR-t
tudtunk kimutatni a vizsgdlt sejteken, azoknak leginkabb a dendritjein. Annak ellenére, hogy a
receptor denzitas joval kisebbnek mutatkozott, mint a lamina Il ,,MOR” sejteken, a receptorok
hatékonysaga a lamina | sejteken legaldbb annyira jénak bizonyult.

2. MOR agonistak és DPP4 inhibitorok kiilonb6z6 neurotranszmitterek felszabaduldsara gyakorolt
hatasanak vizsgalata

A projekt ezen kisérletei elkezd6dtek. Az EM2 és CGRP felszabaduldsra vonatkozd mérések
folyamatban vannak.

3. A CART (55-76) és a CART(62-76) opioid receptorokhoz valé kot6désének vizsgalata

Egyik peptid sem aktiv opioid receptor kotési tesztben, sem pedig G-fehérje aktivacids tesztben,
patkdny agyi membranpreparatumokon mérve. A DAMGO mint pozitiv kontrollt volt jelen a
vizsgalatokban. A CART (62-76) peptid igen gyenge inverz agonizmust mutat egy koncentraciéban.
Ezek az eredmények 6sszhangban vannak a vas defferens-en és az ileumon tortént vizsgalatokkal.
Azaz bizonyitja, hogy sem a CART (55-102), sem a CART(55-76) nem kot6dik direkten opioid
receptorokhoz, mig a CART(62-76) nagyon gyenge inverz agonistaként miikodhet. Ez utdbbi allitas
még tovabbi vizsgalatokat igényel.
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4. DPP4 inhibitorok hatasa neuropatikus koriilmények kozott

Annak a kérdésnek a megvdélaszolasara, hogy a DPP4 enzim csak a gyulladasos folyamatok esetén
jatszik szerepet a hyperalgesia kialakitdsdban, vagy altalanosabb ez a mechanizmus, farmakoldgiai
vizsgalatainkat részleges ideglekotéses neuropatia (Seltzer) modellben is elvégeztiik. J6l ismert, hogy
ebben a neuropdtia modellben mechanikai hyperalgesia, mechanikai allodynia és hideg allodynia is
megjelenik. Ezért a két DPP4 inhibitor IPI (30 nmol/allat) és Vildagliptin (30 nmol/allat) hatasat ebben
a modellben is megnéztiik Randall-Selitto teszttel, DPA-val (dynamic plantar aestesiometry) és
hideg allodynia teszttel. Hasonléan a gyulladasos koriilményekhez a DPP4 inhibitorok szignifikans



antihyperalgesids hatdst mutattak (IPl: 37,9+12,4%, Vildagliptin:41,8£10,4%), azonban sem a
mechanikai, sem a hideg allodynidt nem befolyasoltak. A gyulladdsos modellekben tapasztaltakkal
szemben, az altaldnos opioid antagonista naltrexon (s.c. 0,5 mg/ttkg) nem befolyasolta az inhibitorok
antihyperalgesids hatasat. Ezen eredményeink azt mutattak, hogy a DPP4 enzim szerepet jatszik a
mechanikai hyperalgesia kialakitdsaban, de mig a gyulladasos folyamatokban ez opioid fliggd
folyamat, neuropatikus koérilmények kozott nem.

5. A DPP4 enzim mRNS expresszidjanak vizsgalata normal, gyulladasos és neuropatikus patkany
modellekben

Immuncitokémiai vizsgalataink szerint a DPP4 enzim jelen van a gerincvel6ben és kifejez6dése
fokozddik karragénnel kivaltott gyulladasban. Részben az immuncitokémiai eredmények
aldtamasztdsara, részben a transzkripcio-transzlacié folyamatainak vizsgalatdra akut gyulladasban és
neuropatikus korilmények kozott, gPCR és in-situ hybridizciés vizsgdlatokat végeztiink. A qPCR
vizsgdlat eredményei szerint a DPP4 enzim mRNS-e jelen van a gerincvelSben, de nincs szignifikdns
kiilonbség a kontroll, a gyulladasos és neuropatikus allatokbdl kivett mintak kozott (RQ): 1.00+0.16
vs. 0.70£0.09 vs. 1.2610.29, One-Way ANOVA P=0.301). Az in situ hybridizaciés vizsgalat az mRNS
alacsony szintjét mutatta, ami nem valtozott szignifikdnsan sem gyulladdsban sem neuropatikus
korilmények kozott (Kontroll: N=9, 1.2+0.2; gyulladas: N=9, 1.1+0.1; neuropatia: N=9, 1.0+0.1; One
way ANOVA, p=0,21). A szenz préba altal kapott jel egyenl6 volt a hattérrel, mig az antiszenz
hasznalata szignifikans kilénbséget mutatott ehhez képest (antiszenz: N=27, median=110.4, 25% at
80.7, 75% at 135.5; szenz: N=19, median=0, 25% at 0, 75% at 21.7; Mann-Whitney Rank Sum Test
p<0,001)

6. DPP4 protein kifejez6dése normal és patoldogias koriilmények kozott.

Western-blottal torténd vizsgdlataink szerint a DPP4 protein szintje (aktinra normalizalt értékekkel:
Kontroll: 0,16810,0495 Gyulladas: 0,547+ 0,0597 Neuropatia:0,333+ 0,0649 ANOVA Holm-Sidac
method p=0,023) és a gerincvel6i hatsdszarv medidlis kétharmadanak DPP4 immunreaktivitds
denzitasa (K: 3,416%0,376, Gy: 5,656+0,7990 S:3,178+0,4380 ANOVA Student-Newman Keuls method
p=0,016) szignifikdnsan megemelkedik gyulladdsban mind a kontroll, mind a neuropatikus
kortilményekhez képes. Ugyanakkor sem az immunreaktivitds, sem a protein szint valtozdsa nem
szignifikdns neuropdtidban a kontrollhoz és a gyulladasos allapothoz képest. Eredményeink szerint
kronikus fajdalomallapotokban létrejové DPP4 enzim expresszidjanak emelkedése nem a
transzkripcidé, hanem a transzlacio fokozddasaban jelenik meg.

7. DPP4 enzim expresszidjanak vizsgalata neuronokban és glia sejtekben.

Immunhisztokémiai elemzéseink kontroll allatokon azt mutattdk, hogy a DPP4 enzim kifejez6dik
neuronok sejttestén és axonterminadlisokban. A synaptophysinnel jelolt és vglut-2 —re pozitiv
serkenté ill. vgat immunreaktiv gatlé axonterminalisok egyardnt kifejezik az enzimet. Primer afferens
eredet(i, CGRP tartalmu boutonokon Ugyszintén megtalaltuk a DPP4-et. Map-2-vel jel6lt dendriteken
azonban csak synaptophysinnel egyitt mutatkozott a jeldlés sugallva, hogy a DPP4 a dendrithez
mindig preszinaptikus elhelyezkedés(, azaz dendritek nem expresszaljak. A neuronok mellett DPP4
immunjeldlés asztrocitdkon és mikroglia sejteken is lathatd volt. Kontroll kortilmények kozott a DPP4
denzitas az asztrocytakon szignifikdnsan nagyobb volt mint a mikroglian és a neuronokon. Ez utébbi
két sejtcsoport kozott nem volt szignifikans kiilonbség. (asztocita: N=42, median=0.333, 25% at 0.25,
75% at 0.46; microglia: N=50, median=0.148, 25% at 0.083, 75% at 0.02; neuron: N=37



median=0.093, 25% at 0.023, 75% at 0.143; Kruskal-Wallis one way ANOVA on ranks, Dunn’s method
at P<0.001). Karragénnel kivaltott gyulladasban a DPP4 denzitas szignifikdnsan megnétt mindkét
gliasejtben, de nem a neuronokban. Neuropatias korilmények kozott DPP4 expresszid fokozdédds
szignifikdns mértékben csak a mikroglia sejtekben jelent meg. (asztrocita kontroll: N= 51, 0.35+0.02,
gyulladds.: N= 51, 0.45%0.01, Seltzer: N= 48, 0.3+0.01, one way ANOVA, Student-Newman-Keuls
method, P<0.001; microglia kontroll: N=50, median=0.148, 25% at 0.083, 75% at 0.2, gyulladas: N=
36, median=0.25, 25% at 0.127, 75% at 0.353, Seltzer: N=40, median=0.22, 25% at 0.138, 75% at
0.257, Kruskal-Wallis one way ANOVA on ranks, Dunn’s Method P<0.001; neuron kontroll: N=46,
median=0.093, 25% at 0.023, 75% at 0.143, gyulladas: N=49, median=0.092, 25% at 0.042, 75% at
0.203, Seltzer: N=42 median=0.102, 25% at 0.01, 75% at 0.133, Kruskal-Wallis one way ANOVA on
ranks, P=0.149)

8.ldegnyujtashoz kapcsolédé fajdalommintazatok és morfoldgiai valtozasok vizsgdlata egy
klinikailag relevans végtaghosszabbitas modellben

Amiatt, hogy a projekt eredményei a szabadalmi eljards miatt nem voltak publikdlhaték, egy olyan
klinikailag relevans modell vizsgdlataba kezdtiink, amelyrél Ggy gondoljuk, hogy alkalmas lehet mind
a CART peptidek, mind a DPP4 ihibitorok gyégydszati célu felhasznaldsanak vizsgalatara. Ismert, hogy
a sziletési rendellenességként megjelend vagy szerzett végtaghossz kilonbségek nagyon komoly
mentadlis és fizikai problémakat okoznak azoknak a gyermekeknek, akik ilyen deformitdsokkal kell,
hogy megklizdjenek. A callus distraktiéon alapuld végtaghosszabbitas egy olyan eljaras, amellyel
korrigalni lehet az ilyen végtag deformitdsokat. Sajnos a folyamat igen jelentés fajdalommal jar, ami
miatt sokszor le kell dllitani a beavatkozdst, majd a csont teljes gyégyuldsat kovetSen lehet
Ujrakezdeni. A fajdalom feltételezhetéen a callus distractioval egyittjaréd idegnyulds-idegsériilés
kovetkezménye. Munkank soran osteotomizalt (OG), lassu distrctio-ju (SDG, osteotomizalt és 1
mm/nap nyujtas 14 napig) és gyors distractio-ju (FDG, osteotomizalt és 3xImm/nap nyujtas 8 napig)
nyulakat vizsgdltunk. Az allatok végtagterhelését, ami ardnyos volt a diszkomfort érzettel,
grammokban mértiik (Incapacitance Tester), az osteotomiat kévet6 7. naptdl, amikor a callus mar
kialakult és a nyujtas elkezd6dott, a nyujtas befejezéséig, vagyis a 18. (FDG esetén) és 24. (SDG
esetén) napig. A distraktorok elhelyezkedését és a callus alakuldsat az operdcidé napjan, az azt kbvet6
10. napon és a nyujtas befejeztével rontgenfelvételeken ellendriztik. A perfuzids fixalast kévetéen az
ideg sérilését, esetleges becsip6dését ellendriztilk. Az inkapacitancia fokozatosan nétt a 10.
postoperativ napig mindharom csoportban. A csak osteotomizalt csoportban ezt kévetGen elkezdett
csokkenni. Statisztikailag szignifikans kiilonbség az osteotomizalt és nyujtott csoportok kozott a 15-
21. nap kozott jelent meg és nyujtas befejezésével tlint el. Az inkapacitancia legnagyobb mértékben
az FDG csoportban n6tt meg. Ezek az adatok nagyon jol korreldlnak a gyerekek fajdalom allapotainak
lefolyasaval végtaghosszabbitds alatt és utan, ami a modell hasznalhatésagat bizonyitja. Hatsogyoki
ganglionok méret és P anyag (nociceptiv neurotranszmisszi6 egyik kulcs peptidje)
immunoreaktivitasat vizsgalva azt kaptuk, hogy kontroll allatok S1 ganglionjdban a SP pozitiv sejtek
aranya 26,612,9 % volt az Osszes sejthez viszonyitva. A SP immunreaktiv sejtek 19,743,5%-ka
tartozott a kis méretliek csoportjaba, mig 6,942,8% a nagy méret(i sejtek kdzé tartozott. Az OG
csoportban 28,0+1,0%-ka a neuronoknak volt SP pozitiv, ami nem volt statisztikailag eltéré a kontroll
csoporttdl (p=0,2903). A nyujtott csoportokban az 0Osszsejtszdam nem kllénb6zott a kontroll
csoporttdl, de a SP pozitiv sejtek aranya megvaltozott. A SP immunreaktivitds szignifikansan csdkkent
mind a naiv, mind az OG csoporthoz képest (SDG:18,0+1,8%, FDG: 15,9+2,5%, , z-test p<0.05). A SP
pozitiv nagy és kis sejtek aranya szintén megvaltozott. A SP pozitiv kis sejtek aranya szignifikdnsan



csokkent (SDG: 11,5+0,9%, FDG:7,9+1,9%) a nagy sejtek ardnya nem valtozott (SDG: 6,7+1,5% p=0,81,
FDG:7,9+2,4% p=0,21) a nyujtott csoportokban a kontroll allatokhoz képest. A gyorsabb nyujtas
szignifikansan nagyobb csdkkenést eredményezett a lassabb nyljtdshoz képest. Az OG csoportban az
SP kis sejtek aranya nem valtozott szignifikansan (17,1+2,7% p=0,11), mig a nagy sejtek aranya
szignifikdnsan megn6tt (11,1+3,5%). A vizsgalt S1 hatségyoki ganglionban sem a satellita sejtek, sem
a kisméretl sejtek nem mutattak morfoldgiai valtozasokat szemben néhany nagyméretl sejttel.
Ezekben a SP immunreaktivitdst nem mutatd neuronokban a nucleus eccentrikusan helyezkedett el
és a citoplazmaban nagy vakoulumok jelentek meg (OG: 3-4, SDG:15, FDG:13-17 sejt/ganglion).

Eredményeink szerint a 10. napig fokozdédd postoperativ fdjdalom a sebészi beavatkozdsbol
szdrmazik, amit a nyujtas tovdbb novel. A gyorsabb és nagyobb mértéki{ nyujtas nagyobb
fajdalomvalaszt eredményez. A nyujtds sebessége és mértéke jol korreldl a kis sejtekben a SP
immunreaktivitds csokkenésével. A nagy sejtek vacoulizacidja feltehet6en egy patholdgias valasz az
idegsérilésre. Kordbbi vizsgdlatok a nagy sejtekben megjelend SP expresszid fokozddast az allodynia
kialakulasaval hoztdk Osszefiiggésbe. A mi eredményeink pedig inkabb e folyamat regeneracidban
betoltott szerepét valdszindsitik.
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Intrathecally injected lle-Pro-lle and and the non-peptide DPP4 inhibitor vildagliptin
exerted potent, endomorphin 2- and opioid receptor-mediated antihyperalgesic effect in the rat
Randall-Selitto test (Fig. 1.) whereas they had no antinociceptive action (at 30 nmol/rat) in the
tail-flick test. nmol/rat).
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Figure 1. The antihyperalgesic effect of intrathecally injected lle-Pro-lle and vildagliptin and the
antagonism by endomorphin 2 antiserum and subcutaneous naloxone / naltrexone. Nociceptive thresholds
to pressure were determined by the Randall-Selitto method. Control values were measured immediately before
intraplantar carrageenan injection (time "0") on the paws ipsi- (filled symbols) and contralateral (open circles) to
carrageenan injection. After the full development of hyperalgesia on the ipsilateral side (at 180 min) test
substances or vehicle were injected intrathecally (i.t.), and the measurements were repeated at 5, 15, 30 and 60
min after i.t. injection, both on ipsi- and contralateral paws. Subcutaneous (s.c.) treatment was given 10
(naloxone) or 15 (naltrexone) min before i.t. injection. Abbreviations: E2-AS: endomorphin 2 antiserum; IP1: lle-
Pro-lle; VIL: vildagliptin; NTX: naltrexone; NX: naloxone. Symbols: circles: vehicle (open:contralateral, filled:
ipsilateral); upright filled triangles: DPP4 inhibitors IPI, VIL), ipsilateral measurement; inverted filled triangles:
DPP4 inhibitor-endomorphin 2 antiserum combination, ipsilateral measurement; filled diamonds: DPP4
inhibitor-s.c. opioid antagonist combination, ipsilateral measurement.

We compared the antihyperalgesic and acute antinociceptive potencies of intrathecally
injected DAMGO, endomorphin 2, lle-Pro-lle and vildagliptin. The potency ratios (in the
same order) were 6.1 (5.9 pmol/rat EDsy in acute antinociception vs 0.96 pmol/rat
antihyperalgesic EDsp), 15.5 (13.3 nmol/rat vs 0.86 nmol/rat) whereas the ratios for Ile-Pro-lle
and vildagliptin were well over 20 (antihyperalgesic EDsos below 1.5 nmol/rat, no acute
antinociception at 30 nmol/rat).
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tFigure 2. The antihyperalgesic and antinociceptive dose-response curves of intrathecally injected

DAMGO (A), endomorphin 2 (B), lle-Pro-lle (C) and vildagliptin (D). The "maximum possible effects"
(MPEs) were calculated from the peak effects of respective agents. The equation for the calculation of
antihyperalgesic MPE: (ipsilateral threshold — hyperalgesic baseline) / (contralateral threshold at time-matching
point — hyperalgesic baseline) x 100, where “hyperalgesic baseline” is the nociceptive threshold to pressure
determined in the carrageenan-injected (“ipsilateral”) paw 180 min after intraplantar carrageenan injection.
Acute antinociceptive MPE: =(actual latency - basal latency)/(cutoff time — basal latency) x 100. Symbols: filled
circles: antihyperalgesic actions; filled squares: acute antinociceptive actions.

In our experiments intrathecal (i.t.) CART(55-102) significantly decreased the
mechanical hyperalgesia in 0.1-0.3 nmol/rat concentrations in carrageenan-induced subacute
inflammation measured by the Randall-Selitto method (Fig. 3). CART(55-102) above
concentrations of 0.3 nmol/rat caused abnormal motor perturbances that arrested precise
measurements.
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Considering in vivo activity of different CART peptide fragments (Dylag, Kotlinska et
al. 2006), we hypothesized that the globular region of the peptide may be responsible for the
motor disturbance, so CART(55-76) lacking this globular motif was used in the next
experiments (Fig. 2.). I.t. 10 nmol/rat CART(55-76) had no effect in acute nociceptive tail-
flick test (Fig. 3.), but showed significant antihyperalgesic effect in i.t. 0.1-3.0 nmol/rat
concentrations without any motor abnormalities in carrageenan-induced inflammation.
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Figure 5. Effects of CART fragments on tail-flick latency.
Neither the CART(55-76) nor the CART(62-76) altered the acute
nociceptive thresholds significantly applied in 10 nmol/rat
concentrations  (two-way repeated measures ANOVA with
Bonferoni post hoc test, p>0.05). Data are given as mean and SEM.

Figure 4. Schematic drawing
of the “full” CART(55-102)
peptide from which shorter
fragments are derived.



The antihyperalgesic action of CART(55-76) was fully blocked by the non-specific
opioid receptor antagonist naltrexone (NTX) and the selective MOR antadonist CTAP (Fig.
6.)
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Figure 6. Antihyperalgesic effect of CART(55-76) peptide in the carrageenan-induced hyperalgesia model
measured by the Randall-Selitto method. A) I.t. CART(55-76) has a dose-dependent antihyperalgesic effect
without causing motor abnormalities. B) A sigmoidal dose-response curve of the CART(55-76) has been plotted
onto data obtained from the nociceptive threshold values recorded at 210 min. Antihyperalgesic ED50 value of
CART(55-76) was calculated as 0.28 (0.23-0.34) nmol/rat, given as mean and 95% confidence interval. C)



Antihyperalgesic effect of CART(55-76) was completely abolished by the non-selective opioid antagonist NTX
and E) the p-selective opioid antagonist CTAP, but D) EM2AS also significantly decreased the CART(55-76)-
induced antihyperalgesia. F) Neither the §-antagonist TIPP(W) nor G) the k-selective antagonist gNTI had an
influence on the antihyperalgesic effect of CART(55-76). CART(55-76) never altered the nociceptive threshold
of the contralateral hindpaw significantly and none of the antagonists tested had significant effect when were
injected alone (not shown). H) Inhibitory effects of opioid antagonists on the CART(55-76) related
antihyperalgesia is summerized on the bar graph created from values measured at 210 min after i.t. drug
administration (MPAHE %: maximal possible antihyperalgesic effects in percentage). Comparisons were made
with two-way ANOVA, Bonferoni post hoc test; +++: p<0.001 (C-G) and one-way ANOVA followed by
Dunnett’s post hoc test. ***: p<0.001 (H). Crosses always indicate significant difference between the time-
matching points of CART(55-76) and CART(55-76)+antagonist curves. Filled symbols: side of inflammation;
open symbols with dashed lines: contralateral side. Data on each curves and bars are given as meantSEM.

Application of CART(55-102) and CART(55-76) on isolated mouse vas deferens
expressing MOR, 6- (DOR) and - (KOR) opioid receptors (Hughes, Kosterlitz et al. 1975,
Lord, Waterfield et al. 1977, Kosterlitz, Lord et al. 1980, Wuster, Schulz et al. 1980,
Erspamer and Severini 1992) resulted in no effect at all (not shown) suggesting that none of
the CART peptides activate MOR, DOR and KOR directly, which is consistent with earlier
suggestions (Vicentic, Lakatos et al. 2006).

Endogenous opioids such as enkephalins, dynorphins and endomorphins are present in
the spinal cord (Simantov, Kuhar et al. 1977, Botticelli, Cox et al. 1981, Zadina, Hackler et al.
1997, Martin-Schild, Gerall et al. 1998) and can activate MOR with different potency
(Quirion and Pert 1981, Vaught, Rothman et al. 1982). To test the possibility that endogenous
opioids, especially the most potent endomorphin-2 tetrapeptide (EM2; Tyr-Pro-Phe-Phe-NH,)
are involved in the opioid mediated effect of CART, EM2 antiserum (EM2AS) was co-
injected with i.t. CART(55-76) in the carrageenan-induced hyperalgesia model, in which
EM2AS dramatically reduced the antihyperalgesic effect of CART(55-76) peptide (Fig. 6.).
EM2 is found mainly in peptidergic primary afferents in the spinal cord (Sanderson Nydahl,
Skinner et al. 2004, Hui, Wang et al. 2010) and can be released under specific conditions
(Williams, Wu et al. 1999, Scanlin, Carroll et al. 2008, Chakrabarti, Liu et al. 2012). Unbound
EM2 is degraded very quickly by membrane-bound dipeptidil-peptidase-4 (DPP4) a serine
exopeptidase that cleaves the tetrapeptide into Tyr-Pro and Phe-Phe-NH, (the latter one is
further cleaved into phenylalanine and Phe-NH, by aminopeptidases) (Mentlein 1999,
Sakurada, Sakurada et al. 2003). One of the most striking features of the endomorphins is that
neither their genomic code nor precursors have been found since their discovery in 1997
(Terskiy, Wannemacher et al. 2007, Wolfe, Hao et al. 2007), so their biosynthetic route is still
unknown. Andras Ronai proposed the theory of an activity dependent de novo synthesis of
EM2 (Kiraly, Szalay et al. 2009, Ronali, Kiraly et al. 2009, Kiraly, Lambeir et al. 2011): DPP4
inhibitors such as the Ile-Pro-lle tripeptide or the non-peptide vildagliptin can switch the
enzyme from hydrolase to synthetase mode in an activity dependent manner (e.g. sustained
membrane depolarization in subacute/chronic pain states). Under these special circumstances
degradation of EM2 might be reverted and EM2 can be synthesized de novo extracellularly
from Tyr-Pro and Phe-Phe-Gly/Phe-Phe-NHj; precursors (Fig. 7.).
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Figure 7. Theory of Andras Ronai concerning extracellular de novo EM2 biosynthesis. (Gly at the C-
terminus of the putative pentapeptide synthesized first is required for amidation.). Calculating only with those
peptides known to be present in the spinal dorsal horn, the source of Tyr-Pro can be NPY and prodynorphin or
its shorter derivatives including dynorphin(1-17) and B-neo-endorphin, while Phe-Phe-Gly might be derived
from Substance P or endokinins.

Antihyperalgesic effect of DPP4 inhibitors (lle-Pro-lle and vildagliptin) in
carrageenan-induced hyperalgesia was demonstrated and that was blocked by either the non-
selective opioid antagonist naloxon or EM2AS (Kiraly, Szalay et al. 2009, Kiraly, Lambeir et
al. 2011), but no endogenous DPP4 inhibitors have been reported to date. DPP4 inhibitor lle-
Pro-lle equals the N-terminus tripeptide motif of CART(55-102) and CART(55-76)
fragments, which raises the possibility, that both of these CART peptides may act as natural
inhibitors of DPP4. This theory is also supported by the similar pharmacological properties
of lle-Pro-lle and CART(55-76): (1) both of them have antihyperalgesic effect in
carrageenan-induced inflammation, which might be completely abolished by s.c. naltrexone, a
non-selective opioid-receptor antagonist, and (2) their antihyperalgesic effect is 6- and «-
receptor independent, but is completely inhibited by i.t. administration of the p-antagonist
CTAP (Fig. 5 and 8.). Must be noted that, inhibitory effect of CART peptide on DPP4
activity may not only contribute to putative de novo EM2 biosynthesis but can also alter
degradation of endogenous MOR1 agonists, like EM2 and prolong the half-life of these
molecules. The other reference DPP4 antagonist, the non-peptide inhibitor vildagliptin had
slightly different pharmacological properties: it had no antihyperalgesic effect when was co-
injected with the d-receptor antagonist TIPP(W), but the u- and k-antagonist CTAP and gNTI
partially but significantly reduced vildagliptin-related antihyperalgesia. (Fig.8.).
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Figure 8. Antihyperalgesic effect of the DPP4 inhibitor lle-Pro-lle and vildagliptin in carrageenan-
induced inflammation. (A) Antihyperalgesic effect of i.t. lle-Pro-lle has been completely abolished by co-
administartion of CTAP, but (C) neither gNTI nor (E) TIPP(¥) altered Ile-Pro-lle-evoked antihyperalgesia. (B)
Antihyperalgesic effect of viuldagliptin has been significantly reduced by CTAP and (D) gNTI, (F) but was
completely eliminated when TIPP(¥) was coinjected. Inhibitory effects of opioid antagonists on Ile-Pro-lle and
vildagliptin related antihyperalgesia is summarized on bar graphs G) and H) constructed from data recorded 210
min after i.t. drug application. Comparisons were made with two-way ANOVA, Bonferoni post hoc test; +:
p<0.05; +++: p<0.001 (A-F) and one-way ANOVA followed by Dunnett’s post hoc test. ***: p<0.001 (G and
H). Crosses always indicate significant difference between the time-matching points of DPP4 inhibitor and
DPP4 inhibitor+opioid antagonist curves. Filled symbols: side of inflammation; open symbols with dashed
lines: contralateral side. Data on each curves and bars are given as mean and SEM.

To further test if CART(55-76) may act as an endogenous DPP4 inhibitor, its shorter
fragment, the CART(62-76) lacking the Ile-Pro-lle sequence at the N-terminus was
administered i.t. in the acute nociceptive tail-flick test and in the carrageenan-induced
hyperalgesia model. CART(62-76) did not show any effect in acute nociceptive test (Fig. 5.),
but produced antihyperalgesic effect in subacute inflammation. As the dose-response curves
demonstrate, antihyperalgesic effect of CART(62-76) appeared in much higher concentration
than in the case of CART(55-76) (Fig. 9.). Although naltrexon fully blocked, the p-antagonist
CTAP only slightly decreased this action. Selective 6-antagonist TIPP(W) did not affect, but
the k-selective antagonist gNTI completly blocked the antihyperalgesic effect of CART(62-



76). CART(62-76) had no action on mouse vas deferens but had effect on guinea pig ileum
suggesting that this peptide fragment may be an endogenous ligands of k-receptor (data not

shown).
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Figure 9. Antihyperalgesic effect of CART(62-76) peptide in carrageenan-induced subacute inflammation.
I.t. CART(62-76) has significant antihyperalgesic effect in 3-10 nmol/rat concentrations without any signs of
motor disfunctions (A). Dose-response curve was constructed from nociceptive threshold values recorded at 210
min. Antihyperalgesic ED50 value of CART(62-76) was calculated as 2.75 (2.32-3.27) nmol/rat given as mean
and 95% confidence interval (B). S.c. pretreatment with the non-selective opioid-receptor antagonist NTX



completely eliminated the antihyperalgesic effect of CART(62-76) (C) The p-receptor selective antagonist
CTAP (200 pmol/rat) slightly reduced the antihyperalgesic effect of CART(62-76) (D). &-opioid selective
antagonist TIPP(¥) in Inmol/rat concentration did not alter the antihyperalgesic effect of CART(62-76) (E). k-
selective antagonist GNTI co-injected i.t. in 10 nmol/rat concentration completely abolished the antihyperalgesic
effect of CART(62-76) (F). Apart from only one set of experiments CART(62-76) never altered the nociceptive
threshold of the contralateral hindpaw significantly and none of the antagonists tested had significant effect when
were injected alone. Bar graph summarizes inhibitory effects of opioid antagonists on the CART(62-76) related
antihyperalgesia (G). Comparisons were made with two-way ANOVA, Bonferoni post hoc test; +: p<0.05; +++:
p<0.001 (C-F) and one-way ANOVA followed by Dunnett’s post hoc test. ***: p<0.001 (G). Crosses always
indicate significant difference between the time-matching points of CART(62-76) and CART(62-76)+antagonist
curves. Filled symbols: side of inflammation; open symbols with dashed lines: contralateral side. Data on each
curves and bars are given as mean and SEM.

Antihyperalgesic and antiallodynic effect of CART(55-102) peptide was reported to be
opioid independent in neuropathic pain of mice (Damaj, Zheng et al. 2006). During
neuropathic states the expression and release of different peptides normally being present in
primary afferents dramatically decrease, and conditions are no further ideal for EM2
synthesis. Role of reference and putative DPP4 inhibitors such as IPI, vildagliptin, CART(55-
76) and involvement of different opioidergic systems have also been tested in chronic pain
states related to partial sciatic nerve injury (Seltzer model). Nociceptive thresholds were
determined with three different methods including dynamic plantar aestesiometry (mechanical
allodynia), Randall-Selitto test (mechanical hyperalgesia) and noxious cold stimulation (cold
allodynia). All the DPP4 inhibitors tested had only antihyperalgesic effect and did alter
neither mechanical nor cold allodynia developed after partial sciatic nerve ligation.
Antihyperalgesic effect of DPP4 inhibitors was found to be non-opioid dependent, suggesting
that these agents activate different mechanisms in inflammatory and neuropathic conditions
(Fig. 10-11.).
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Figure 10. Antinociceptive effects of the DPP4 inhibitor lle-Pro-lle (IPI) and vildagliptin (VIL) in chronic
neuropathic condition induced by partial sciatic nerve ligation. DPP4 inhibitors were ineffective in dynamic
plantar aesthesiometer (A-B) and noxious cold sensitivity (E-F) tests. In Randall-Selitto test both IPI and VIL
had antihyperalgesic effect which was not antagonized by NTX (C-D). Comparisons were made with two-way
ANOVA, Bonferoni post hoc test; +: p<0.05; ++: p<0.01; +++: p<0.001. Crosses indicate significant difference
between the time-matching points of DPP4 inhibitor and DPP4 inhibitor+NTX curves. Filled symbols: side of
ligature; open symbols with dashed lines: contralateral side. Data on each curves and bars are given as mean and

SEM.
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Figure 11. Antinociceptive effects of CART(55-76) and CART(62-76) fragments chronic neuropathic pain
related to partial sciatic nerve injury. DPP4 inhibitors were ineffective in dynamic plantar aesthesiometer (A-
B) and noxious cold sensitivity (E-F) tests. In Randall-Selitto test CART(55-76) was found to be
antihyperalgesic and this effect effect was not antagonized by NTX (C). Surprisingly, CART(62-76) was
ineffective alone but when was co-administered with NTX, an antihyperalgesic effect was observed.
Comparisons were made with two-way ANOVA, Bonferoni post hoc test; +: p<0.05; ++: p<0.01. Crosses
indicate significant difference between the time-matching points of CART fragments and CART peptides+NTX
curves. Filled symbols: side of ligature; open symbols with dashed lines: contralateral side. Data on each curves
and bars are given as mean and SEM.

Using Western blot analysis we have shown that both CART(55-102) and CART(62-
102) are present in the spinal cord (Fig. 12.), and theoretically Val;s — Argz; amino acids may
serve as cleavage sites for different endopeptidases, but there is no evidence that CART(55-
76) and CART(62-76) exist as natural fragments in the CNS.

CART(55-76) CART(55-76)
Spinal cord s

CART(62-76) CART(62-76)

>
D S

Figure 12. Western blot analysis of CART peptide fragments in the rat spinal cord. Both CART(55-102)
and CART(62-102) peptide fragments could be detected in the rat spinal cord. Separation was performed with
Tricine-SDS-PAGE applying 80ug of protein extract on the gel. 0.2ng of CART peptides were used as controls.
Inset represents the doublet of the CART(55-102) + CART(62-102) lane from a separate run with short
exposure.

DPP4 is expressed in most cell types and cleaves many but not all N-terminus X-
proline dipeptides (Mentlein 1999). Beside EM2 other nociceptive peptides such as the
neuropeptide Y (NPY) and SP are the natural substrates of the enzyme (Turner, Hryszko et al.
1987, Sakurada, Watanabe et al. 1999). Taking Andras Ronai’s hypothesis into consideration
di/tripeptides derived from the degradation of NPY and SP in the presence of the putative



DPP4 inhibitor CART(55-76) or CART(55-102) may contribute to de novo EM2 synthesis
(Fig. 7.). To find further data supporting this theory quadruple immunofluorescent stainings
and confocal microscopic analyses were carried out. EM2-immunostaining appeared as a
delicate grainy labelling within and out of SP labelled axon terminals. Quantitative analysis
demonstrated that 79.6+1.44 % and 52.1+4.16 % of the EM2-immunoreactive terminals
contained CART peptide in lamina | and Il, respectively, while SP was detectable in
65.9+£2.07 % and 70.3£5.51 % of EM2-ergic endings in lamina | and Il, respectively. Co-
existence of CART and SP in EM2-immunopositive boutons was 54.24+2.94 % and 31.2+0.66
in lamina I and II, respectively. (All data are given as mean+SEM.) Altogether 92.8% and
94.2% of the EM2/CART/SP triple-labelled boutons formed close appositions with NPY -
immunoreactive terminals in lamina | and 11, respectively (Fig. 13.). Many of these axonal
compositions were found on NK1R-immunoreactive neuronal somata or dendrites in the rat
spinal cord. It has to be emphasized that the two precursors may also originate from other
peptides, but the close vicinity of the CART, SP and NPY supports the possibility that they
might be involved in de novo EM2 synthesis.




*Figure 13. Quadruple immunofluorescent stainings and single confocal optical sections of the rat spinal

dorsal horn. A-B) NPY-containing boutons form close appositions with SP, CART and EM2 co-expressing
terminals; C-D) EM2/CART/SP co-expressing boutons terminate on NK1R-immunopositive lamina | neurons.
E-F) EM2/CART-containing terminals are in close contact both with NPY-positive endings and NKI1R-
immunoreactive lamina | neurons. Terminals of interests are labelled with arrowheads. A) Immunofluorescent
staining with antibodies against NPY (blue), EM2 (green) and CART (red). B) Image of the same optical section
as A), but EM2 (green) CART (red) and SP (blue) immunoreactivities are demonstrated. C) Immunofluorescent
labelling with NK1R (blue), EM2 (green) and CART (red) antisera. D) Image of the same optical section as C),
but EM2 (green) CART (red) and SP (blue) immunofluorescence is shown. E) NK1R (blue), EM2 (green),
CART (red) immunoreactivities. F) EM2 (green), CART (red), NPY (blue) immunostaings in the same optical
plane as E). A-B) are transverse, while C-F) are horizontal sections. Scale bars: 10 um for each image.

Our electron microscopic observations also support the theory of extracellular,
membrane-related synthesis of EM2. Immunogold-labelled EM2 was found in the membranes
of axon terminal regions being far from the synaptic specialization or EM2-related gold
particles were grouped inside the boutons close to the synapse but always in extrasynaptic
position. This offers two possibilities: (1) EM2 is synthesised in the extracellular space,
transported through the membrane and stored in the axon terminal, or (2) the extracellularly
synthesised EM2 binds to the MOR, is internalized by endocytosis and then stored in the
boutons (Fig. 14.)

Figure 14. Localization of DPP4 immunoreactive structures in the spinal dorsal horn of naive rats.
Scalebar: 500nm

Dipeptidyl peptidase 4 (DPP4) is a moonlighting protein that is expressed on many
different cell types but appears also in plasma and other body fluids including cerebrospinal
fluid (Boonacker and Van Noorden 2003). It is a serine protease enzyme, a receptor and a
costimulatory protein. DPP4 is implicated in adhesion, apoptosis, but its major role is in
immune response. Although only one type of DPP4 mRNA was detected (Hong, Petell et al.
1989), broad molecular heterogeneity of the enzyme was demonstrated that is due to
posttranslational modifications (Kahne, Kroning et al. 1996). DPP4 cleaves dipeptides from
peptides and proteins containing proline/alanine in the penultimate position with typical
length of <30 amino acids. DPP4 specifically processes regulatory peptides such as
neuropeptides, hormones, cytokines and chemokines leading to their biological activation and
inactivation. It has been suggested that certain isoforms of the enzyme cleaves certain
peptides (e.g. glucagon is cleaved in the kidney but not in the circulation). Some possible
substrates of DPP4: bradykinin, glucagon like peptide-1 and -2 (GLP-1 and GLP-2), insulin-



like growth factor, substance P, neuropeptide Y, vasoactive intestinal polypeptide (VIP), and
tumour necrosis factor a.

Tagman gPCR detected DPP4 mRNA in the dorsal horn of L5 spinal segments taken
from control, inflamed and neuropathic rats. Neither carrageenan treatment nor neuropathic
condition caused significant alteration in the DPP4 mRNA levels (control vs. carrageenan-
induced inflammation vs. neuropathy (RQ): 1.00+0.16 vs. 0.70+£0.09 vs. 1.26+0.29, One-Way
ANOVA P=0.301, Fig. 15.A) DPP4 mRNA showed a low expression by in situ hybridization
in the spinal dorsal horn of L4-L6 segments. While the grain density observed in sections
hybridized using the sense probe was equal to the background, a significant signal was
detected with the antisense probe (antisense: N=27, median=110.4, 25% at 80.7, 75% at
135.5; sense: N=19, median=0, 25% at 0, 75% at 21.7; Mann-Whitney Rank Sum Test
p<0,001). DPP4 mRNA was distributed evenly within the dorsal horn, and no significant
difference among the experimental groups has been detected (control: N=9, 1.2+0.2;
inflamed: N=9, 1.1+0.1; neuropathic: N=9, 1.0+0.1; One way ANOVA, p=0,21 Fig. 15.B.).
Western-blot analysis demonstrated elevated protein level in inflamed and neuropathic spinal
cord compared to the naive one, but the increased protein level was significantly different
only in inflammatory states compared to naive and neuropathic animals (control: N=4,
0.168+0.05; inflamed: N=5, 0.547+0.06; neuropathic: N=9, 0.3334+0.06; one way ANOVA,
Holm Sidak method p=0,023) (Fig. 15.C, E). DPP4 immunoreactivity in the spinal cord
appeared in naive, inflamed and also in neuropathic animals. Immunostaining for the enzyme
was weaker in the superficial laminae than in the deeper laminae in control and neuropathic
conditions but increased significantly in the medial two third of the dorsal horn during
inflammation (Fig. 15.D). Densitometry of the DPP4 immunolabelling showed a significant
increase in inflamed spinal cord in those areas corresponding to the inflamed hind paw
compared to naive and neuropathic conditions (control: N=7, 3.416+0.376; inflamed: N=10,
5.656+0.799; neuropathic: N=8, 3.178+0.438; one way ANOVA p=0,016, Fig. 15.F).
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Figure 15. DPP4 mRNA and protein expression in the dorsal horn of control, carrageenan treated and
neuropathic rats. DPP4 mRNA expression in the dorsal horn of the spinal cord assessed by gPCR (A) and in
situ hybridization (B) did not show significant difference among the three experimental groups (meantSEM,
n=6-9, one-way ANOVA, p=0.30 and p=0.21 for gPCR and ISH, respectively). C: Western blot detection of
DPP4 in the spinal dorsal horn samples taken from naive, inflamed and neuropathic animals. D: representative
confocal images of transverse spinal dorsal horn sections obtained from rats of the three experimental groups and
stained by DPP4 antibody. Significantly increased DPP4 protein levels were detected in carrageenan-induced
inflammation measured both by Western-blotting (C, E) and quantitative immunohistochemistry (D, F).
(MeantSEM, n=7-10, one-way ANOVA followed by Holm-Sidac post hoc test: p=0.023 for Western blot
experiment and one-way ANOVA with Student-Neuman-Keuls post hoc test: p=0.016 for densitometry).

Punctate-like immunostaining was detected in neuronal cell bodies (Fig. 16.A) and
also in axon terminals in naive animals. Puncta representing DPP4 were embedded in
synaptophysin stained elements suggesting the close relationship between synaptic and DPP4
activity in many cases (Fig.16.B,C). The enzyme appeared in both vesicular GABA
transporter (VGAT) positive inhibitory (Fig.16.E), vesicular glutamate transporter 2
(VGLUT-2) immunolabelled excitatory axon terminals (Fig.16.D), as well as CGRP stained
primary afferent boutons (Fig.16.C). DPP4 immunopositive dots that appeared on MAP-2
labelled dendrites were always associated with synaptophysin positivity (Fig.16.A,B)
suggesting that dendrites did not express the enzyme but received synapses from DPP4
containing boutons. DPP4 labelling also occurred in GFAP positive astrocytes and IBAl
stained microglia cells (Fig.16.F,G). Glial cells expressed MOR-1 receptors too (Fig. 16.
F,G). In naive rats, the density of the enzyme staining was the highest in astrocytes and
differed significantly from that in other cell types. DPP4 density was higher in microglia than
in neurons but the difference was not significant (astrocyte: N=42, median=0.333, 25% at
0.25, 75% at 0.46; microglia: N=50, median=0.148, 25% at 0.083, 75% at 0.02; neuron: N=37
median=0.093, 25% at 0.023, 75% at 0.143; Kruskal-Wallis one way ANOVA on ranks,
Dunn’s method at P<0.001). During inflammation, DPP4 expression increased significantly
both in astocytes and microglia but not in neurons. Significant increase in the DPP4
immunoreactivity appeared only in microglia in the Seltzer model (astrocyte control: N= 51,
0.35+0.02, infl.: N= 51, 0.45+0.01, Seltzer: N= 48, 0.3+0.01, one way ANOVA, Student-
Newman-Keuls method, P<0.001; microglia control: N=50, median=0.148, 25% at 0.083,
75% at 0.2, infl.: N= 36, median=0.25, 25% at 0.127, 75% at 0.353, Seltzer: N=40,
median=0.22, 25% at 0.138, 75% at 0.257, Kruskal-Wallis one way ANOVA on ranks,
Dunn’s Method P<0.001; neuron control: N=46, median=0.093, 25% at 0.023, 75% at 0.143,
infl.: N=49, median=0.092, 25% at 0.042, 75% at 0.203, Seltzer: N=42 median=0.102, 25% at
0.01, 75% at 0.133, Kruskal-Wallis one way ANOVA on ranks, P=0.149) It should be noted
that DPP4 immunolabelling existed not only in the membranes of the different cell types but
also in intracellular compartments (Fig. 16.H-J).
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Figure 16. DPP4 immunoreactive puncta (green) are frequently found on the surface of MAP2-labelled
dendrites and fluorescent Nissl stained neuronal somata (A). The biggest proportion of DPP4 immunolabelling
on dendritic surfaces belongs to synaptic terminals as it is indicated by colocalization with SYN (B). DPP4 is
expressed by the majority of peptidergic (CGRP-containing) C primary afferent terminals (C). Coexpression of
DPP4 with SYN and VGLUT2 (D) or VGAT (E) suggests that DPP4 is present both in excitatory and inhibitory
nerve endings. MOR1 receptors are found on the surface of GFAP-immunoreactive astrocytes (F) and IBA1-
labelled microglial cells (G) in close apposition to DPP4-positive puncta. Representative images of the spinal
dorsal horn obtained from control (H), inflamed (I) and neuropathic (J) animals demonstrate that DPP4 is
expressed predominantly by glial cells and its expression is significantly increased in subacute inflammation. All
the images are single optical planes and the scale bar is 20um on each.



To challange the involved opioid receptor types, selective opioid receptor antagonists
were applied spinally together with two different DPP4 inhibitors in carrageenan-induced
subacute inflammation. L.t. application of 30 nmol/rat IPI and 3 nmol/rat vildagliptin
eliminated 93.8+1.2% and 88.3+£1.6% of mechanical hyperalgesia measured by the Randall-
Selitto test in intraplantar carrageenan-induced inflammation. Co-administration of the p-
selective inhibitor CTAP reduced the antihyperalgesic effect of IPI to -5.0+4.5%, while
following co-application of k-receptor antagonist gNTI and the 8-opioid antagonist TIPP[W¥]
the antihyperalgesic effect of IPI remained at 92.242.4% and 90.14+3.0%, respectively.
Following co-administration of p- and k-antagonists, antihyperalgesic effect of vildagliptin
was 51.0+4.4% and 45.844.2%, respectively, while the d-antagonist TIPP[¥] completely
blocked the antihyperalgesic effect of vildagliptin by reducing its antihyperalgesic effect to -
1.442.1% (Fig. 8.). Different modalities of hyperalgesia and allodynia appear not only in
inflammatory conditions but also in neuropathic pain states. None of the tested DPP4
inhibitors had significant effect on mechanical and cold allodynia, while both i.t. IPI and
vildagliptin had an obvious mechanical antihyperalgesic effect measured with the Randall-
Selitto test one week after partial sciatic nerve ligation with MPE values of 37.9+12.4% and
41.8+10.4%, respectively. In contrast to inflammatory states, NTX did not affect the
antihyperalgesic action of the DPP4 inhibitors signifficantly in neuropathic conditions
suggesting completely different actions of the enzyme on hyperalgesia in the two pain states.
(Fig. 10.)

We have demonstrated that CART (55-76) and Diprotin A (lle-Pro-lle), the well-
known DPP4 inhibitor, have very similar mu opioid receptor mediated antihyperalgesic effect
in inflammatory conditions. Vildagliptin, the other type of DPP4 inhibitor, is also
antihyperalgesic, but this effect is mediated by all three types of opioid receptors. These data
suggest that while vildagliptin may be an inhibitory ligand of the active site of DPP4 blocking
the degradation of all substrates of the enzyme including all endogenous opioids, IPI and
CART (55-76) block specific substrate access to the active site or induce EM2 synthesis. All
three types of DPP4 inhibitors also have antihyperalgesic effect in neuropathic conditions but
that is not opioid mediated. We can conclude that CART(55-76) is a natural inhibitor of DPP4
which can have substrate specific effect in the periphery and also in the CNS. Since CART
(55-76) possibly pass through the blood brain barrier, an intranasal analgesic, or DPP4
inhibitor can be constructed from it.
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