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Mpwv va Egkvrow tn ouyypadn Tng napouvaoag SlatplBrg ixa mavta oto LUAAS LOU TTWE
TO MPWTO TPAyua Tou Ba éypada Ba ATav AUTEG oL TPOTACELS. Exovtag oAokAnpwaoet
mAéov TN Sadikaocia NG ouyypadng Oa opoloyrnow TwG OAUTO TO KOMUATL UE
SduokoAlee meploodtepo amd omoiadnmote GAAo. Oxu emeldr) dev yvwpllo mOLOUG
nBela va evxaplotiow alla yati Sev EBploka AE€eLg KATAAANAEG, TTOU va UITopouV va

EKPPACOUV TO TTOGO TTIOAU EUXOPLOTW HEPLKOUG OO TOUG avOpwItoug mou akoAouBouv.

Katapxag Ba nbela va suxaplotiow tnv Kabnyntpld pou k.KAedvOn Imavakn yla tTnv
EUMLOTOOUVN TIOU HoU £6€LEe, TN OTNPLEN TIOU LOU TIPOCEDEPE Kal yla 00A HouU €pabe
OAa autd T Xpovio. AmoteAel yla gpéva TPOTUTIO ETLOTAMOVO. OéAw va Ttnv
EUXAPLOTHOW TIOU TiloTEPE O gUEva KOl TIG SUVATOTNTEG LOU KoL TIou HE Adnve va
Kavw AdBn &€povtag mwe Ba pabw amd avtd. Kupiwg opwg BéAw va ekdpdow tnv
amMEPOVTN EVUYVWHOOUVN Hou otov avBpwro KAeww, yla tov mAouto tng Puxng tne, tnv

QTEAELWTN UTIOMOVH TNG, TNV ELNKPLVELA TNG KOL TNV YA TIou Hou €0€LEe.

Agv Ba pumopouoa va NV EUXAPLOTAOW TOV OPOTIHO KaBnynth K.Avdpéa MAaitdkn mou
Xwplc TNV kaBodnynor tou aAAd KUPLw XwpPLg TNV ayamnn Tou ylo ouTo TIoU KAVEL Kol

npeoBevel N mapovaoa datplpn Ba nTav eAAUTAG.

Oa nbeAa va evxaplotow Tov Kadnyntn K.Avdpéa KaoteAAdkn, moAutipo cUuPoulo,
kaB' 6An tn Stdpkela tng dStatpBrig Hou. Mavta mpdbupog va pe kKaBodnynoeL KaL va Ue
BonBnoel os omolodnmote Bépa Tou £€0gta. Tov eUXOPLOTW BEPUA yLa TOV XPOVO KAl TV

evepyeia mou S1EBeoe GA0 AUTOV TOV KALPO.

Oa Beha va eUXOPLOTAOW TOV ETIIKOUPO KaBnyntn K. Fewpylto NoOta, Tov omoio yvwpLoo
npwtn ¢opa ota T.E.M tou voookopeiou kal mou Aiya xpovia apyotepa d€xOnke ue

xapad va StaBaocel kol va aflohoyroet tn SoUAELd pou. Tov EuXOpPLOTW TOGO TIOAU yla
7



ToVv XpOvo mou pou SLEBeoe kabBwg dev Ntav Alyeg ot popég mou INTnoa TG CUUPBOUAES

Tou o€ pia Mo ia Bepdtwy. To ekTiw addavraota.

EmunpdoBeta, odpeilw €va euxaplotw Tov emikoupo kabnyntn k.lwavvn Zayavad, €vav
QIO TOUG MPWTOUC avOpWITOUG TTIOU CUVEPYAOTNKA 0TO gpyaotrplo NeupoAoyiag. Mavta
npobupog va Bonbnoel kat va e cUUBOUAEPEL O OTTIOLOSHTIOTE BEUO TIPOEKUTITE EVTOG

epyaotnpiou.

Euxoplotw mOAU TNV KaBnynipla k.Adpva Kapaywyewg, tov kabnyntr K. AnuAtplo
Kapdaon kat tov kabnyntr k. Mavaywwtn MAitola yia to evladépov mou £6etav Tov

XpOvo mou adlépwaoav  yla va StaBacouv tnv Stéaktopikr pou datpLpn.

Agv Ba pmopoloa va pnv euxaplotiow Tig duo “Elprivec” tou epyaoctnplov pag (tnv
K.ZKOUAQ Kot tnv K.T{avakn avtiotoyya) kabBw¢ kat OAa ta PEAN TIOU KATA KOLPoUC

OUVEPYAOTNKO QLUTA TA XPOVLAL.

Eva TteEpAoTIO euxoplotiow odelAw OTIC KUPLEC TOU TOpPACKEUAOTNPlOU, OTO
MaBoAloyoavatouwkol Epyaoctnpiou tou Ma.l.N.H kat €6lkd TNV Qyamnuévn Hou
K.Qwtelvn, mou xwpi¢ tn ocupBoAn g dev Ba pumopovoav va €xouv mpaypatomnolnOel
TOAAQ Ao ta MEPAUATA TNG Tapovoag dLatplpng. Tnv euxopLOTW YLl TOV TTOAUTLUO

XPOVO Ttou pou 81€Beoe (evw Sev ATOV UTTOXPEWHEVN).

Q&AW Vo WG €va PEYAAO EUXAPLOTW OToUC pIAoUC Hou Tou pe otrpléav OAa auta Ta
Xpovia Kal 1ou TIOAAEC dopéC €ywvav OAol Toug ocuvodoumopol otn SUCKOAN auUTH
Sladpoun (moAAég dopég xwpic va to B€Aouv). Auti n Swadpouny dev Ba eixe
oAokANpwOel xwpic TNV mapouacia tou KA€apxou Kal TG ayamnuévng pou (Kot mavra
koupaopévng) Nikng. Odeillw kal otoug SUO TOUG €va TEPAOTIO EUXOPLOTW, Wi

TEPAOTLA AYKAALA KOL TO TILO TEAELO UIavOdL.

OL mapokATw PpAcelg eival adlepwpEVEG oTnV ayannuévn pou Kwvotavtiva M. kat
Jtavpo NTpou mou Xwplg¢ autolg n {wh EVTOC KOl EKTOC Epyactnpiou Ba ntav evteAwg

Slapopetikn. Ztov Itavpo kot TNV Kwvotavtiva divw tn xpuor muéta, toug Balw 5
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KapSOUAEC, yLati mapoAo mou eixav povo 7 Aemta Kat dev mpoAafav katddpepav va Unv
avtdpAdoel n KOAA He TO MAOKAKL evw TapdAAnAa Awvilovtav otou¢ puBpoug tou
UTTOUUITOUMTIOUAE UTTIOUMTIOUAE, TPWYOVTOG HE XAPNn €va OTPOUIOAL Kol OAdl autd

€XOVTaG TAVTA TNV TUXN LE TO LEPOG TOUG.

OAokAnpwvovtag Ba nBeAa va guxapLotiow Toug SLkoU¢ Hou avBpwrouc. Tnv papd
Biku kat tov adepdd pou Aplotodadvn. MNa tv aydmnn toug, t dpovtidba kal tnv
UTIOOTAPLER TOUG OAQ QUTA Ta XPOvVId Kal ylo Téoa TMoAA dAAa. Tov mammou

Aplotodadvn kat tn ylayld 2odia, mou gival mavta otn okéPn Kal tnv KapdLd pou.



NEPINAHWH

H yAoutauwkn adudpoyovaon twv BnAaoctikwy eival éva ptoxovoplakd €viupo mou
KOTQAUEL TNV OVTLOTPENT OLEWOWTIKA amapivwon Tou YAOUTOWWKOU Of a-
KETOyAouTapkd Kat oppwvia, xpnolgomowwvrag w¢ ouvéviupo to NAD'/NADP'.
Amavtdtal o OAOUG TOUG OPYOAVIOMOUG KoL €XEL ONUOVTIKO POAO OTOV UETOBOALOUO,
T000 0€ KATABOALKEG 000 Kal o avaBoAlkeég BloouvOeTikeég Slepyacieg. Ze avtibeon ue
Ta neploootepa i6n BnAaotikwyv mou Stabétouv pia GDH (hGDH1 otov avBpwro) mou
ekdpaletal o€ OAOUG TOU LOTOUG, O AVOPWIOC KOL  KATOLO TIPWTEVOVTA €XOUV
OTOKTHOEL, HEOW PETPOUETABEDNG Tou GLUDI yovidiou oto xpwpoowua X, éva SeUtepo
10oévlupo (hGDH2) pe 81adopeTikd PNXOVIOUO pUBULONG Kal LoTo-el8IKA €kdpacn. To
yovidlo tng GLUD2 eelixbnke taxéwg umd tnv mieon tng UOLKAG ETUAOYAG KoL
améktnoe pla oelpd anmd apwvolkeég arlayEég, emtpénoviag otnv hGDH2 va Asttoupyet
o€ ouvOnKeg avaoTaATikeg yia tTnv hGDH1. Ot povadikég 181otnteg tng hGDH2 Bwpeitat
NwG eNETpeav TNV MPOcappoyn Tou evIUOU OTLC UPNAEC EVEPYELAKEC OUTTOLTOELG TOU
VEUPLKOU CUOTNUATOG KOl OTLG €LOLKEG avAyKeG Twv AAwv totwv. H hGDH2 otov
avBpwmo ekppaletal, pali pe tnv hGDH1, otov avBpwrivo eykédpaio, Toug vedpoug,
TOUG OPXELG Kal Ta oteposLdomapaywyd opyava, aAla Sev ekdpdletal o€ peydio Babuod

oTo nmap.

Me okomd va Katavonooupe tov polo tng hGDH2 otn Boloyia tou avBpwrmivou
opyoviopoU, Snuloupynoape éva dLayovidloko {wikO TIEPAUATIKO HOVTIEAO HUOC TIOU
ekppalel v aypiou tumou hGDH2 pall pe tnv evdoyevii mGDH. MeAéteg SutAou
avooodBOoplopol Ot TOUEC TIEPLPEPIKWY LOTWV Kal eykedalou Slayovidlakwv lwwv,
amok@AvPav nwg n Stayovidiakl hGDH2 mpwteivn mapouaotdlel mpotumo €kppaong
niou Sev Sladopomoleital and auto Tou avBpwrou. Me tn Xprion WKWV AVILIOWUATWY
Swamiotwoape ot n hGDH2 ekdpaletar ota kuttapa Sertoli tou Opxewg Twv

SltayoviSlakwyv {wwv ota omoia N MGDH amouotalel akplpwg OMwe KoL oTov avlpwro.
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Exdpaletal eniong poall pe tnv evdoyevli mMGDH otnv MAELOVOTNTA TWV UTOAOLTTWV
TEPLPEPLIKWYV LOTWV KABWGE Kol ota B-KUTTAPA TOU TIAYKPEATOG TwWV Stayovidlakwy {wwv.
Me €vouopa QUTEC TIG TIOPATNPNOEL, UEAETAOAUE av N €kdpaon Tou Slayovidiou
EMNPEALEL TOV OLOLOOTATIKO UNXAVIOUO TNG YAUKOING KAl SLOTLOTWOOHE TIWE Ta eMineda
YAUKOING vnotelag Twv Stayovidlakwy {wwv NTAV CNUOVIIKA XaUnAOTEPA EVAVTL TWV
aypilou tunou {wwv (Tg: 95% Cl: 90.6-96.8 mg/dL; N=26, WT:95% Cl: 136.2-151.4 mg/dL;
N=23; p<0.0001), mpooeyyilovtag TG GpUCLOAOYIKEC TIHMEC YAUKOING VNOTELOG TwV LYLA
evAlkwyv avBpwnwv. Ta enineda wooulivng opoul vnoteiag Twv Slayovidlakwy {wwv
Atav 2.6 ¢opég peyalltepa (meantSD: 1.63+0.15 ng/ml; N=12) oe oxéon pe ta
avtiotolya emineda twv aypiou tumou Iwwv (0.63+0.05 ng/ml; N=12; p=0.0001). H
avénon twv emMESWY WVOOUALVNG PETA amd ¢option He yAukoln (1 mg/g,i.p.) Atav
ouyKploln HeETall Twv Slayovidlakwy Kot aypiou TUMOU {wwv UOSNAWVOVTAG WG N
ékppaon tn¢ Stayovidlaknc hGDH2 mpwrteivng dev emnpéace tnv YAukolo-e€apTwHEVN
ékdpaon woouAivng. H ¢option pe to apwoty L-Aeukivn (0.25 mg/g) eixe wg
QTMOTEAECUA TOV SUTAQCLOOMO TWV TIHWV TWV EMMESWV LVOOUALVNG TwVv aypiou Lwwv,
oAAG Oev eixe kapila emidpacn ota Nén VPNAEC TIHEG TwV ETUMESWVY LVOOUALVNG TWV
Stayovidlakwy {wwv, urmodnAwvovtag mwg ol UPNAEG CUYKEVTIPWOELS Tou ADP mou
ETUKPATOUV oTa B-KUTTAPO O CUVONKEG VNOTELOG £XOUV WG ATIOTEAECUA TNV HEYLOTN
evepyornoinon tng hGDH2, omdte Kal Sev EMITUYXAVETAL TIEPALTEPW EVEPYOTIOLNON TtAPA
NV MpooBnkn evog allooteplkol evepyormolntr. MapdAAnAa n Umapén tou GLUD2
Sltayovidiou daivetal va mpootatevel ta dtayovidlaka {wa anod tnv avartuén dtafnitn

KOl TtaYUoapKioG e To ynpac.

H ékdpaon tng hGDH2 otov eyképado ATav mapopoLa Le EKELvN TTOU apatnpEeital otov
avBpwrmo. H Stayovidlakn mpwteivn aviyvelBnke ota aoTPOKUTTAPA KATA UAKOG TWV
anoduddwv TOug Kal Twv TodloKwY Toug yupw amod Ta ayyeia, o €va uMocUVoOAo
VEUPWVWV LE TIUPALSIKN popdoloyia Kat Kupiwg oto veuporiAnua. 2 avtiBeon pe tov
avbpwro, Olamotwbnke E€kdbpaon TN¢ hGDH2 ota oAwyodevdpokutrapa. Ta

OTOTEAECHATA TWV CUUTEPLPOPIKWVY HEAETWV Sev avedelfav onUAVTIKEG SLadOpPEC OTLC
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SOKLUOOIEG KLVNTIKOTNTAG KOl XWPLKAG N OvVAYVWPLOTIKAG MvAUNG. Evtoutolg, ta
Swayovidlaka Iwa epdavilav onpOVTIKA PeYaAUTtepn eualocbnoia otov mOvo Kal
avénuéva enimeda ayyxouc. H Aemtr) popdoAoyikn LEAETN Tou gykeDAAOU WE TN XpWon
Golgi-Cox, amokdAupe nwg n €kppaon tng Stayovidlakng Mpwieivng otov eykédalo
Twv SlayoviSlakwv {wwv oXeTleTaL Pe QUENUEVO aplOUO WPLHWY SEVEPLTIKWY aKAVOwWV
OTOV UTMOKAWUTIO KOL TOV TPOMETWILAL0 A0BO, TIEPLOXEG HE TTAOUOLA YAOUTAUATEPYLKN

veupodlaBipaon.

JUUTEPAOUATIKA, To GLUD2 &tayovidiakd povtédo {wou Ba pmopouoce va BewpnBOet
e€avBpwmnonolnuévo pe Baon to MPOTUTO €KkPpacng tou. H yaptoypadnon Tou
dawvotuTou HEXPL OTLYUNG, umtootnpilel ot n hGDH2 éxeL e€eAxBel pe té€Tolo TPOTIO,
WOTE va Aeltoupyel oupmAnpwpatikd tng hGDH1 otoug oToUGg OTOUuG Omoioug
ekppaletal, PUe okomo TNV BEATIOTN €EUMNPETNON TWV EBLKWV AVAYKWY TOU KaBevoc.
Yné autd To mpiopa, n €kPpacn TN O0To MAYKPEQS (X WG anmotéAeopa TV dlaodaAlon,
o€ ouvOnKeg vnotelag, Pl PLKpoU €UPOUC €UYAUKOLULOG, TIAPOUOLOC UE €KElVN TOU
avBpwrmou. Qaivetal emiong va aoKel MPOOTATEVUTIKA SpAcN ATEVAVTL OTNV AVATTUEN
SdaBntn kal moyvoapkiog katd to ynpac. Ta mpwta dedopéva tng emidpaong Ing
ékppaong Tou OSlayovidiou OTO KEVIPIKO VEUPLKO olotnua umodnAwvouv OtTL n
napoucia tou dtayovidiov 0dnynoe oe avénon Twv wWPLLWY SevdpLTIKWY akAvOwv oe
TIEPLOXEC HE TAOUOLA YAOUTOUATEPYLK VEUpOSLaBiBacn OMwG O UUMOKOUIOG KAl O
TIPOUETWTILAOC AOPBOG. Av auTO onuaivel OTL auéNBnke n CUVATTOYEVEDSH KOl UECW
QUTAC evioxUBnke n yAoutapatepylky veupodiaBifacn péow NG omolag
Slopecolafouvrtal oL TO00 £EEALYUEVEG YVWOTIKEC AELTOUPYIEG TOU avOpPWTIOU HEVEL Va

anodelytel o€ LEANOVTLKEG LEAETEG.
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ABSTRACT

Mammalian glutamate dehydrogenase 1 (GDH1) is a mitochondrial enzyme that
catalyzes the reversible oxidative deamination of glutamate to a-ketoglutarate and
ammonia using NAD'/NADP® as cofactor .It links amino acid with carbohydrate
metabolism, contributing to Krebs cycle anaplerosis, energy production, ammonia
handling and redox homeostasis. While most mammals possess a single GDH1 protein
(hGDH1 in the human) that is highly expressed in the liver, humans and other primates
have acquired, via duplication, an hGDH2 isoenzyme with distinct functional properties
and tissue expression profile. The novel hGDH2 underwent rapid evolutionary
adaptation, acquiring unique properties that enable enhanced enzyme function under
conditions inhibitory to its ancestor hGDH1. These are though to provide a biological
advantage to humans with hGDH2 evolution occurring concomitantly with human brain
development. hGDH2 is co-expressed with hGDH1 in human brain, kidney, testis and

steroidogenic organs, but not in liver.

To better understand the role of hGDH2 in human biology, we generated a transgenic
mouse model expressing hGDH2 by inserting a human DNA segment containing the
GLUD?2 gene and it regulatory elements into their genome. Study of the GLUD2 Tg mice
brain using double IF and confocal microscopy, revealed a hGDH2 cellular expression
pattern similar to that observed in human brain. These observations provided credence
to the hypothesis that, by finding a suitable promoter in the X chromosome, the

duplicated GLUDZ2 gene diversified its roles in human tissues.

In light of these considerations, we explored the hGDH2 expression in non-neural organs
(including pancreatic tissue) of Tg mice and the effect of GLUD2 gene on glucose
homeostasis. Using specific antibodies we observed that hGDH2 is co-expressed with
the endogenous murine GDH1 in pancreatic B-cells of Tg mice. Fasting blood glucose

(FBG) levels were lower and of a narrower range in Tg (95% Cl: 90.6-96.8 mg/dL; N=26)
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than in WT (95% Cl: 136.2-151.4 mg/dL; N=23; p<0.0001), closely resembling those of
healthy humans. GLUDZ2 also protected the host mouse from developing diabetes with
advancing age. Tg animals maintained 2.6-fold higher fasting serum insulin levels
(meanzSD: 1.63+0.15 ng/ml; N=12) than Wt mice (0.63+0.05 ng/ml; N=12; p b 0.0001).
Glucose loading (1 mg/g, given i.p.) induced comparable serum insulin increases in Tg
and Wt mice, suggesting no significant GLUD2 effect on glucose-stimulated insulin

release.

L-leucine (0.25 mg/g given orally) induced a 2-fold increase in the serum insulin of the
Wt mice, implying significant activation of the endogenous GDH1. However, L-leucine
had little effect on the high insulin levels of the Tg mice, suggesting that, under the high
ADP levels that prevail in B-cells in the fasting state, glutamate flux through hGDH2 is
close to maximal. Hence, the present data, showing that GLUD2 expression in Tg mice
improves in vivo glucose homeostasis by boosting fasting serum insulin levels, suggest
that evolutionary adaptation of hGDH2 has enabled humans to achieve narrow-range

euglycemia by regulating glutamate-mediated basal insulin secretion.
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KEDAAAIO 1° : EIZATQIH

1.1. H avtiépaon tn¢ yAoutapikig adudpoyovaong

H yAoutauikn adudpoyovaon (glutamate dehydrogenase, GDH) eival éva e€eAKTika
ouvTNPNUEVO £VIULO TO OTIOLO AMAVTATOL 08 OGAOUC TOUG OPYAVIOMOUG Kal KATAAUEL TV
avaoTpEPLUN 0EOWTIKN amapivwon Tou L-yAoutapikol of€o¢ 0  a-KETOYAOUTOPLKO
xpnowonowwvtag wg cuvéviupa NAD' fi/kat NADP' (Smith kat cuv. 1975, Hudson kat

Daniel 1993) (Ewkova 1)

||\|H3+ 0
[
H— C— C00" C— COO0-

glutamate
| dehydrogenase |

CH, + NAD(P)* + H,0 — NH,* + CH, +NAD(P)H+ H*
| |

CH, CH,

| |

COO- COO
Glutamate a-ketoglutarate

Ewkova 1: H avtibpaon ofeidbwonc tou yAoutauikoU 0E€o¢ mPo¢ a-KEToYyAouTapLko oéu
Kot auuwvia mou kataAvetal ano tnv yAoutautvikn apudpoyovaon (GDH)

1.2. O yAovutapikéc adudpoyovaoeg o€ anAoUCTEPOUG OPYAVICHOUG

Ot yAOUTOUIKEG adubpoyovAoeG aveupiokovTal 0TO OUVOAO TWV TIPOKAPUWTLKWY Kall
EUKOPUWTLKWV OPYOAVIOUWV ETUTEAWVIAC ONUAVIKOTATO POAO OTOV  KUTTAPLKO
pHeTABOALOUO AapuPBdavovtag HEPOC TOOO Ot KATAPBOAKEG OCO KoL O OVOPOALKEG

BloocuvBetikég Slepyaoieg (Hudson and Daniel, 1993). H avtibpaon tng YAOUTAMULIKNG

15



adudpoyovaong xpnotpomnoleital and moAAd GuTA Kal ULKPOOPYAVIOUOUG UE OKOTIO TNV
EVOWHATWON Tou a{wToU TNG OUUWVIOC OE OPYAVLKEG EVWOELG, OTMOTEAWVTAC EVOV ATIO
TOUG KUPLOTEPOUG TPOTOUG de novo ouvBeong apwoléwv otn duon. Ita lwa, Twv
omolwv Baotkn mnyn apwofEwyv eivat n tpodn, To EVIUHO XPNOLUOTOLETAL KUPLWG yLa
TOV KATOBOALOMO TOU YAOUTOUIKOU O€ O—KETOYAOUTAPLKO OUVOEOVTAG £TOL TOV

HETABOALOUO TWV OULVOEEWV HE TOV KUKAO TOU KLTPLKOU 0&EOC.

Ol yhoutapkég adudpoyovaoeg Slaxwpilovral avaloya Pe TNV €EIKOTNTA TTOU EXOUV
yla T ouvévlupa NAD' 1) NADPY, og autég mou eivat l8kég povo ya to NAD(H) A poévo
yla to NADP(H) (kupiwg og amAoUoTtepoug eEEALIKTLKA OPYAVIOUOUG) KAl O QUTEG TIOU
xpnowuornowolv  audotepa ta SUo  ouvéviupa  (YAoutaplkéC adudpoyovaoeg
onovOuAwtwv). Mevikwg Bewpeital MW ol YyAOUTAULKEG aduSpoyovAOoeG OL OTOLEG
xpnowuomnowolv w¢ ouvévlupo to NAD(H) efumnpetouv  Ttov KatafoAlopd Tou
vAoutapikoU evw ta €18lkd ywa to NADP(H) évlupa, €€umnpetolv PLOOUVOETIKEG

Slepyaoiec.

Itnv mopeia tng €EAENC Twv eldwv, N GDH twv BnAacTtikwy anéktnoe el8IKOTNTA TOC0
w¢ npo¢ to NAD(H) 600 kat tpog to NADP(H) cuvéviupo kataotwvtag To EVIUO LKavo
va Aappavel LEpog 1600 o€ KATAPBOAKEG 000 Kol 0 avaBoAlkég avildpaoels avaioya
HE TIC METAPOAKEC OUMOUTAOEL TOU Kuttapou. Mia emumpocBetn aAlayry Tou
Slapopormolel T GDH Twv BNAACTIKWY Ao aUTH TWV KATWTEPWY OPYAVIOUWYV Elval N
anmokKINon €vOG OUVOETOU OCUOTAMATOG AAAOOCTEPLKNG PUBULONG TIOU ETUTPETEL OTO
évlupo va mpooapuodleTal otig oAAayEC Tou AauPdavouv xwpa OTO  KUTTOPLKO
nieptBaiAov. Yridpyxouv evdeifelc mweg n aAdooteplk pUBULON avamtuxbnke mapdAAnAa
UE TNV gudavion Kal TNV wpipavon plag Soung 50 apwvoléwv, TG Kepalag i aviévog
mou amouotdlel otig GDH twv Katwtépwyv opyaviopwyv (Etkova 2). H aviéva enetpee
HEOW AANOCTEPLKAG PUBULONC TOV EAEYXO TNG PONC TWV OULVOEEWV LECW TOU KUKAOU TOU
Krebs avdloya pe ta amoBEpata TOU KUTTAPOU OE €VEPYELD — €va €EEALKTIKO
TIAEOVEKTN O TO OTIOLO Kol cuvtnpnOnke oto xpovo. (Banerjeee kat cuv. 2003, Allen kot

ouv.2004, Smith kot Stanley 2008)
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Ewkova 2: Zynuatikn avamapdotacn tne eEEALENG TNC avtévac Kol tne aAAOOTEPLKAC
puButong t™¢ GDH. H ewikdova avadnuooleUeTaL amod tnv epyacia twv Banerjee kot ouv.
(2003)

1.3. Aoun yAoutapkng adudpoyovaong OnAaotikwv

MeAéte¢ pe kpuotaAloypadia X, €xouv mpoodloploel oe OTOUIKO emimedo TN
pokpopoplakn dopn tng yAoutauwkng adudpoyovaong Stadopwv opyaviopwyv. H
epeuVNTIKN opdda pe emkedpaing tTwv Thomas J.Smith ntav autr mou €depe 1¢ mMépag
Vv eniduon t™¢ Soung téoo tng Boslag GDH 6oo kal tng avBpwrmivng GDH1 eite wg
amnoévlupo eite pe tn popdn ovumAokou (Peterson kat Smith 1999, Smith kat cuv. 2001,

Smith kat ouv. 2002, Banerjee kat cuv. 2003).

H yAoutaukn adudpoyovaon twv Bnlaoctikwv eival éva oposfopepég €viupo, TG
ornola¢ kaBe umopovada amoteAeital amd 500 mepimou apwvofeéa Kol €XEL LOPLAKO

Bapoc ~ 56 KDa. KaBe unopovada nmeptAapBavel 3 AELTOUPYIKEC TIEPLOXEG:
i) TNV MepLoxn MPOOSECGNG TOU UMOCTPWHATOC (YAOUTOHLKO) OTO ULVOTEALKO AKPO
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i) Tnv meploxn mpdodeong tou NAD(P)*

iii) Tn puBuLloTIKN (1 AANOOTEPLKN) TIEPLOXN TIOU QUMOTEAELTOL ATIO TNV MEPLOTPEPOUEVN

€Aka (pivot helix) kat tnv avtéva (Etkova 3)

Antenna % )
(28 © Pivot
ADP/ ‘ \ {J’ Helix

Coenzyme NADH b,
Binding [gTP| % “~<. Motion
Domain__* — : During
' \Catalysus

Ewkova 3: Zynuartikn oavoamopdotacn tne Sounc tou eEauepoUC TNG YAOUTAUIKNC
apudpoyovaonc. Me SlakekoUUEVEC YPAUUEC Kol BEAN avamapiotatal n kivnon tng
neploxric mpoéobdeonc tou NAD(P)' (ykpt xpwua) Otav mpoobEvetal 0 UMOOTOWUA.
Emionuaivovral eniong ue moptokaAi xpwua n 9€éon npoocdeonc tou GTP, ue kitptvo n
Uéon mpoadeonc Tou unooTpwUATOC (YAOUTAULKO), EVW UE UWB XpwuUa ETTLONUAIVETAL N
Uéon mpoobeonc tou ADP. Avadnuoocicuon ewkovac amd tnv epyaocio twv Li kat
ouv.(2014).

H avtéva eival pia emunkng doun 48 auwvoféwv mou mpoBAaAleL amd tnv mepLloxn

npododeong tou NAD(P)" mpog tov «mtdAo» tou e€apepolc, TEPLOU KATA HAKOUG EVOG
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vontoU ofeAlaiou atova. NeplhapBavel éva aviov okENOG, pia a-€Aka 32 apvotEwy,
KOl €val KATLOV OKEAOG TTOU TEAELWVEL PE pia Bpayeia a-éAka tng omoiag n dourn aAAAGleL
KOTA TO AVOLyMO Kol KAEIOLWWO TOU KATAAUTIKOU KEVIPOU Tou evIUpou. OL QVTEVEG TWV
TPWV umopovadwyv Tou Bpilokovtal mpog tnv dla MAEUPA TOU «LONUEPLVOU» TOU

e€apepol ¢ StamAékovTal LeTaL TOUG.

Ye kaBe umopovada Stakpivovtal dUo mepLoXEC oL omoieg xwpilovtal and tnv umapén
piag BabLdg oXLopnG, TO «KATAAUTLKO OTOMLO» i «KATAAUTLKN oxtoun» (catalytic cleft). H
pwWTN Teploxn avtiotolxel adpd otnv meplox Mpocdeong Tou YAOUTAUIKOU VW N

SelTePN AVTLOTOLKEL OTNV TtepLloX MPOodeong Tou cuvevi{Upou (Ewkova 4)

= <

s ]
|
|

< Antenna

GTP

A 4.

NAD
Binding

Domain

Ewkova 4: A. AtAomoinuévn avanapaotacn oAokAnpou tou efauepouc TN avipwnivng
yAoutauiknc agpudpoyovaonc. Kade urtouovadoa avarmapiotatal UE SLAPOPETIKO XPWUA.
B. Zynuatikn avarnapdotaon upioac ek twv €€t umouovadwv t™¢ hGDH. H mepioxn
npocdeonc tou yAoutauikou (GLU binding domain) ameikoviletot ue yaAalio xpwua, n
nieploxn npoodeonc tou ouvevluuou (NAD binding domain) ue kitpwvo, n
TIEPLOTPEQPOUEVN EALKa (pivot helix) ue mpaotvo xpwua kot n avteva ue pwb. Mapaiinia
emonuaivovral kot ot BEoelc npoadeonc tou umootpwuato¢ (GLU), tou ouveviuuou
(NADH) kat twv aAdootepikwy tpomomoitntwv ADP kat GTP. Avadnuoaoieuaon elkovacg amo
™V epyaoio twv Allen kat ouv.(2004)
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H ouvéeon TOU UTOOTPWUATOC €XEL WG ATOTEAECUA TNV MePLoTpodn TNG TEPLOXNG
npo6odeong tou ocuveviUHou yUpw amd TNV Meplotpedopevn €Aka (pivot helix) ka
odnyel og pia aAlayn Stapdpdwaong KAl oTo UTTOAOLTIO HOPLO TIOU £XEL WG ATIOTEAECHA

TO KAELOLWO TNG OXLOUNG KaL TNV TIPOCEyyLon TwV SU0 TIEPLOYWV.

H kivnon autr odnyel oe exktetapéveg aAayEg SLapdopdwaong Kot 0To UTOAOLTIO POPLO
OTIWG YLla TTAPASELYUA OTNV TIEPLOXN TNG AVIEVAG, N omola epLoTpEédeTal EAadpd yupw
and tov afova TnG, evw N Bpoaxeia EAKA TOU KATLOVTOC OKEAOUC TNG CUMTLELETAL oAV
e\aTnpLO Kal Tautoxpova wbeital mpog to Keviplkd (ofeAlaio) dfova tou e€apepouc.
Metalagelg o apwoééa g PBpoaxeiag auvtng éAkag otnv hGDH1 oényouv oto
oUVSpopOo UTEPAUWVLALUiaG-UTtEplvaouAwviopoU (HI/HA) otov avBpwro (Stanley kot

ouv. 1998).

1.4. AAAootepikol tpomtonointég GDH OnAaotikwy

H yAoutauikry adudpoyovacon twv BnAaoTIKWV o0 avtiBeon HE AUTH TWV KOTWIEPWV

OpYaVIOUWV UTIOKELTAL 0 aAAooTepLkn pUBULoN (Etkova 5).

O onuavtikotepog avaotoAéag tng GDH eival to GTP (Frieden 1959, Frieden 1965). H
avactoAl and GTP daivetal va efumnpetel tnv mavon Tou KOATOBOALOHOU TWV
OHLWVOEEWV HECW TOU KUKAOU TOU KITPLKOU 0€€0¢ (Omou mapayetal GTP), otav umapxel
TIEPLOCELA  EVEPYELAG, AELTOUPYWVTIAG £€T0L WE  €VOG  UNXOVIOMOG  OPVNTLKAG
avatpopodotnong (negative feedback). To GTP nmpoodévetal oe €va BUAAKO- 0 OTOLOG
bev eilval npooBdoipog otnv avowty Stapdpdpwon tou popiou. H olvdeon tou GTP
ETUTUYXAVETOL EQV KAl EpOoovV €XEL TponynBel n cuVOECN TOU UMOCTPWHATOG KL TOU
ouveVIUMOU HE OUVETELA VO €XEL KAELOEL N KOATOAUTIKA oXlopn Kot to €viupo €xel
QmoKTAOEL TN Aeyopevn kAewoty Stapopdpwor) tou. H mpoodeon Ttou avooToAéa
otaBeponolel TNV KAewoty OSlapdpdwon eumodilovtag tnv amneleuBépwon TOU
TPOIOVTOG, OMOTE KoL oxnuatiletal to Aeyopevo abortive complex («ateAéodopo
ouumAoko») (Koberstein kat Sund 1983, Iwatsubo kat Pantaloni 1967, Frieden 1963)
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Ewkova 5: Avanapaotaon tn¢ aAdootepikric puBuionc tng GDH. Ol mpAGoIVES YPAUUES
avarmapLoTouV TNV EVEPYOroincn Tou €eVIUUOU EVW OL KOKKIVEC TNV aVvooToAn.
Avaébnuooicsuon and tnv epyacia twv Smith kat ouv. (2017).

To moApttolAo-cuvéviupo A (palmitoyl-CoA) eival évag akopa avaoctoAéag Twv GDH
TwVv BnAaotikwy (Kawagucki kat Block 1976 , Fahien kat Kmiotek 1981). Miotevetal mwg
0 POAOG TNG AVAOTOANG £ilval n maUon Tou KATaBOAOUOU TwV QULVOEEWV OTOV UTTAPXEL
ETIAPKELA OO AAAEG TINYEG EVEPYELAG KUPiwG Adyw KataBoAlopol twv Autwv. Mapolo
nmou n 6éon mpoodeong tou moAptolAo-cuveviUpou A Sev €xel MPoodloploTel, n
meploxn He tn Soun avtévag tou eviUpou daivetal va €lvol onuaviikn, Kabwg
amaAoldy TNG OVIEVOC KOTOPYEL TMANPWC TNV LKAVOTNTA QVOOTOANG OO ToV

OUYKEKPLUEVO OVAOTOAEQ.
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OL oTepOoeldelG OPUOVEG OTIWG N TIPOYECTEPOVN, N TECTOOTEPOVN, N OLOTPASLOAN KABWG
KOLL TO TEXVNTO OLOTPOYOVIKO avaAoyo SLalBuAcIABeoTpOAn avacTtéANouv emiong Loxupd
10 €vlupo (Yielding kat Tomkins 1960, Colon kat cuv. 1986, Li kat cuv. 2007) xwpig Opwg
va €xouv mpoodloplotel ol B€oelg MPOodeonC TwV AVACTOAEWYV QUTWV OTO UOPLO TNG
GDH. lNa tnv avaotoAn Tou ev{UPOU TIOTEVETAL, TOUAAXLOTOV yla Tn Boslo GDH kat to
avBpwriivo avaioyo tg hGDH1, Mw¢ amaltouvial CUYKEVTPWOELS TiBavoTata Mavw

arod TG GUCLOAOYLKEG.

IXETIKA Tpoodata amokaAUdONKE MwE KATMOLX €16n KATEXWVWY TIOU TIEPLEXOVTAL OF
LKOVEG OUYKEVTIPWOELS OTO Tipdclvo Ttodl (epigallocatechin gallate kai epicatechin
gallate) gival ikavég va avaotéAlouv tnv avBpwrtvn yAoutapikn apudpoyovaon (Li kot
ouv. 2006, Li kot ouv.2007) 6tav mpoodévovtal otn B€on ouvdeong tou ADP (Li kat
ouv.2012) xwpic OpWE va €XEL amooapnVIOTEL O LNXAVIOUOG LE TOV OTIOLO ETITUYXAVETAL

N TPOMomnoinon auTy.

O oNUAVTIKOTEPOC AANOOTEPLKOG gvepyomolnT¢ Tou ev{Upou eival to ADP (Frieden
1965, Markau kat ouv. 1972, Koberstein kat cuv. 1973, Bailey kat cuv. 1982, ) kat o
poOAOC TNG evepyomoinong autng &ev elvat AAlo¢ amd TNV Klvntomoinon Tou
KATOBOALOHOU TWV AULVOEEWY LECW TOU KUKAOU TOU KLTPLKOU 0&€0¢ AOyw e€AvtAnong
TWV evepyslakwv amobepdtwyv kot avénong twv emmnmédwv tou ADP  (peiwon
gvepyelakol ¢opTtiou) Tou Kuttdpou. To ADP mpoodévetal otn Baon tng Soung avtévag,
o€ pia meploxn miow Kal KAtw amnod tnv neplotpedopevn éAka (Banerjee kat cuv. 2003).
H oUvbeon tou ADP €XELC WC OMOTEAECHO TNV HELWOCN TNG EVEPYELOG TTOU OTTOLTELTOL YLa
™ SlavolEn ™G KATOAUTIKAG OXLOMAG OleukoAuvovtag €tol tnv ameAeuBépwon tou
TPOIOVTOG Ao TO KATAAUTLIKO KEVTPO, OVTAYWVI{OUEVO HE QUTOV TOV TPOTOo tn Spaon
Tou GTP. Amnaloiwdr tn¢ SOUAG TNG AvVTEVaG Katapyel tTn puBulon téco anod to ADP 6co

Kol ortd to GTP.

H L-Aeukivn Beswpeital évag efioou onuavtikdg aAAOOTEPIKOC EVEPYOTOLNTAG TNG
yhoutauikng adudpoyovaong, n omoia eivat woavr va auénost kata ~50-80% 1tn

Spaotnplotnta tou eviupou (Yieldning kat Tomkins 1961). MioteveTal nwe n avénon
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TNG OUYKEVTPWONG Tou &V AOyw evepyomolnt «&ivel tnv adela» oto €viupo va
kataPfolAioel apvoéea Aoyw emapkelag. H mo mbavr B€on npdodeong tng Aeukivng oto
é€vlupo elval otV «KATW» TAEUPA TNG TEPLOXNG OTNV omoio TPOCSEVETAL TO
YAOUTOLKO, OTOV «TuprAva» Ttou efapepous, ekel &dnAadn mou eddmtovial ot
umopovadeg uetall toug (subunit interface) (Tomita kat cuv. 2011). Ave¢dptnta amno t
Béon npdodeong paivetal mwg Kat n Spdcn tg AeUKivnG OXeTIZETAL PE TIG EKTETAUEVEG
oAAayEg Slapopdwong tou eviUMOU KATA TNV KATAAUGN. MNEPLOPLOPEVEG QULVOELKEG
oAAQYEC OTNV QVIEVA, UIMOPOUV va KOTOPYNOOUV TNV €vepyomoinon omo Agukivn
(Zaganas kal ouv. 2002), evw n amalowdry oAokAnpng ¢ SOUAG TNG avTévag Tnv

ennpealel og nruo Badbuo (Allen kat ouv.2004)

Mépav Twv OAAOCTEPLKWVY TPOTIOTOLNTWY ToU avadEpBnKav mopamavw UTAPXEL Kal
€vag HeyaAog aplBpdg amo ouoieg mou avaoTtéEAAoUV Tn SpaotnpLloTNTA TNG YAOUTOULKAG
adubpoyovdong, 0 CUYKEVTPWOELG OUWE HAaAAOV amiBaveg yla ta pitoxovdpla omote
elval aoadeg av n avaotoAr) autr €xel ¢uaclohoyikn onuacio. Autd mou atilel va
avadEpoupe OpwWC elval mwe n Spaoctnplotnta tou ev{UOU in vitro emnpealetal ano to
XOPAKTNPLOTIKA TOU SLAAUUATOC LECA OTO Omoio PEAETATAL. ITIG TteEPLooOTEPEG GDH n
0€eldWTIK amopivwon Tou YAOUTOMLKOU AdUBAVEL XWPA OTOTEAECHOTIKOTEPO OFE
OAKOALKO pH ~8.5-9.0 evw ol BEATLOTEG CUVONKEG yla TNV avaywylkn apivwon tou a-
KETOyAouTtaplkoU emttuyxavovtal os pH ~7.8-8.0 (Hudson kat Daniel 1993). H cuotaon
ToU puBuLoTIKOU SLaAUpaTog péoa oto omoio teAeital n avtibpaon dailvetal va €xeL Kat

oautn onpaoctia 6oov adopd tn otabepdtnta Tou popiou (Engel kat Dalziel 1969).

1.5. BloAoyikog poAog tng GDH twv OnAaotikwv

H yAoutauiky adudpoyovdacon ekdppdaletal o OAOUG TOUG LOTOUG TwV OnAaoTikwv
(housekeeping). Exel umtoAoyLoTel TwG O OpLOpEVA KUTTAPO armoteAel pHéxpL kKat To 10%
NG OAKNG MPWTEivNG Tou pitoxovdplakou otpwpatog (matrix) (Rothe kat cuv. 1994).
Jopdwva e HEAETEC TO Opyavo HMe Ta uPnAotepa  emimeda YAOUTAULKAG
adubpoyovaong eivat to Arap (Smith kat cuv. 1975) evw vPnAad enineda tou eviupou

aveuplokovtal otov eykepaAo, otnv Kapdld, OTO TAYKPEAS, OTOUC VEPPOUC, OTOV
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omAnva Kat otoug Aepdadéves. Ave€aptnta ano to €i860¢ Tou Lotol Tou ekdpaletal To
Evlupo KoL Tov €6IKO pOAo mou umopel va emuteAel otov kaBéva amd autoug,
UTIAPXOUV KOATIOLEG KOLVEG AE£lTOUPYiE ToU adopoUV OTNV OHOLOCTOCN KOl TOV

HETAPBOALOUO.
A. Evepyelokn opoldotaon

H yAoutauiky adudpoyovaon eival to €vIUPO TOU KATOAUEL TN METATPOMN TOU
YAOUTOULIKOU 0€ a-KeToyAoutaplko. H ouvBeon tou a-ketoyAoutaplkol odnyel LEow Tou
KUKAOU TOU KLTPLKOU 0€€0C OTNV apaywyn eVEPYELOG UE Apeoco (mapaywyr ATP 1 GTP)
N €upeco tpomo (mapaywyry NADH, FADH,). Onwg éxoupe nén avadépel to GTP
QmOTEAEL TOV TILO ONUAVTLIKO OAAOOTEPLKO avaOoTOAEQ TOu evIUpOU, evw To ADP dpa wg
aAAOOTEPLKOG evepyomolntiG. Miotevetal mwg n GDH €xeL éva poOAo «evepyelakou
alodntipa» (energy sensor) Kol WMOPEL va xpnolgomolnosl v ofeidwon Twv
QUWVOEEWV (HEOW YAOUTAMLKOU) yla TNV TAPAYWYNG EVEPYELAG OTAV TO EVEPYELOKO
doptio (onmw¢ autd kabopiletal and tov Adoyo ATP/ADP) tou kuttdpou espdaviletal

HELWUEVO.
B. 2UvBeon kat Amtotkodopnon AuvoéEwy

To yAoutapikd gival To MPOSPOUO HOPLO OTO OXNHOTIOUO TOU apwvoEEog yAoutapivn
HEow pLag avtidpaong apdiwong kat t 6pdcn tng ouvBetdong tn¢g yAoutapivng. Elvat
ETIONG TO MPOSPOUO HOPLO SUO AAAWV N amopAlTNTWY ApVoEEwy, TNG TPOALVNG Kal
™¢ apywivng. H oapwiky opdda tou yAoutaulkoU pmopel va petadepBel péow
avtidpdoswv Tpavoauivwong oe éva a-ketofU (a-keTtoyAoutoplko, ofaAoflKO Kal
nupootaduAlkd) kal va Tapoxbolv kal GANa auvoféa TMEPAV TwV TPLWV TIOU
npoavadepape. ETol, To aomapaywikd Kot n aAavivn pnopouv va mapaxBouv Ue thv

NpooBnKn piag apvikng opadag oto ofaAolIko Kal 0To MUpooTaduUALKO avtioTolya.
O€aA0&IKO + YAOUTALKO € QOTMOPAYLVIKO + 0-KETOYAOUTAPLKO

TUPOOTAPIAKO + YAouTapikd <> alavivn + a-KETOyAouTapLkod
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OL avtdpaoelg tpavoapivwong eilval MANPWE OQVTLOTPEMTEG KOl MUImopolvV  va
xpnotgornownBouv 1600 yla tn oUvBeon apwofEwv amd o-KETOEE OGO KOL yla TV
QmoLKOSOUNOoN TWV APLWVOEEWY (ATTOUAKPUVON TNG ApLVOUAdag Tou apwvoEEog). O pohog
¢ GDH gival onuavtikog otnv oAoKApwaon TnE amolkodopnong Twv apvoEEwy, Kabwg
KaTtaAUel TNV OeldWTIKN QmMApvWon TOU YAOUTOMLKOU OE O-KETOYAOUTOPLKO Kal
QUUWVIa. ME aUTOV TOV TPOTIO N O-OLLVLKE OUAda TIOAAWV apLVoEEWY SLOXETEVETAL OTO
YAOUTOUIKO kot péow TnG GDH ameheuBepwivetal we eAeVBepo v appwviouv(NH4Y),
EVW oL ovOpakikol OKEAETOL TOU QMOMPEVOUV MMOPOUV va el0éABouv oTo KUPLO
UETAPBOALKO peUA WC TTPOSpopa popLa TNG YAUKOING 1 WG eVOLAUETA TOU KUKAOU TOU

KLTPLKOU 0€£0C.

I. Opoldotaon Appwviog —KukAhog Ouplag

H yAoutautkn adudpoyovaon KATEXEL ONUOVTIKO POAO OTNV OLOLOCTOON TNG ORUWVIOG
pHEoO OTO KUTTAPO KOBwWC CUUPBAAAEL HEOW TNG QMOUIVWONG TOU YAOUTQMLKOU OTOV
UETAPBOALOUO TNG O-QULVOUASAC TWV TEPLOCOTEPWV AUVOEEWY. H apviki apvopdada
TIPETEL va. amopakpuvOel kabwg Sev umapyxouv alwTOUXEG EVWOELS OTLG TIOPELEG
HETOYWYNC evépyelac. Mépog Tou oxnpati{opevou NHA™ katd tnv amowoddpunon twv
apwvoéwv KatavaAwvetal otn BloocuvBeon alwtoUXwWV EVWOEWY, N TIEPLOCELA OUWE OE
NH4" petatpénetal oe oupia (Méow Tou KUKAOU TNG ouplog) Kal OTn GUVEXELX

OTEKKPIVETALL.

1.6. OL 2 popdég yAoutapiking adudpoyovaong otov avOpwrmno

To 1984 n opada twv Plaitakis kat ouv. ékavav tn Stamiotwon nMw¢ otov avlpwrivo
eykédalo evdExetal va umapyouv 2 popdég GDH e dadopetikn Bepuocvalcbnoia,
evw Alyo apyotepa ol Hussain kot ouv. (1989) amokaAvpav pe nAektpodpopnon duo
Slootdocwy, t€éooeplg GDH woompwteiveg kal ev ouvexeia €8el€av mw¢ o€ KUTTOPA ATO
yholwpa ekdpaletal povo pilo amo auteG. AVaUeVOUEVO ATav va TeBel To epwtnua av
QUTEG oL SLadopeTIKEG LoopopdEC elval mpoiovta Stadopetikwy yovidiwv i mpoiovta

Tou (6lou yovidiou mou €xouv umootel dladopeTikn enetepyacia eite o petaypadiko
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elte og petd-petadpaoTiko emninedo. MExpL TOTE NTAV yVWOTO MW N ékdppaon tng GDH1
otov avBpwmo odellotav oto yovidlo GLUDI, €va yovidlo KUTTOPLKNAC OLKOVOuiag
(ekdppaletal oe 6AOUG TOUG LOTOUG) TOU evtoTileTal OTN XPWHOOWULKA B€on 10g23.3,
ExeL péyeBog 45kb kal mepiéxet 13 €€6via (Mavrothalassitis kat ouv. 1988, Anagnou Kall
ouv. 1993, Deloukas kot ouv. 1993). TeAika, to 1994 ou Shashidharan kat ocuv.
aviyveuoav oe BBAoOnkn cDNA amd avBpwrnivo apdlBAncTpoeldn €va Kawvouplo
cDNA 1ou kwdikomoleitat amd €va yovidlo xwpig wrpdvia kat mou e6paletal oto
XPWHOoWHa X. To vEo autd yovidlo ovopdotnke GLUD2 kol €MELta anmd QMOPOVWOon
oAlko0 RNA amd 68uadopoug lotoug Kkal xpnon oavtiotpodng petaypaddaong
dlamotwBnke mMwg N MPWTEIvN mou kwdikomoleital and 1o GLUD2 skdpdaletal otov
avBpwrnivo apdPANCTPOELS) OTOUG OPXELC KOl OE UIKPOTEPO Babuod, otov eykédalo.
MeAéteg Tou akoAoUBnoav Kal PAyUaTonolonkav ano To epyactnplo pag £6elfav
NwG to GLUD2 ekdppaletal kal oe aAAoug Lotoug (Spanaki kat ouv. 2014, Spanaki kot

ouv. 2015).

Onwg €xeL yivel avtlAnmrto, otov AvOpwro umapyouv 2 AELTOUPYLKA yoviSla Tou
Kw&LKomolouv TV yYAoutauwikn adudpoyovaon, to GLUDI kal to GLUD2. To yovidilo
GLUD1 eival opBoAoyo tou Baacikol yoviSiou yila tn yAoutauwikn adudpoyovaon twv
OnAaotikwv. To yovidlo GLUD2 exkdpdletal pOVO OTO QVWTEPA TPWIEVOVTA
oupneplAapBavopévou Tou avBpwmou Kal eVTOMI(ETAL OTN XPWUOOWHLKA B€on Xg.24-

q.25.
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Chimpanzee I
GDHZ  Gorilla

GDH2 Orangutan hGDH1

GDH2 Gibbon
GDH2

|

hGDH2

Resistance to GTP
Novel regulation

Hominoid radiation

GDH1
African Green Monkey
(+) ADP |
(+)L-Leucine MAMMALS
(-)GTP I
) sty ncics Vertebrates ﬂ‘
Arthropods
kré:;/
Nematodes

ANIMALS

Yeasts (+)ADP
(-) Fatty acids

m w origin of antenna

(e.g. S. Cerevisiae)

t#. Ciliophora‘
, g

Plants
(e.g. A. Thaliana)

PROTISTA

BACTERIA
GDH

Ewkova 6: Zynuatikn avarmapdotaon tn¢ eE€ALEnc tne yAoutautkrg apudpoyovaonc amo
TOUG TIPOKAPUWTEC OTOUG KATWTEPOUC EUKAPUWTEC, OTA UNAAOTIKA Kol TEALKX OTOUG
monkoug. 2e kitpiva mAaiola emtonuaivovtal ta  QMOKTNIEVTA  XOPAKTNPLOTIKA
aAdootepikric puButong. Avadnuooicuon eikova ano tnv epyacia twv Plaitakis kat ouv. (
2018)

AnploupynBnke péow petpopeTabeong piog meploxng unkoug ~3.2 kb and mRNA tou
GLUD1 oto xpwpoowpa X (Shashidharan kat ouv. 1994, Burki kot Kaessman 2004),

YEYOVOC Tou e€nyel Tnv EAen LVTpOoViwV.
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Quloyevetikd dedopéva UTodEKVUOUV WG TO Yovidlo GLUD2 epdaviotnke mpv amno
23 eKATOUUUPLA XPOVLA OTOV TIPOYOVO Tou avBpwrou Kal pe t dtadikacia TG BeTIKNAG
eMAoynG UTEDTN Taxeia mpooapuoyr. Ot Burki kat Kaessman (2004) avalitnoav Kot
ouvEekpLvav TNV aAAnAouxia tou GLUDZ2 yovidiou Kal Twv TIEPLOXWV TIOU TO TTAALOLWVOUV
oe Mla oelpd MPwTeUOVIWY. Bdoel tou OSlabBéoluou Puloyevetikol SEvTpou Twv
TIPWTEUOVTIWY Kal TNG TANpodopilag oe mola amod ta €(6n umdpxeL N amouclalel To
yovidlo, kaBoploav mwg n petpouetdBeon €Aofe xwpa HETA TO SLOXWPLOUO TwWV
vevealoylkwv KAAdwv twv avBpwrosldbwyv mBrnkwv tou maAaol KOOHOU Kal Tou
adpLKavIKoU TpAcLvou TiBnkou, aAAG TIpLV To SLaXwPLOUO Twv KAASwV Tou avBpwrmou
Kal Tou YiBBwva, eKTHWVTAG £TOL TNV NAWKIO Tou petafl 23 kot 18 ekatoppupla €Tn
(mpwv TNV emoxn pog). TEAog £8et€av OTL To yovidlo GLUD2 efehixBnke TaxEwg UTO TNV
nieon tng PuUOKNG €MAOYNAG KOl ATMEKTNOE Mia OElPAd amd ApVOEKEG AAAAYEC, TIOU
daivovtal va eival mpoidv «Betikng emloync» (positive selection). Kamoleg and autég
TLG AULWVOEIKEG aAAAYEC OXETI{OVTAL PUE CNUAVTIKEG SLadOPEC OTIC AELTOUPYLKEG LOLOTNTEC

Twv 2 eviupwv (Ewkdva 6).

1.7. Aewtoupykég Sradopég petagy hGDH1 kot hGDH2

To mAaiolo avayvwong (open reading frame) tou eviUou mpoPAEmnel Eva moAumentidlo
unkoug 558 apwvoféwv. Amd autda ta 558 apwoééa, ta mpwta 53 apwoéa Tou
OULVOTEALKOU AKPOU TNG MPWTEIVNG avtlotolyoUv o€ pia apwvolikn akoAouBia mou
ovopaletat alAnlouxia «odnyol memtidiou» (leader peptide) mou efumnpetel
pHeTadopA TNG MPWTEIVNG OTO €0WTEPLKO Twv pLtoxovdpiwv (Kotzamani and Plaitakis
2012, Mastorodemos kat ouv, 2009). To odényd autd mentidlo, v ouvexeia,
OTTOKOTITETAL KOl TTapapévouv Ta 505 apwvoleéa mou oxnuUatilouv TNV WELUN TIPWTELVN
Kol TLG uTtopovadeg Tou e€apepouc. Ta dUo Looévivpa dtadépouv otnv kwdikomoinon 9
€K Twv 53 autwv apwvoféwv. OL allayéc autég dalvetol va €mAyouv TILO
QTOTEAECUATIKA TN HETOKIVvNON NG Mpwrieivng mpo¢ to pitoxovdplo (Rosso kat

ouv.2008). Ocov adopa ta 505 apwoleéa NG wPLUNG MPWTEivNG, ol dU0 OpLVOEIKEC
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aAAnAouyieg dtadépouv oe 15 apwvoéa (opoAoyia TG Tafewg Tou 97%) - aAlayEg ol
omnoie¢ Sladopomolovv onuUavTikd TIg U0 LoopopdEC 6oov adopd TIC KLVNTLKEG TOU

LLOTNTEG KOl TOV TPOTO e Tov omoio puBuilovral aAooTepika.

Onwc €xeL nén avadepbei o ADP eival 0 onUAVTIKOTEPOC AAAOCTEPLKOC EVEPYOTIOLNTIG
NG YAOUTAMLWVLIKAG adudpoyovaonc. EVIUUIKEG LEAETEG O adpd KUTTOPLKA eKXUAlopaTA
emBeBaiwoav mwe toco n GDH1 600 kot n GDH2 evepyomolouvtal MARpwe mapoucia 1
mM ADP (Shashidharan kat ouv. 1997) kat eudavilouv OUYKPIOLEG ELOIKEG
Spaotikotnteg emiBefalwvovtag Tov mapamavw oxuplopd. MNap’ oN’ autda Tta Suo
Looévlupa emi anouoiag aAooTEPIKWY TpomononNtwy epudavilouv dtadopetikn Baoikn
Spaotnplotnta (Shashidharan kat cuv. 1997, Plaitakis kat cuv. 2000, Plaitakis kat cuv.
2003, Zaganas kat cuv. 2009). H pev hGDH1 eudavilel Spaotnpotnta ~35-40 % tng
peyiotng oe avtiBeon pe tv hGDH2 mou gudavilel dpaotnplotnta ~4% auTng Tou
LETPATAL O TMANPN €vepyormoinon tou eviUpou pe 1 mM ADP. H Spaotnplotnta tng
hGDH2 aufavetal katakopuda toco e TV enidpacn ADP 6co pe tnv enidpacn g L-
Aeukivng, mapéxovrag tn SuvatotnTa, 0 UEYAAEC CUYKEVTIPWOELC TWV EVEPYOTIOLNTWY
autwv (N og ouvepyikn enidpacn toug), va efopowwBel pe avtr) tng hGDH1, pe tnv

orola €xeL mapopola pHEylotn 181K SpaoTikoTnTa.

A&ilel va onpuewwBel otL evw n hGDH1 avaotéAAstal toxupd amnd to GTP, n hGDH2 sival
aVOEKTIKN) 0TNV avaoTaATikr) dpdon Tou GTP mapoucia i amouacia Twv EVEPYOTOLNTWV
™¢ (ADP kau L-Aeukivn) (Plaitakis kat ocuv. 2000, Zaganas kat Plaitakis 2002). H
avtiotaon aut) tng hGDH2 oto GTP mpoodEpel €va €€EAIKTIKO TTAEOVEKTNUA OTO
€viupo, KaBwG ETLTPETEL TN AELTOUPYLA TOU AKOUA KoL OTOV 0 KUKAOG TOU KLTPLKOU 0EE0C
napayel GTP oe enineda TéTOlA TOU €lval LKAVA VO ATIEVEPYOTIOLOUV TIANPWE TNV
hGDH1. TéAo¢ n hGDH2 eival onuavtikd mio evaiocOntn oe BepULK amevepyonoinon Kat
UTTOPEL Va AELTOUPYNOEL O OXETIKA TILo OEvo pH ouykpltikad pe tnv hGDH1. To oUvolAo
Twv povadlkwv auvtwv wotntwv  t™¢ hGDH2 ewdletal nwg enetpedav tnv
T(POCAPUOYN TOU VEOU eVIUHOU OTIGC UYPNAEC EVEPYELOKEC QTIALTHOELC TOU VEUPLKOU

OUOTNHATOG KATA TN Slapkela TG yAouTapaTePYLKAG veupodiaBifaonc (Mastorodemos
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kaL ouv. 2005, Kanavouras kat cuv. 2007). H eAattwon tng Baotkng paotnplotntag tng
hGDH2 amookormel 0To va anmotpEmnel tn Slatdpagn Tou KUTTAPLKOU HETABoALopOU Adyw

aveEEAeyktng Aettoupylag tou eviupou.

I Decreased basal activity I Increased basal activity
Conferred marked sensitivity
I to estrogens and neuroleptics Decreased modestly senstivity
to estrogens and neuroleptics
i Provided resistance to GTP
. IAA change not studied M415L
No functional concequences detected I ~  Human (GLUD2)
G247R @
-Chimpanzee (GLUD2)
1305L V321!
ViL S331T R470H |I166V A321V K362R E4390
—I Il | — Gorila(GLUD2)
l I S66C L365Q
A3V  D142E R443S N498s R3¢Q M370L

. 1239N_I1275V _ Q441R
I I l I(' @ '" I l —— Orangutan (GLUD?2)
4 L240N L375V

E34K S$174N G456A

o 11 | Gibbon (GLUD?2)

EBKT101A 377V
@ Human (GLUDT)

African Green Monkey

~ (GLUD1)
f )  f 1

~18-23 Mya ~18 Mya ~14 Mya ~T Mya ~5Mya

Ewkova 7: [lMapouciaon Ttwv oULVOEIKWY QVTIKATAOTACEWY KOl TWV AELTOUPYLKWV
OUVETELWV TOUC 0OTO Eviuuo mou Kwdlkomoleitat amd to yovidlo GLUD2. H
avtikataotaon R443S eixe w¢ amotédeoua tnv eAattwon tn¢ Baolkng dpaoctnplotntag
™¢ hGDH2 kot tnv avénon tn¢ evatodnoiac tnc otn Vepulkn ansvepyonoinon kat tnv
avaotoAn anod ototpoyova. H auwvoéikn avtikataotaon G456A npooédwoe oto €viuuo
avIeKTIKOTNTA 0TV avaotoAn amo GTP. Avadnuocisvon amno tnv epyacio twv Plaitakis
katouv.(2011).

MeA£Teg BOOLOUEVEG O OTOXEUUEVEG pPeTaANaEloyevéaelg otic Béoslc mou Sladépel n

hGDH1 amnd tv hGDH2 amokdAuav nwg ot povadikég dotnteg tng hGDH2 umopouv
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va arnodoBouv o€ 2 ApVOEIKEG OVTLKOTOOTACELS OTNV PUBULOTLKN TtepLOX Tou evIUHOU
(Zaganas kau Plaitakis 2002, Yang kat cuv. 2003, Kanavouras kat cuv. 2007). H apwo€ikn
avtikataotacn Argd43Ser «koatéotnoe To €vlupo oxeSOv avevepyd amouoia
oAlooteplkwy evepyomontwyv (Baociky Spaoctnpotnta ~0.1% tng Heylotng) Kat
gvailodnto otn Bepuikn amevepyomoinon evw KAtrnpynoe Kal tnv gvalobnoia otnv L-
Aeukivn. H &eltepn apwollkn avtikataotoon, Gly456Ala, mpooédwoe oto €viupo
avOEKTIKOTNTA O avacToAr ano GTP, téoo mapouasia 6co kat anovcio ADP. Qotoco ol
800 QUTEG OULVOELKEG AVTLKOTAOTACELG SEV EMOPKOUV YLaL VA EENYNOOUV TLG AELTOUPYLKEG
Slapopeg petafy Twv dU0 LooevIUHWY TNG avBpWTLVNG YAOUTOULKAC adpudpoyovaong.
Elvat ouvetd Mooy va unoBECOUE WG KAl OL UTIOAOUTTEG QULVOELIKEG AVTIKOTAOTACELG
ennpéooayv tn Asttoupyia Tou evlUPoU Kal KaBdploav TEAKA TNG HOVASIKEG LELOTNTEC

™G hGDH2 (Ewkoéva 7).

1.8. Ekdppaocn tnG GDH o€ veupKoU G LOTOUG MELPAHATO{W WV

MeA£teg oe melpapatolwa £xouv deiel mwc n yAoutautkn adpudpoyovacn mapouaotalet
MEYAAN €TEPOYEVELD TOGO OTNV KATavoun 600 Kal ota enineda ékppaong otig dtadopeg
TIEPLOXEC TOU KEVTPLKOU VEUPLKOU cuoTNHATOG TwV {wwv. MeAéteg twv Leon kat Clark
(1984) amokaAuPav onuavtikég Stadopég otnv evepyotnta tng GDH mpogpxopevng amo
OUVATITIKA LToXOVOpla ot oxéon UE Ta eAeUBepa — PN CUVATTIKA- pLtoxovdpla. Ot
Rothe kot ouv. (1983) €6elav mMwg oTtO PETA TN Yyévvnon otadlo avamtuéng twv
apoupaiwv n evlupikn evepyotnta tng GDH auvéavetal katd 5.2 popEg oTov UMMOKAUTO
TWV veapwVv {wwv Kat 2.3 dopég otov eykedaAlkd ¢Aold. H avénon avtnh daivetal va
OXETLIETAL PUE TN CUVATITOYEVEDN Kal TNV wpipavon tTwv yAoutapatepylkwy dopwy. OL
Zaganas Kal ouv. (2001) peAétnoav ta enimeda eVIUULKAG EVEPYOTNTAC O TIPWTEIVIKA
EKYUALlopATA TIPOEPXOUEVA ATIO KUTTOPOKAAALEPYLEG ACTPOKUTTAPWY KOl VEUPWVWV TOU
eykedaAlkol ¢pAolol Kat TnE mapeykePaAldac Luwv Kal BprKav mwc To AoTOPKUTTOPLKA
ekYUAlopata eudavilav vPnAotepn eviupikn evepyotnta. Ou Aoki kat cuv. (1987)
npayulatonoinoav pio eKTtetapévn HeAETN tne €kdpaon¢ tng GDH otov eykédalo
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apoupaiwv kot Stamiotwoav mwg n GDH ekdpdletal ota actpokUTTOpa Kol oTa
ULTOXOVOPLO TWV KUTTAPWV TNG YAolag, Kuplwg O TIEPLOXEG LE EVIOVN YAOUTOULVEPYLKN
veupobaBifacn. Téco ol Wenthold kat ouv. (1987) 600 kat ot Rothe kat ouv. (1994)

€6elav nwe n GDH ekdppaletal ota yAolakd KUTTapa Bergmann apoupaiwv.

1.9. Ekppaon twv hGDH1 kot hGDH2 otou¢g avOpwrnivoug Lotoug

H ékdpaon tng yAoutapwiking adudpoyovaong Stadopomoleital onNUaVTIKA Ao LoTO O
1oTo (Schmidt kat Schmidt 1963, Botman kat ouv. 1982, Treberg kat ouv. 2014. To Amop,
oL vedpol, o eykéPalog, To maykpeag, Ta envedpidla Kal o TAAKOUVTAG Elval Ta 6pyava
pe ta vpnAdtepa enineda ékdppaong (Smith kot cuv. 1975, Schmidt kot Schmidt 1963,
Rothe kat ouv. 1994, Treberg kat cuv. 2014, Spanaki kat cuv. 2014, Spanaki kat cuv.
2015a). H GDH epdavilel tn peyalvtepn evIUPLKA SpaoTIKOTNTO OTO AmaAp, OMOU TO
évlupo amotedel to 1% TNG OUVOAIKAG TPWTEIVNG. ITOUG UTIOAOUTOUG LoTOUG N
Sdpaoctnplotnta tng GDH eival xapunAdtepn. YnoAoyiletal nwg to neplexopevo tng GDH
Tou avBpwrivou vedpou kot eykepaAou avtiotolyel oto 20-25 % TOU TEPLEXOUEVOU OTO

Amap (Spanaki kat cuv. 2010).

1.10. Exdpaon otoug nepldpePLkol LoToUG
H kataokeun €8KWY AVTIIOWHATWY LKavwy va dtakpivouv petafl twv §U0 Looeviuuwv
€XOuv Kataotrosl duvath tn HEAETN TNG £lOKNC €kdpacng Tou KABe LooeviUpou o€

LOTOUG TTPOEPXOUEVOUC o AvBpwro.

1o nmap, mapatnpsital uPnAn ékdpacn tnc hGDH1 ota nmatokuttapa. To OTIKTO
npotuno ékdpaong tn¢ hGDH1 ota nmatikd kKUTtapa UTIOSNAWVEL EVTOTILOUO TOU
evlUpou ota pLtoxovépla (Spanaki kot ouv. 2015). Aev SlamotwOnke afloonueiwtn
ékppaon t™¢ hGDH2 oto nmap, yeyovog to omoio cuvadel pe peréte¢ mRNA mou

Selyvouv ékdpaon povo tng hGDH1 oto Amap (Shashidharan kat cuv. 1994).
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Ewkova 8: Avoooiotoxnueia ue xpwuoyovo DAB o€ LLOVIUOTIOINUEVEG TOUEG AVIPWTTLVOU
nrarog. Aviyvevetat puovo n hGDHI1 kat oxebdov kadoAdou n hGDH2. Avadnuocisuon ano
epyaoia Spanaki kat ouv . (2015).

Jtoug vedpoUlC, UTIAPXEL LOXUPO TIPOTUTIO EKPpaong toco tTnG hGDH1 6oo tng hGDH2
OTO KUTTAPOTMAQOMO TWV  €MONAAKWY  KUTTAPWV TwV €EyyUC EOCTIELPAUEVWV
owAnvapiwv tou vedppikol PAolol, evw ta duo ooéviupa ekdpalovtal acbevéotepa

OTO QMW E0TELPAUEVA CWANVAPLA.

"b.KIDNEY F*

Ewkova 9: AvoooioToxnueia O LOVILOTTOINUEVEC TOUEC QVIPWITIVOU VEQPOU TOoU
avadelkvoeL TNV ekppaon t™¢ hGDH2 ue ypwuoyovo DAB. H hGDH2 ekppaletal ota
KUTTOpQ TWV EYYUC EOTIEIPAUEVWY CWANVaPIiwY VW SLOTIOTWVETAL arTouoia Xpwong
oto oneipaua. Avadnuoocicsuon ano epyaocia Spanaki kot ouv . (2014).
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Tooco n hGDH1 téco kat n hGDH2 aveupiokovtol o€ KUTTOPA TWV TPLWV OTEPOELSO-
napaywywv {wvwv (omelpoeldng, otnAdwtn, Siktuwtn) Tou dAolol Twy emvedpldiwv
(Spanaki kat ouv. 2015) pe T0 mpotumno ékdpacns Twv dUo cuvevlUUWV VO OUOLALEL OE
peyalo Babuod. Ito pueld twv emvedpldiwv Ta xpwplOdPAa KUTTAPO TIOU €KKPivouv
katexohapiveg, dev epdpavilouv avooodpaotikotnta yla ta 2 €viupa. Ot cupmadntkol
VEUPWVEG OHWG ekdpalouv Kal TIC 2 wopopdEG NG avOpwrivnGg YAOUTAMLKNAG

adudpoyovaonc.
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Ewkova 10: Avoooiotoynueioe O€ HOVIUOTIOLNUEVEG TOUEG Tmapapivng avipwrivwv
emwveppldiwv mou avadeikvoouv tnv gkppacn t™¢ hGDH1 kot hGDH2 ue xpwupoyovo
DAB. Znuavtikn kppacn tn¢ hGDH1 kot hGDH2 Stamiotwvetal Kot oTi¢ TPELG oTIBAdEC
TOU AoloU Twv emveppldiwv. AvtiGeta 0 UUEAOC TwV emveppldiwv Sev paivetal va
ekppalel oute tv hGDHI1 oute tnv hGDH2. Avadnuooicuon amd tnv gpyacio twv
Spanaki kat ouv. (2015).

‘Oocov adopa tnv avBpwrmivn wobnkn, ta Vo Wwogviupa aviyvevovtal eloou og OAa ta

opuovomoapaywyad kottapa (kKuttapa wobulakiwv kal KUTtapa éow BRkng) evw KUTTApA
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TIou oTepouvTal ev8oKplvoug Asttoupyiag (Omwg ta KUTTOpa TNG €Ew ORKNG Kol Ta

adladopornointa KUTTAPO TOU WoBNKIKOU oTpwHatog) ekdppalouv povo tnv hGDH1.

¢ TERTIARY
FOLLICLES

PRIMARY
FOLLICLES

PREMORDIAL
FOLLICLES

Ewkova 11: Avoooiotoynueia o€ LUOVIUOTIONUEVES TOUEG Tapa@ivne LoTou avipwrivng
woUnkn¢ ue ebika avti-hGDH1 kot avti-hGDH2 avtiowuata kot xypwuoyovo DAB. Evw n
hGDH1 ek@pdletal o 0Aa ta KUTTAPO €VOC TPLTOYEVOUG wodulakiou, n hGDH2
EKQPPALETAL KUPIWG OTA OplUovOomapaywyd KUTTapa tn¢ éow 9nknc (ti) evw amouvotalel
ard v &w Inkn (te) kat ta adlapopormointa KUTTapa ToU oTpwUATOoC (S). Kat ot dUo
LOOUOPYEC TOU €Vv{UUOU ekppalovtal ota KOokkwdn KUTTapa TOU OCUVIOTOUV TO
kuBoelbéc n moAuotiBadwto emtdnAlo yUpw amd TA TMPWTOYEVH KoL TA TPLTOYEVH
woBudakia kadwc¢ Kkat oto KuttapomAaoua Twv  primordial  wokuTTApwVv.
Avaénuooicuon and epyaocia Spanaki ko ouv . (2015).

Ytov 6pxn, n hGDH2 ekdpaletal ota kutTtapa Sertoli Twv oneppatodopwv cwAnvapiwv
KOl O€ HLKPOTEPO Babuod ota oteposldoyova kuttapa Leydig. H hGDH1 ekdpaletat povo
ota kUttapa Leydig. Ta U0 ooéviupa €XOUV OTIKTO TMPOTUTIO €KPpaonG EVOELIKTIKO
ptoxovéplakng evtomiong. Kapio amo tig dUo popdég tng avlpwrivng YAOUTAMLKAG
adudpoyovaong Oev ekPppdletal OTA AVWPLUO OTEPUATOKUTTOPA (Spermatogonia,

spermatocytes, spermatozoa).
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1oV avBpwrivo MAOKOUVTA Ta OPUOVOTAPOYwWYA KUTTAPA TNG oUYKUTLOTPodoBAACTNG
TIOU TIOLPAYOUV TIPOYECTEPOVN KAl OLOTPLOAN edavilouv Loxupry 0vooodpaoTIKOTNTA KoL
yla TG 2 popdég tng hGDH evw ta evéoBnAtakad KUTTapa TwV EUPPULIKWY TPLXOELOWV

elvat Betikd povo yla tnv hGDH1.

‘Ocov adopd Tov MPooTATn, Ta KUTTAPA TOU Mpootatikou adéva skdpalouv tnv hGDH

oAAG OxL TNV hGDH2.
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Ewkova 12: AvoooioToxnueio o€ LOVIUOTTOINUEVEG TOUEC TTAPAPivNC avlpwITIVOU 0pxn
omou avadelkVUETOL ONUAVTIKN Ekppaon t™¢ hGDH2 ota kuttapa Sertoli twv
OTEPUATOPOPWV CwAnvapiwv tou opxeoc. Avtideta n hGDH1 aivetal va ekppaletal
kupiwc ota kutTapa Leydig. Ta kuttapa Sertoli bev napouvoialouvv ekppacn tnc hGDH1.
Ta omepUATOYOVIA KOl OTTIEPUATOKUTTOPA Sla@opwVv otadiwv wpiuavonc dev ekppalouv
kauia ard ti¢c Svo toouoppec Tou eviuuou. Avadnuooisuon amo epyaocia Spanaki kat
ouv. (2015).
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Ewkova 13: Avoooiotoxnueiat O€ LOVIUOTIOLNUEVO LOTO OE TOUEG TAPAPIVNG WPLLUOU
avBpwrivou mAakouvta. Ekppacn toco tn¢ hGDHI1 6co kot tn¢ hGDH2 Stamiotwidnke
otnV ouykuTlotpooBAaotn (s) tou avBpwrivou mAakovvrta. H hGDH1, o€ avtidson ue
™v hGDH2, ekppaletoal kot ota evéoUnAlaka KUTTApO TwV EUBPUIKWVY TPLYOELSWV
ayyeiwyv (e). Avadnuooicvon ano epyaocia Spanaki kat ouv . (2015).

Juvoyilovtag, ta Opyava ota omoio n hGDH1 kat hGDH2 €xouv i6l0 mpotumo
€kppaong Kal cuvevromilovtal oToug (6loug KuTttaplkoug MAnBuaopoug eival ol vedpol
Kal Ta enwvedpibla, evw oto Amap, ot woBNKEG, ToV MAAKOUVTA, TOUG OPXELG KAL TOV
TIPOOTATN, TO KUTTOPLKO TIPOTUTIO €Kdpacng ivat StadopeTikod yla KABe loopopdr Tou

eviUpov.

1.11. ‘Exdppacn tng GDH otov eykédalo

H ékdppaon twv hGDH1 kat hGDH2 €xeL peAetnBel o€ LOTOAOYLKA TAPOOKEUACUATO
avBpwrivou gykepaAlkol GAolol pe TNV TeXVLKNA Tou dutAol avocodBoplopou (Spanaki
kat ouv .2016, Spanaki kat ouv. 2010, Lai kat cuv. 1986) Kol TN XProN OVIIOCWHATWV
WKWV yla To KABE 00EVIUPO O OUVOUAOUO HE QVILOWUATA Yla TIOWKIAOUG
KuttaplkoUg/umokuttapkolg Oeiktec. To TMEPLKAPUO KL OL  OOTPOKUTTOPLKEC
anoduddeg TwV ACTPOKUTTAPWY TNG datdg Kal TNG AEUKAG ouciag tou eykepdaAou
ekppalouv 1600 TN hGDH1 600 Kot tn hGDH2, evtog KUTTAPOTAACHATIKWY SOUWV TIOU
elval cupBatéc pe ptoxovépla. H hGDH1 aviyveUetal emiong otnv mupnvikn HEUBpavn
oAlyodevbpokuttapwy, ota omnola anouvolalel n hGDH2. AvtiBeta, n hGDH2 daivetal va

ekppaletal oe veupwvwy (Betikol oe oruavon pe NeuN) tou eykepoaAikou ¢dAolou.
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Eldikotepa n hGDH2 ekdppdletal o veUpWVEG MEYAAOU HeyEBOUC Kal TUPAULELKN
popdoloyia evidg Sopwv Tou eival cUUHoPdEG e pitoxovdpla kat evtomnilovral otnv
neplPEpela TwV KUTTAPWY autwv. Emiong ekdpaletal pe dtadopetikd mMPOTUMO, OTNV
TIUPNVLKA HUEUBPAVN VEUPWVWY HIKPOU HEeYEBOUC Kal oTpoyyulng popdoloyiag. H
xpwon ywa hGDH1 eival 8iaitepa aoBeviG OTOUG VEUPWVEG N AMOUGCLAlEL EVTEAWC,

eNaAnBevovtag ta anoteAéopata Twv PeAeTwV Twv Aoki kat ouv. (1987) oe eykeddAoug

apoupaiwv.

Ewova 14: AutAo¢ avooo@pdoplouo¢ o€ N UOVIUOMOINUEVEC TOUEG avIpwItivou
eykepdiou ue avriowuata kata twv hGDHI1 kot hGDH2 ue NeuN (veupwvikoc Seiktnc)
kat GFAP (aotpokuttapikoc beiktng). H hGDH1 aivetar va ekppalstal ot
QOTPOKUTTOPO KOl OE TTUPNVEC UN VEUPWVIKWVY KUTTAPWV evw n hGDH2 ekppalstal os
QOTPOKUTTOPO KAl O VEUPLKA KUTTApa. Avadnuoaoicuon amo tnv epyacio twv Spanaki
kat ouv. (2016)
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1.12 Asttoupyikoi podot twv avOpwrmivwv popdwv tng GDH o¢

S1apopeTIKOUG LOTOUG

O po6Aog tng GDH otn Bloloyia tou kuttapou dev €xel anooadnviotel. Exel yivel Opwg
oadég nwg SladopeTikol Kuttaplkol MANBuouol €EUTINPETOUV TIG LOLAITEPEG AVAYKEG
TOUG HEOW Tou povormatiol tng GDH (Spanaki kat ouv. 2016). To mpoTuTo £KdpPOONG TWV
hGDH1 kat hGDH2 otou¢ avBpwmivoug oTou¢ eival ToAUSLACTATO KOl MaPOoUCLAlEL
XOPAKTNPLOTIKI) ETEPOYEVEL TOOO METALU OSLAdOPETIKWY LOTWV 000 Kol METOEL

KUTTOPLKWV MANBuoUwV Tou i8lou Lotou.

Jto nmap, n uvPnAn ékdppaon ¢ hGDH1 emurtpénmel ota nmatokUTTOpA Vo
TpayHaTOTOoL|couV TIOAATIAEG UeTOBOAKEG Slepyacie¢ OMwG TO MUETAPBOAOUO TNG
oppwviag kal ™ Statipnon ¢ ofeoBaoikng Looppomiag. Kabwg oL CUYKEVTPWOELS TNG
OHMWVIag Kol ToU YAOUTAUIKOU OTO TEPLBAANOV TWV NMOTOKUTTAPWVY UeTaBAaAAovTal
ouvexwe, n avtidpaon tng GDH avaloya pe TN cUyKEVTPWON Kal T Slabeouotnta Twy
UTIOOTPWUATWY Hmopel va AdPel xwpa Kal mpog T¢ dUo kateuBuvoelg (Krebs kat
Gascoyne 1968, Nissim kat ocuv. 1999, Cooper kat cuv. 1987, 1988). & 1oTOUG OV UTIO
dUOCLOAOYIKEG CUVONKEC N CUYKEVIPWON TNG AP Hwviag lvatl xapnAn, kat dedopévou tng
XOUNANG OUYyEVELOG TOU €VIUMOU YLl TO OUYKEKPLUEVO UTIOOTPWHA - OMWE aUTh
ekppaletal and tnv vPnAn Km (20-30mM), Sev euvoeital n aviidpaon mpog tnv
KateLBuvon TNG avaywylkng apivwong (ouvBeon yAouTtaukou), €8LKA Otav UTIAPXEL

otcwon.

2to maykpeag, n GDH evéxetalL otov €Aeyxo €KKplong Tng WoouAivng. Méow Tng
0€eldWTIKAG amapivwong tou yAouTtapkou amod tnv GDH mapéxetal a-KeToyAouTaplkod
OTOV KUKAO TOU KLTPLKOU 0EE0C UE CUVETELD TNV avénon mapaywyng ATP kol dpa Tou
Aoyou ATP/ADP- o omoio¢ obnyei péow evaioBntwv oe ATP -StavAwv K°  otnv
EKTIOAWON TNG KUTTAPLKAG UEUPBPAVNG TWV B-KUTTAPWY HE OTOTEAECHUQ TNV EKKPLON
LVOOUALVNC, aKpLBWG HEe ToV 1610 TpoTo mou Sleyeipel TNV eEWKUTTAPWON TNG LWVOOUALVNG
ano ta B-kuttapa n yAukoln (Sener kot cuv. 1981). MetaAAd€elg mou kabLotouv TNV

hGDH1 avBektiky otnv avaotoAn amno to GTP kal yla autd dpaotrpla eubuvovtal yla
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To oUVOpopo umepvoouAviopol/unepappwviag (HI/HA) (Stanley kat cuv. 1998). OL
TIACXOVTEC MapoucLalouV eneloddia umoyAukatpiog (Kuplwg LETA amd tnv Katavalwaon

YeUUOTOG UPNANG MEPLEKTIKOTNTAC O€ MPWTEIVNG) AOYw auENUEVNG EKKPLONG LVOOUALVNG.

Onwg Nén €xel avadepbel t6oo n hGDH1 600 kat n hGDH2 skdpalovral o vPnia
enineda ota kUTTApA SLadOpwWV OTEPOELSOMAPAYWYWV 0PYAVWY, OTIWG Ta ETVedpidLa
XwpIg OpWC va €xel amoocadnvioTel TANPWE 0 pOAOG Twv SUo woeviLUwY. AOyw Tou
OUVEVTOTILOMOU OTOUG (6Lloug KuTtaplkol MAnBuopoug twv dVo oopopdwv tg hGDH
HE TO ptoxovéplako éviupo P450scc (cholesterol side-chain cleavage enzyme) mou
KATAAUEL TNV avtibpaon LETATPOTAG TNG XOANOTEPOANG OE PEYVEVOAOVN (TO TPWTO Kal
Baolkd otaddlo tng olvBeong Twv oteposldwv oppovwy), Bavoloyeital nmw¢ n GDH
NMpoodEPEL TO AMAPALTNTO yla T ouvBeon Twv otepoeldwv NADPH (Spanaki kat cuv.

2015).

Ta vdnAa enineda ékppaong tg hGDH2 ota kuTtapa Sertoli Twv Opxewv, evioyuouv
TOV UTIOOTNPLKTIKO pOAO0 TIou €Xouv Ta €V AOyw KUttapa otn Opédn twv
OTEPUATOKUTTAPWY (Spanaki kat ouv. 2010). H hGDH2 emutpémnel T0 HeETABOALOUO TOU
YAOUTOULKOU OKOUN KOl O€ CUVONKEC EVEPYELOKNG ETMAPKELAG, KOL £TOL TTAEOVEKTEL EVaVTL
™¢ hGDH1, ot Adyol 6uwg yla Toug omoioug amouotdlel mAnpwg n hGDH1 gv €xouv

anocadpnVIOTEL akOua.

2toug vedpoug n Loopportia tng aviidpaong tng GDH efwBeital mpog tv ofeldwtiki
anapivwon (ovvBeon NH." kat a-KG) cuvelodépovtog katd touldyxiotov 25% otnv
napaywyn appwviag (Van de Poll kat cuv. 2004). Me tov tpomo autd n GDH svéxetal
otn puBULoN TNG 0€eoBAOLKNC LOOPpPOTTLOG, KUPLWG UTIO cuVONKeS o€€wonc. ETol, evw o€
ouvOnkeg ofeoPactkng LooppoTtiag To €VIUMO €ival OXETIKA adPAVEG, OE TEPLTTWOELG
ofelac N xpoviag ofEwaonc, evepyomoleital Kal tpodyetal n ékdppacn tng GDH. OL Adyol
yla Toug omoloug ota emMONALaKA KUTTOPA TWV EYYUG EOTIEPAUEVWY CWANVApiwy Tou
vedplkoU pAolol ekdpalovral kot ot SUo Loopopdeg Tou eviou Sev eival TANPWE

katavontoi, mBavoloyeital OpwG TwG ol povadikég dotntec tng hGDH2 va
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ETUTPEMOUV TN AewToupyia tng oe ouvOnkeg mou n hGDH1 eival oe avaotoAn (Spanaki

kat Plaitakis 2012).

Jtov eyképalo, ta aufnuéva emimeda yAoOuTapLKOU O OUVOUAOUO MPE TA XOUNAQ
enineda appwviag, euvoel tnv mopeia tnNg ofeldWTIKAG anapivwong otnv aviidpaong
NG GDH. Ita aotpokuttapa n GDH Bewpeltal MwWG CUMPETEXEL OTO HETABOALOUO TOU
yAoutapkol mou ameAeuBepwvetal otn ocuvadn kKatd tn Sldpkela TG SLEYEPTIKNG
veupobiaBifaong (Schousboe kat ouv. 2014). Itov davBpwmo, oL OSladOpPETIKES
PUOULOTIKEG LOLOTNTEC TwV SUO0 LooeVIUPWY, ETUTPEMOUV OTA QOTPOKUTTOPA Vva
petaBoAilouv tov veupoSlaBLBactr YAOUTOULKO AVAAOYQ LE TIG EVEPYELAKEC QTIALTOELG
TOU KUTTAPOU Kol TS ouvOnkeg pH tou mepBAAAovtog mou peTaBAAAOVTOL CUVEXWC.
‘Etol, evw n hGDH1 Aettoupyel oe cUVONKeG EVEPYELAKNG EVOELOG KOL AVOOTEAAETAL OTOV
UTtapxeL mepioosla evépyelag, n hGDH2 n omoia 6ev avaotéAAetal amo to GTP,
Aeltoupyel AMOTEAECUATIKA TOOO O OUVONKEC EVEPYELOKNG EMApPKeLa¢ (mou n GDH1
elval og kataotoAn) (Mastorodemos kat cuv. 2005) 600 Kal ot cUVORKEG 0EEWONG IOV
ETUKPATOUV €VIOGC TOU OOTPOKUTTAPOU KaTd Tn OldpKelad TNG YAOUTAUATEPYLKNG
veupodlaBifaong. Eival mBavod ota aoTpokUTTOPA TIOU UTOOTNPL{OUV TNV EVEPYELOKA
amattnTkn yAoutapatepytkn veupodlaBifacn kot ekppalouv Kal T SU0 LooOHoPPEC, N
hGDH2 va cuumAnpwvel tnv hGDH1 oto poAo toug oTnV avakUKAwoN Tou YAOUTAULKOU
KOl TNV UTOOTAPLEN TWV VEUPWVWV. Me To OKeMTIKO auto, n hGDH1 kot n hGDH2 va
gvepyornolouvtal pe ta uPnAd enineda tou ADP mou Kuplapxouv OTO ACTPOKUTTOPO
Kata tn Slapkela tnG yAoutapatepylkng veupodloBifaong kat n hGDH2 va ocuveyilel va
HeTAPBOAIlEL TO YAOUTAUIKO TIAPA TNV QVATIANPWON TNG EVEPYELOG HECW TOU KUKAOU

Krebs kat tnv avénuévn mapaywyn GTP mou avactéAAeL mARpwg tnv hGDH1.

H ékdpaon tng hGDH2 otoug veupwveg (kal otig amoAnéelg avtwyv) Bewpeitatl mwg
TIPOAYEL TN OUVOECN TOU TPO-CUVATITIKOU YAOUTAULKOU €VIOXUOVTOG TN SlEyepTIKNA
veupodlafipaon. Asv €xel kaBoplotel akopa Pe oo TPomo n ékdpacn ¢ hGDH2 otig
VEUPLKEC aTOANEELC TTPOAYEL TN oUVOECON TOU YAOUTOLKOU, EIKATETOL OUWE OTL TO a-
KETOYAOUTOPLKO TIOU TIOPAYETOL HEOW TNC OEELOWTLKAG QMAUIVWONCS TOU YAOUTALKOU
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(mMpoepxOUEVO QMO TA ULTOXOVEPLO) UETOPEPETAL OTO KUTOGOALO OTIOU KOl ETATPETETAL
o€ yhoutauikd. EmunmpocBeta, n hGDH2 Bewpeital mweg CUMUETEXEL OTNV QVATTTUEN KOl
wpLHavVon Tou VEUPLKOU CUCTNLATOC PodyovTag tn cUvBeon Autdiwv 0TOUG VEUPWVEG

(Li ko ouv. 2016).

1.13 GDH Kot HopLlaKOg LNXOVIOUOG EKKPLONG LVOOUALVNG

H dptia Asttoupyia tou B-Kuttdpou e€aptdtol amo TNV €KKPLON WVOOUALVNG OTO OwaoTO
XPOVIKO CNUELO KOl O LKAVA oo avaAoya UE To epéBlopa. To B- kUTTOPO avidpd oto
ep€blopa pe avtiotpodry Tou SuVAULKOU NPEUIOG TNG KUTTOPLIKNG HEUBpAvNG o€
SUVOULKO evepyelag, Avolypa TwV eEopTwHEVWVY amd Suvaulkd SltavAoug aoBeatiou, Ue
OTOTEAECHO ELOPOIN) LOVTIWV A0BECTIOU OTO KUTTAPO KAl UENCN TNG CUYKEVTPWONG TOUG
oto KuttapomAaopa. H avénon aut mpokalel TNV €EWKUTTAPWON TWV EKKPLTLKWV
KOKKiwVv WvoouAivng. H yAukoln Oleyeipel tnv €KKPLON VOOUAIVNG HEOW EMOYWYNC
Aueowv  (triggering) 6co  katL  evioxutikwv  (amplifying)  onuoatodotikwyv
povoratiwv/odwv. Ta dUo povomdtia eivol SLAKPLTA Kol LEPAPXNUEVA, UE TO AUECO
povomatl (triggering pathway) va emdyeL tnv evepyomoinon TOU EVIOXUTIKOU

povomnatiov (amplifying pathway).

H yAukoln dwodopuAlwvetal and tnv yYAuKoKwvaon Kal n 6-P-yAukoln umtokeltal o€
YAUKOAUoON oto KuttapomAaopo (Matscinsky kot cuv. 1996) kot akoAoUBw¢ pmaivel
otov kKUKAo Tou Krebs ota pitoxovdpla pe amotéAeopa tnv avénon tng evOoKUTTAPLOG
oUYKEVTPpWONG tou ATP katl cuvenwg tou Adyou ATP/ADP . H avénon autrn odnysi oto
kKAelowo twv efaptwpevwv amd to ATP Swavloug K*  (Karp) (Rorsman 1997) mou
amoteAouvTal ano £€va cUPMAeyua umodoxea couAdovuloupiag (SIR1) kat mpwrteivng
Kir6.2 kot oL omoioL cuvtnpouv oe peydho Babuod to duvapikd npepiag Tou KUTTAPOU
(emutpémovtag tnv €€odo Twv OvVTwv KaAlou). H avtiotpodry tou Suvaplkou TNng
ueUBpavng kat n €kAuon SuvaukoU evepyeiag (emeldn kAeivouv ot KATP Slaulol)

QVOIVEL TOUC TAOLOEEaPTWHEVOUC StavAouc Ca’’ , Wovta Ca?* elopéouv 6To KUTTAPO Kat
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Sleyeipouv TNV e€wkUTTWON WVOoUAlvng (Lang 1999, Rorsman 1997). H aAAnAouxia autn

amoTeAEl TO HOVOMATL TNG AUEONG AMAVINONG OoTtnV avénon twv emumédwv yAukolng

ATP
GTP
NADPH
cAMP

(triggering pathway).
B-cell CP
Glycolysis A
Pyruvate e Glucose QQ Insulin
7 1 GK Q@ .o..o:
f _thin/I;% Additional » > A @ .
‘ _c8: Pyruvate coupling factors : o
°
Cc
o
£
S
=

LC-CoAs
Glutamate

NADH
FADH,

IATP ATP/acpPt |~ ~
ETC 1 AY, 4////

Ewkova 15: [Npotewvouevo uovtédo oulevéng uetaBoAiouol yAukolng ko Unxovicuou
EKkKpLonc wvoouldivng oto B-kuttapo. H mpooAauBavouevn yAukoln Kotavéuetal otnv
mAaouatikn UEUBPAVN KAl OTN OUVEXELA PWOPOPUALWVETAL oo ThV YAukokwvaon (GK).
Méow tn¢ yAukOAuong moapdyetal nmupoota@Atkd (Pyr) to omolo el0épxetal ota
ULtoxovépla kot v ouvexela otov KUKAO tou KitpikoU oé€og (TCA cycle). Ta mapayousva
nAektpovia uYnAng evépyelac uetapépovral puéow tou NADH kot tou FADH2 otnv
aAvoiba petapopac nAektpoviwv (ETC) n omoia eival ykATECTNUEVN OTNV ECWTEPLKN
UeUBpavn tou uttoyovdplou UE OUVEMElR TNV mpowvnon moapaywyrnc ATP. To
napayousvo ATP uetagpépetal oto kutoooAdlo, auvéavovtag £tat to Aoyo ATP/ADP. H
ékAuon Obuvauikou evepyeiac (emetdn kAeivouv ot KATP 6biavdot) avoiyel toug
taoloeéaptwuevous Slavdouc Ca++ kal emayetar n avénon tne €evOOKUTTAPLAG
OUYKEVTPWONG TwV tovtwv Ca++, n onola 0dnyei oe €kkpilon wvooulivne. Ta Loptla mou
OUUUETEXOUV OTO EVIOXUTIKO povomatt (amplifying pathway) kot ta onola amoteAovv
npoiovrta tou petaBoAiouov tn¢ yAukolnc (u€ow TOU KUKAOU TOU KITPLKOU 0E€0G)
ouvtedouv aotnv evioyuaon tn¢ dpaonc twv ovtwv Ca++ otnv eéwkUTTWON TwV KUOTISiwvV
tvooulivng . Avabdnuoaisuaon amno tnv epyaoio twv Karaca kat ouv. (2011)
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H ékkplon woouAivng yivetal oe SUo daocels. H apeon €kkplon WVOOUALVNG TNG TPWTNG
daong mpokuntel and TNV e€wkKUTIWON Twv Ndn evepyomolnuévwy B-kokkiwv (mou
anoteAouv to 5-10% TnG amoBnKeUUEVNG oTa B-kUTTapa LWVOOoUAIvNG) KaL EVEPYOTIOLELTOL
amo TNV aufnuévn evOOKUTTAPLK OCUYKEVTPWON TWV LOVIWV ooPeotiou. H €kkplon
WvoouAivng  tng &eltepn aong (MopateTtapévn €KKPLON) TIPOKUTITEL OO TNV
€€WKUTTWON TWV KOKKIWV TTou Bplokovtal 0TO E0WTEPLKO TOU B-KUTTAPOU KOL QTALTEL
ETUNPOCOETOUC MAPAYOVTEC OL OToioL §POUV HECW TOU POVOTIATIOU €VioXUONG ONUATOG
(amplifying pathway), To onolo eniong enadyetal ano tn YAUKO(n Kat eivat avefdaptnto
ano toug K +ATP gheyxopevoug SLaUAOUG. TO EVIOXUTIKO QUTO HOVOTIATL EVIOXVEL TNV
EKKPLTIKN OMAVTNGCN TWV B-KOKKIWV XWPLG va auEAVEL TIEPALTEPW TNV €VOOKUTTAPLA

I 14 2
OUYKEVTPWON TWV OVIwy Ca”™*

MoAANamAEG HeAETEG €XxOUV avadeifel TO pOAO TOU YAOUTOHLKOU OTNV YAUKOZOEEQPTWLEVN
€KKPLON WVOOUAIVNG HEOW TOU HOVOTOTLOU evioxuong onuatog (Bertrand kot ouv. 2002,
Hoy kal ouv. 2002, Liu kat ocuv. 2003, MacDonald kat Fahien, 2000, Maechler kot
Wollheim 1999). H GDH gumA£ketal otn Slaxeiplon Twv amoBepATWY TOU YAOUTOULKOU
Xapn oto S1Ttd pOAo Tou eVIUOU VO CUUHETEXEL TOOO OE KATATANPWTIKEG OGO KOl O€
OVATANPWTIKEC AVTLOPAOELG. JUVEMWEG TO KATA TOCO TO £VIUMO OUVELODEPEL OTNV
arnolkodounon [ tn énuoupyia yAoutaulkol efaptdtal amd tov ofelboavaywylkod
Suvaulkd Twv HLIToXovOplwy, TNV EMAPKELA TWV UTMOCTPWHATWVY (YAukoln €vavtl

opwvoEwv) Kot og TBavVECG LeETAANAEELS TOU yovibiou TTou kwdkomoLlouv To €vIuo.

H GDH ekdpaletal ota P-KUTTOpA TOU TIOYKPEOTOC KOL EVEXETOL OTOV HNXAVIOUO
€KKPLONG LvoouAivng (Sener kat ouv. 1981, Fahien kat ocuv.1988, Stanley kat cuv. 1998,
Li kot ouv.2014). H o€elbwtikn amapivwon Tou yAoutapilkol amo tnv GDH mapéxel a-
KETOYAOUTOPLKO OTOV KUKAO Tou Krebs, odnywvtag otnv avénon nmapaywyng ATP kal
OUVETIWC Tou Adyou ATP/ADP. lNa va pnv UTEPAELTOUPYEL AUTOG O UNXOVIOUOG n GDH
BplokeTal KATW Ao TNV TOVIKNA avaoToATIKN enidpacn tou GTP. e neplddoug vnoteiag,
LE TN OUVETIAKOAOUON pelwon Twv anoBepdtwy YAUKOING Kal apa tou Aoyou ATP/ADP,

evioxvetal n ofeldwon Tou YAOUTAUIKOU KOl YEVIKOTEPO O KOTOBOALOHOG TwvV
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QUWVOEEWV. ME aUTOV TOV TPOTIO MPOOHEPETAL EVEPYELQ OTO KUTTOPO KAl CUVTNPELTAL O
Aoyog ATP/ADP yia va StatnpnBei n ékkplon wvoouAivng. H evepyomoinon tng GDH amo
Aeukivn (apwvoll to omoio Ppioketal o apBovia oe MPWTEIVIKEG TPODEG) UETA Ao
vevua, Sleyeipel TNV €KKplon WVOoOUALvNG He pn yAukolo-e€aptwevo Tpormo. Evtoutolg,
AAAeG peléteg umootnpilouv TNV cuppetoxn tng GDH otnv €kkplon WWOOUALVNG HECW TNG

Tlapaywyng YAOUTOULKOU TTapA LECW TNG AVAITANPWTLKAG avTiotpodng aviidpaong.

1.14 AcBéveleg mou oxetilovtal He TG avOpwIVEG YAOUTOHLKEG
adudpoyovaoeg

AGYyw TOU onuavtikol polou Twv hGDH otn puBuon Tou KUTTapPLKOU WETABOALCUOU
OAAG KOl TWV LOTO-ELOIKWV AELTOUPYLWY TIOU ETUTEAOUV, TUXOV SlatapaxEC otn pubulon

N tn A£wtoupyia Toug unmopoulv va odnynoouv otnv epdavion HLag oepas aobevelwv

otov avbpwro.

H mpwtn aoBévela mou oxetiotnke pe tnv hGDH gival to cUVSPOO UTIEPLVOOUALVIOHOU -
unepoppwvioc (HI/HA syndrome), to omoio xapaktnpiletot amd tnv euddvion
UTTOYAUKOLULKWYV €TtELc0SiwY PeTA amd Ann yevpatog mAovolo o€ npwteiveg (Paladino
kat Stanley 2010) kat to onoio odeiletal oe petalagelg oto yovidio tng GLUD1 mou
kaBlotouv to €viupo avOekTikd otnv avaotoAn amnd to GTP (Stanley kat cuv. 1998). H
unepevepyomoinon t¢ GDH ota B-kUTtapa tou maykpéatog odnyel oe auvénuéva
enineda €KKpLoNG LVOOUALVNG WG amotéAeopa tng avénuévng cuvBeong ATP (Stanley kai
ouv. 1998, Li kat ocuv. 2014). EKTo¢ Twv emnelcodiwv umoyAukatpiog moAlol aoBeveig
eudavilouv OCUPMTWHATA OXETLWOMEVA HE TO KEVIPLKO VEUPLKO OCUOTNUA, OTWG
ETUANTITIKEG KPLOELG (ave€apTATWC UTTOYAUKALUKWY EMEL00SIWV), TIVEUUATIKI UCTEPNON,
Sduotovia kal dtatapaxeg ouunepidopadg (Stanley kat ouv. 1998, Raizen kat cuv. 2005,
Kapoor kat ouv. 2009). H awtiodoyia Twv emANMTIKWY Kploswv Oev elval mANpwg
Katavont, TOaPOAO ToU UTApxouv evdeifelc OtL pmopel va  oxetilovtal e

SleyeptikotoIKOTNTA KOl OXL UE avwUaAn veupwvikn ekdoption. Ocov adopd tn
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Sduotovia mou mapatnpeital otoug aoBeveig pe TIC PUBULOTIKEG peTalldtelg oto GLUD1
yovidilo. Bewpeital otL odpeiletal otnv e€avtAnon Twv anoBepdtwv GABA (Bahi-Buisson
kat ouv. 2008, Miyamoto kat ouv. 2012). ElSikotepa, n unepdpaoctnplotnta NG
petaAlaypévng hGDH1 miBavov odnyet oe e€avtAnon twv amoBsudtwy yAoutauLlkou
Tou elval amapaitnto ywa tn olvBeon tou GABA, odnywvtag oe €€aoBévion Tng

Sdltapecolafoupevng ano GABA avaoTtoAnc.

OuL petalatelg mou odnynoav otnv avtoxn thg hGDH1 otnv avactoAn amd GTP
evroniotnkav apxka ota €€ovia 11 kat 12 tou yovidiou t¢ GLUD1 (Stanley kot ouv.
1998, 2001) kaL otn ocuvéxela ota €€ovia 6 kat 7 (De Lonlay kat ocuv. 2001). Ot
HMETAAAGEELC QUTEG €lval og BECELG TTOU €lTE EUMAEKOVTAL AUECA OTOV OXNHUOTIOUO TOU
Buldkou tou GTP eite mapepmodilouv ti¢ aAAayEg otn Stapopdwon Tou Hopiou mou
TiPOoKaAel to GTP (meplox€g avtévag Kal TEePLOTPEPOUEVNC €ALKaC). EkTOC amo ta
avénuéva emnimeda ATP, n umepevepyonoinon tng hGDH1 pmopel va odnynoel oe
amoppuBULION TNG £KKPLONG YAUKayovou amd Ta a-KUTTopo TOU TAYKPEATOC KOl
mbavwg oe avénon tng €kkplong tou GLP1 amd ta L-kuttapa (Kribbey kat cuv. 2014,

Anderson kat ouv. 2017).

H amoppuBuion ¢ hGDH1 Bewpeitar umevBuvn kat ywa pia  AAAn popdn
UTTEPLVOOUALVLOHOU (XWPLE UTEPOUUWVLALILA) N oTtola TTPOKOAELTAL OO AVETIAPKELD TNG
short-chain-3-hydroxy-acyl-CoA adudpoyovaong (SCHAD) n omoia kKwdlkomoleltal ano
To Yovidlo HADH1 (Stanley kat cuv. 2011, De Lonlay kat ouv. 2005). Exetl SeixBel mwg n
SCHAD oxnuartilet cupmAoko pe tnv hGDH1 avaotéAAovtag tnv Asltoupyia Tou evlUoU

(Li kat ouv. 2010), onote amoucia tng SCHAD n hGDH1 evepyomnoleitadl.

Awatapaxég otn puBuion tng GDH otov eykédado oxetilovtal kal pe AAANEG pHopdEG
emiAnyiagc. O Malthankar-Phatak kot ouv. (2006) Bpnkov mw¢ oe aocBeveic pe
kpotadikr emAnPia (mesial temporal lobe epilepsy) n dpaoctnpiotnta tng GDH otov
®AOLO KAl OTOV TMOKOUTIO NTAV HELWMUEVN eVvw oL Sherwin kal ouv. (1999) £del€av nwg
OE EVEPYEC ETUANTITOYOVEC TIEPLOXEG TOU eyKePaAikol PpAoLoU aoOevWV UE YEVIKEUUEVEC

Kol eoTlakEG emAndieg n Spaotnplotnta tng GDH eival cadwc avénuévn.
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Mpoodata, n anoppuBuion tng hGDH2 £xeL Bpebel va emnpealel Tnv évapén tng vooou
tou Parkinson (Plaitakis kat ouv. 2010). Evag omdviog moAupopodlopog (T1492G) otn
puBuLotikn meploxn tng hGDH odnyel otnv apwvofikn avtikataotaon tng Serdd5 and
Ala pe amotéleopa tnv avénon tng Paoikng Spaoctnploétntag tou eviupou (gain of
function mutation). Avépeg nuiluywTteg yLa Tov moAuvpopdLlopd T1492G eudavilouv tnv
vooo Parkinson 6-13 xpovia vwpitepa oe oxéon pe aoBeveig mou &g dEpouv Tov
noAupopdlopd (Plaitakis kat cuv. 2010). Asv BpéBnke va UTAPXEL CUOXETIOMOC OTNV
nAlkkia €vapéng tng vooou O yuvaikeg ToOu GEpouv ToOV TOAUHOPPLOUO OF
€TEPOLUYWTLA. NAEITOUPYIKEG EVIUMIKEC HEAETEG TNG METAAAQYHEVNG QUTAC HOPDNG TNG
hGDH2 £6¢el€av nwg to €viupo €xel augnuévn KataAutiky Spaotnplotnta (Plaitakis kot
ouv. 2010), umodnAwvovtac nw¢ péow tng hGDH2, amoppuBbuiletal o HeTaBOALOUOC TOU
YAOUTOHLKOU HE CUVETELQ TNV EMLTAXUVON TNG €V e€eAifel veupoekdUALONG TG vOoOU
Tou Parkinson. H untepdpaotnplonoinpévn Ala445-hGDH2 avaoTtéAAeTal Loxupd amo Tig
BNAUKEG OTEPOELSEIC OPUOVEG, OTIOTE N AVOOTOAN QUTH OO T OloTpoyova (owg va
TIPOOTATEVEL TIC YUVAIKeEG aoBeveic pe etepoluywTtia yla tov moAuvpopdplopd T1492G.
Tooo n hGDH1 6co kat n hGDH2 ¢aivetal va evéxovtal otnv maboyéveon VOonUATWY
Tou oxetilovtal pe TNV anoppubuion Tou PeTaBoAlopol tou yAoutaulkol kabwg toco
uPnAég 600 Kal XapnAEC CUYKEVIPWOELS Tou veupodlafiBaotr) autou sival BAaBepeg

YLl TOUG LOTOUG TOU VEUPLKOU CUOTAUATOC.

Mia akopa veupoekPUALOTIKA vOoo¢ Tou daivetal va oXeTleTal pe SlaTapoyeEG Twv
EMUTES WV TOU YAOUTAMKOU AOYW KN uacloAoyLlkng pubuiong amo tn GDH eival n vooog
Alzheimer (Burbaeva kat ouv. 2005). H mapandavw umoBeon evioxUETOL OO TO YEYOVOG
TIWG N oToXeUpEVN uTtepékdpacn tng hGDH1 og veupwveg Slayovidlakwyv puwv odnyetl

oe veupoekdpUAlon tng CAL mepLoxn ¢ TOU UTITOKAUIIOU UE TNV TNV NALKLA.

MeA£teg €xouv Seiel mwe n ékdppaon TNg GDH eival auénpévn og KAPKLVIKEC KUTTOPLKEG
OELPEG KOL O€ LOTOAOYLKA Ttapaokevudopata acbevwy pe dtadopou eidoug veomAaoied.
MEeAETEC OE KOPKWIKA KUTTOPA TVEUHOVO (KUTTOpPLK ospd H1299) Kol KapKLVIKA

kUTTOopa pootol (MDAMB231) £6sl€av mwG N Tapaywyr TOU 0-KETOYAOUTAPLKOU YiveTal
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KUplwG pEow tou povomatiol tng GDH (Jin kat ouv. 2015) kat mw¢ n analowdpn g
GDH1 elattwvel tov MOANAMAQCLOOUO TOV KOPKWIKWY KUTTAPWVY KOL CUVETIWG TNV
avamntuén tou oykou. H GDH éxeL ouoyetiotel kat pe tn BloAoyio tou avBpwrivou
vAowwpartog. Exel deyxBel mwg kUTTOpA YAOLWHOTOC TA OTMola PEPOUV OCWUATIKEG
petallagelg tng IDH1 (isositrate dehydrogenase 1), tou eviUMOU TIOU WETATPETEL TO
LOOKLTPLKO OE 0a-KETOYAOUTOPLKO, Tapouatalouv avénon g Ekppacng (upregulation)
Twv yovidiwv GLUDI kat GLUD2 (Chen kat cuv. 2014). H mpocappoyn auth odnyel ta
KOTTaPA YAOLWHATOG VO XPNOLUOTIOOUV WG €VAAAQKTIKO TPOMO Tapaywyng Tou o-
KEToyAouTtaplkoU To povonadrtt tng GDH, to omoio xpeltdlovtal yio Tov TOAAQTTAQCLOCUO
TouG. H avaotoAn ¢ ékdpaong Twv GLUDI kot GLUD2 og KUTTOpa YAOLWUOTOC TIOU
dépouv tn petdAhaén IDH1-R132H eAATTWVEL ONUAVTIKA TNV avamtuén tou oykou (Chen

Ko ouv. 2014)
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KEDAAAIO 2°: 3KONOZ EPTAZIAZ

JKOTIOG TNC TapoUuoac €pyaciog eival n HEAETN €VOC TELPOUOTIKOU SloyoviSlakou
HOVTEAOU HUOG oToV omoio €xel eloaxBel e tuxaia évBeon péow tng texvoloyilag BAC
UEPOC TOU avOpwIlVOU XpwHOoWHOTOC X TTou TteptAapBavel To yovidio GLUD2 kat Tig
TIPOKLWVNTIKEG KAl pUBULOTIKEG TOou akoAouBiec. To Stayovidlakd autod Hoviélo dEpet
podl pe to yovidlo Glud1 mou kwdikomolel Tnv evboyevr) yloutapiki adudpoyovaon Tou

HLOG (opoAoyn tng hGDH1) kat éva dgUtepo yovidilo mou kwbdikomolel tnv hGDH2.
Jtoxol tng datplBrg Nrav :

1. n emPePaiwon t™g €kdpaong tou OSlayovidiou OTOUC LOTOUC TOU
Slayovidlakol {wou pe
a. MEAETEC OVOOOOMOTUTIWONG VA LOTO KOl OE ETUEPOUC TIEPLOXEC
LOTWV WE ELOKO evdladépov (m.x. eykEDaiog)
b. peléte¢ avoooiotoxnueiag kat Suthou avoocodpBoplopol Ue
€161KOUC KUTTAPLKOUG OEIKTEG
2. n enidpaon t™ng €kdpaong tng GDH2 &layovidlakng mpwteivng otn
OUVOALKN eVIUULKA EVEPYOTNTA KAOE LOTOU LE in Vitro eVIUULKEG LEAETEG
3. n avayvwplon Tou LOTIKOU Kal KUTTAPLKOU MPOTUTIOU TNG SLoyoviSlakng
npwteivng hGDH2 oto MEPAUATIKO HOG HOVIEAD KAl N oUYKPLON TOUG HE
TO AVTLOTOLXO TOU OVOPWTIOU HE TO EPWTNHA AV EXEL ETUTEUXOEL 0 0TOXOG
yia éva efavBpwmonoinuévo GLUD2 Siayoviblakd poviédo mou Ba
ETUTPEPEL TNV HEAETN KAl KaTavonon tou poAou tng hGDH2 otn BloAoyia
TOoUu avBpwrivou opyaviopou
4. nxaptoypadnon tou ¢pavotumou Tou {wou e
a. avamtuélakég petpnoelg (yévvnon, oavamtufn, OTEPEOTUTILKN
ouunepipopd, Tpixwua, ARdn tpodng, avénon Bdpoug,
avarnapaywyn, enpiwon)
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b. BloxnuKeég uetpnoelg (LETpnon YAUKOING, LvoouAivng)
C. HopdPOAOYIKEG LEAETEG TIEPLPEPLKWY OPYAVWY KAL VEUPLKOU LOTOU
i.  Lotohoyla Baoikwv opyavwy mou ekdpalouv tnv hGDH2
ii. Aemtopepeilc LOPpPOAOYIKEG LEAETEG VEUPLKOU OUOTHATOG
1. adpn nopdoloyia LOTOAOVYIKEG Kall
OVOOOLOTOXNMLKEG XPWOELG
2. Aemtn popdoroyia KNI-xpwon Golgi yia pétpnon
SevopLTIKWY aKAVOWV
d. ouumeplPOPLKEG LEAETEC
i.  Kwnukotnta
ii. ayxog
iii.  pvAun

iv.  movog
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KEDAAAIO 3° : YAIKA KAl MEOOAOI

3.1. Awaxeipion mMepAPATOlWWYV - SLACTAUPWOELG

Ta nelpapatolwa (LUEG) Tou xpnaolponolBnkav 6to cUVOAO TNG LEAETNG OTEYAOTNKAV
UNO TIC TpoPAemoueveg ouvbnkeg oe meplBallov Bepuokpaciag 22+2 °C, OXETIKAG
vypaociog 55+5% kat evaAlayrg Tou KUKAOU okOToug/dwtog kabe 12 wpeg. OL kKAwpPol
dUAagng eixav TG KATAAMNAEG Sla0oTAcel], £€depav OTPWHVH KAl TNV KOUTAAANAN
noootnta tpodng Kat vepol. AmodelxOnke n ektpodr MOAAWV APOEVIKWY LUWV OTOV
1610 KAWPSO Aoyw auv€nuévng emBetikOTNTAC METOED TOUG. Ol TMEIPOUATIKEG UEANETEG
Sle€nxdnoav cupudwva pe tig 0dnyieg tng Evpwrnaikng Evwong Kal Twv TPWTOKOAAWV
npootaciog kalL opBng petaxeipong tTwv wwv. Ta TEPAPATIKA TPWTOKOAA TIOU
akoAouBnBnkav otnv mapouca HEAETN €xouv AAPEL TNV E£YKPLON TNG ETULTPOTNG

MEPAPaTOlwwY TNG latplkig 2xoAng Tou Mavemnotnuiov Kpntng.

3.2 lovotunnon

Armtoudvwaon DNA ard totouc

TuAua Tn¢ oupdcg {wou nAkiag 10 nuUEPwWvV, XPNOLUOTORONKE yla TNV QATMOUOVWON
VEVETIKOU UALKOU Kal TNV yovotUTnon ywo TNV Ttekunpilwon tng Umapéng tou

aAAnAouyiag tou Stayovidiou oto DNA tou {wou.
Nepapatikn dStadkaoia:

e Houpad petadépetal oe cwAnvaplo tumou eppendorf dykou 1,5 ml mou mepLéxel
400 pL StaAvpartog Avong.

e (tail lysis buffer : 50mM Tris-HCI pH 8.0, 100mM EDTA pH 8.0, 100mM NaCl, 1%
SDS)

e [lpocBnkn 10 pL mpwrteivaong K (20 pg/ulL) kat emwon otng 55 °C O/N.

e [pooBnkn 100 pL 5M NaCl kat otn cuvexelo akoAouBel avadsuon yia 10 min.
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e Quyokévtpnon ota 13000rpm, RT yia 10 min amopdvwon Tou UTEPKEIEVOU OF
VEO OWANVApLo.

e [lpoacBnkn oou Gykou LoOMPOMAVOANG Kal ATILA AVASEUGCN YLt TNV AVAUELEN TWV
2 paocswv.

e Enwoaon otoug4 °C yia 30 min

e (Quyokévipnon ota 13000 rpm, 4 °C vy 5 min kAl omOpAKPUVON TNG
UTLEPKELUEVNC Paonc.

e [IAUon tng meAétag pe 70% albavoln

e Quyokévtpnon ota 13000rpm, RT yta 2 min Kol AMOUAKPUVON TNG UTIEPKELUEVNC
baong.

e EmavadidAuon tng neAétag o 30 pL ddH,0.

Moootikd¢ mpoadloploudc kot extipnon kadapotntoac DNA

2 uL delypatog (xwpic mponyoluevn apaiwaon) tonoBetolvial o GacUATOPWTOUETPO
unepwdoug-opatol  (UV/Vis) tonou Nanodrop. AkouAouBel pétpnon NG
amoppodnong ota 260nm kat ota 280nm Omou Kal AapBdvovial autopata Ta
QIMOTEAECHATA TNG CUYKEVTPWONG Kol TNG kaBapotntag (Aoyog Ajeo/Azso) TOU EKAOTOTE

Selyparoc.
Evioyvon tou evisuartoc ue tnyv texvikrn PCR

OL EKKLVNTEG TTOU XpnotpomolBnkav yla tn yovotumnon twv Tgl3 kat Tg32 {wwv eival

eld1kol yla tnv aAAnAouyia tou GLUD2 yovidiou Kot mopouotalovtal mopaKatw:

F: 5'-TGAATGCTGGAGAGTGACA-3’
R: 5-TGGATTGACTTGTTGAGAATGG-3’

Avayvwpilouv kat uBpldomolovvtal oe elOIkEC ywor TNV GLUD2 meploxeg Kot

noAamAactalouv pia meploxn peyéoug 421 bp.
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PCR mix

Buffer C Kapa Taq 5x 4
MgCl; 25 mM 1
dNTPs 2 mM 2
Primer Forward 5pmol/uL 1
Primer Reverse 5pmol/uL 1
Kapa Taq DNA polymerase 0.2
DNA template 50ng/uL 1
ddH,0 11.8
JUVOALKOG OyKOoG avtibpaong 20

Mivakag 1: Anautovuevol oykot avtibpaotnpiwv yla uio avtibpacn PCR ouvoAikou
Oykou 20 uL

Mpoypappa oAAamAactoopol Tunpatog DNA peyéBoug 421bp:

Apxkn amodlataén 95°yia 5 min

Anodiataén 95°yta 1 min }
YBpLdLopog EkkvnTwy 56°yia 1 min J 40 kOkAot
Erupnkuvon 72°ywa 1 min

TeAwn Empnkuvon 72° yia 10 min

AmobBnkevon Selypdtwy 4° oo

Mototikn avaAvon tou DNA o€ nnktwua ayapolng

H molotiky avaluon Twv Selypatwy €ywve Pe nAektpodopnon o MAKTWHA ayapolng.
Katda tnv nAektpododpnon, €MITUYXAVETAL O SLAXWPLOUOG €VOG UIYUATOC YPOUULKWY
popiwv DNA og {wveg, oL omoleg yivovTal OpaTEG e MPOCSONKN OTO MAKTWHA XPWOTIKNC

niou deopevetal oto DNA kot pBopilel 6tav ektebel oe umeplwdn aktvoBoAia (UV).
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Ta delypata avaplyviovtal Pe tov Kat@AAnAo 6yko dtalupatog poptwong (4x Orange
G loading dye) kaL nAekpodopouvtal o 1,5% mAKTwHA ayapolng Tou TEPLEXEL TN
xpwotiky Gel RED (Gel RED Nucleic Acid 10.000X, Biotium, CA, USA) (3uL/100ml
StoAUpartog ayapolng) ota 100 V yia 1h.

3.3. Opoyevonoinon LWoTwv Kal aneAevOEpwon KUTTAPLKOU TIPWTEIVIKOU
EKXUAilopatog

Ta nelpapatolwa untofailovtal os euBavacia pe e€ApPBPWON TNG AUXEVIKAG LOlpaG TNG
omovSOUALKAG oTtAANG. Me mpoooxn adalpolvtal oL amalTtoUpEVOL LoTol Kal EemAévovtal
oe tPUPAlo mou mepléxel StaAupa 1X PBS kol otn ouvéxela KOBovtol O HLKPOTEPQ
TUAMATO KOl TOMOBETOUVTAL OTOV TIAYO OV TPOKELTAL VA XpnolpomnolnBouv aueca n

TomoBeTouvtat otoug -80 °C yLa LeAAOVTLKA XpPron.

OL amopovwpévol Lotol Juyilovtal Kal ovapulyvUovtolL LE TOV OIALTOUPEVO OYKO
Stalupdtwy Abong wote va emnttevyxBel 20% Stahupa LotoL (w/v) oto omolo mepLlexovrot
avaoToAei mpwteaowv (protease inhibitor cocktail, Calbiochem). ¥tn ocuvéxela o kaBe
LOTOG OLOYEVOTIOLELTOL PNXOVLIKA OE YUQALVO OHOYEVOTIOLNTH KWVIKOU OXAHOTOC TUTIOU

Dounce.
Nepapatikn dStadkaaoia:

e Opoyevomnoinon Selypdtwy Pe xprion StaAupatog Auong

e Enwaon og mayo yta 30 min

e Quyokévtpnon og 11.000 x g yia 20 min otoug 4 °C

e Metadopd TOU UTEPKEIUEVOU (TMPWTEIVIKO EKYXUALOMA) O OWANVAPLO TUTIOU

Eppendorf éykou 1,5 ml
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10X PBS

1,37 M NaCl

27 mM KClI

100 mMNaHzPO4

18 mM KH,PO4

Mivakag 2: Noapaockevn dtaAvuatoc 10X PBS

Lysis Buffer I pH 7,4 Lysis Buffer II pH 7,4
10 mM TrisHCIpH 7,4 10 mM TrisHCIpH 7,4
0,5 mM EDTA 0,5 mM NacCl

1% Triton X-100 1% Triton X-100

Mivakag 3: Moapaokeun StaAduudtwy AUONC yLa THV OUOYEVOTTOINCN LOTIKWV SELYUATWY

3.4 EVIULKEG LEAETEG

H dpaoctnplotnta tng GDH petpnBnke ¢paopatookomikd ota 340nm otnv katevubuvon
NG AVOaywyLKAG apivwong tou a-ketoyAoutapikoU (Colon kat ocuv. 1986). H puéBodog
otnpiletal otnv eAattwon tng anoppodpnong tou NADPH (mou mapouocialel daocua
anoppodnong Ue kopudr peyaAlTtepng Evtaong ota 340nm) w¢ CUVETELA TNG UElwONG
NG OUYKEVTPWONG TOUu AOYyw Katavailwong, katd tnv avtibpaon. H taxlutnta tng
avtibpaong petpdtal wg petaBoAn tng amoppodnong otn povada tou xpovou (Adyog
dAssonm/dt) oto THAHA TOU ypadrupatog amoppodnong-xpdvou Omou n petoPoln

TIAPOUEVEL YPAUULKN (kaTd kavova yia 30 sec).

To pMelypa NG mpOTUTMNG aviidpaong eixe oyko 1 ml kat mepleixe 50 mM
Triethanolamine HCI buffer pH 8,0, 100 mM ammonium acetate, 150 mM NADPH «kau
2,6 mM EDTA (TRA buffer pH 8.0). Ot avtiSpaoelg mpaypatonowfnkav oe Beppokpacia
25°C.
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Na va kaBoplotel n ek OSpaoctikotnta (specific activity) tng GDH ota
opoyevormotjpata Hetpndnke n péylotn Spactnprotnta (dAssonm/dt) mou epdavilet
OPLOPEVOG OYKOG TOUG, KOL CUYKEKPLUEVA N eVIUMIKN Spactnpldtntd emi mapouciog
1mM ADP. 3tn cuvéxela HETPNONKE N MPWTEIVIKN cUYKEVTPWOn (mg/ml) Tou eviupikol

TIOPACKEVAOUATOG. O UTIOAOYLOWOG TNG ELOLKN G SpAOTLKOTNTOG EYLVE e BAGCT TOV TUTIO :

(dA3z40nm/min)
6,222 x Tl

SA =

OTou :

e SA (specific activity) n ek Spactikotnta oe pmoles NADPH/mg mpwteivng
ava Aento

® dAsznm/Min n petafoAn tng amoppodnong ota 340 nm avd Aemtd otnv
avtibpaon

e [l n moootnTa TNG MPWTEIVNG TOU TEPLEXEL TO TPOG HeAETn Selypa, n omola
LooUTOL HE TNV TIPWTEIVIK CUYKEVTPWON opoyevomnoljpatog (o mg/ml) emi tov
oyko (og ml) tou delypatog mou xpnoLomoLBnKe otnV EKACTOTE HETPNON.

® 6,222 eival o cuvteAeotr¢ anoppodnong tou NADP ota 340 nm.

MpOTLT) avTidpaon

TRA buffer pH 8.0 1 ml
sample X UL
NADPH 10 pL
100 mM ADP 10 pL
o-ketoglutarate 20 pL

Mivakag 4: Oykot amattouuevwy avtbpaotnpiwv yie 1 ml  mpdtunng avtibpaong
UETPNONG NG EVIUULKNC Spaotnplotntog ¢ GDH ota 340 nm.
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3.5. HAektpodoOpnon TNPWIEIVWV OE  ONMOSLATOKTIKO  THKTWHO
akpuAapidng (SDS-PAGE)
Me tn péBodo autn emtuyxavetol SlaxwpLoPOG evog Uiypatog mpwteivwy pe Baon to

HOPLAKO TOUC BAPOUG, KATW OO ATOSLOTAKTIKEG CUVONKEG.

Xpnowomnotntnkav mnktwpata Staxwplopou (resolving gel) ouykévipwong 10% (w/v)
akpulauidng/bis-akpulauibng kat otoifagng (stacking gel) 4% (w/v) akpuAauidng/bis
aKpUAQuidNG maxoug 1 1 1,5mm avdaloya e T OVAYKEC TOU TEWPAUATOC. lNa tov
Xpnolpomnoleital 0,01% TEMED

TIOAULLEPLOUO Twv TINKTWUATWV

(Tetramethylethylenediamine) kat 0,1% APS (Ammonium Persulfate).

H npoetolacia Tou mNKTWUATOG TOAUAKPUAAUISNG KOl N TOTIOOETNGCN) TOU OTN CUCKEUN

yilvovtal cUpdwva pe TIc 0dnyleg TNG KaTaokeuAoTpLag etalpeiacg (Biorad).

Ta MNKTWHOTA TTAPOACKELACTNKAV WG EEAG:

TKTOUX Staywplopov 10% KT entetoifaing 4%
ddH,0 6,15 ml ddH,0 6,1 ml
30% acryl/Bis-acryl 4,95 ml 30% acryl/Bis-acryl 1,3 ml
1,5 M Tris-HCl pH 8.8 3,75 ml 0,5 M Tris-HCl pH 6.8 2,5 ml
10% SDS 150 plL 10% SDS 100 pL
10% APS 75 pL 10% APS 50 uL
TEMED 7,5 uL TEMED 10 pL

Mivakag 5: Moapaokevun nnktwuato¢ moAvakpuAauidbne Imm yia SDS-PAGE

Ta delypata dpoptwvovTtal 0To THKTWHO TTOAUAKPUAAUIONC adou npooteBel o auTto TO
el8IkO Slalupa nAsktpodopnong Selypartog (2x sample buffer) kat emwaoctolv yla 5
Aemtd otoug 95° yla va anodlataxbouv. H mapouoia pepkantoatBavoAing oto Stdluvpua
TiPOKAAEL avaywyn TwV SLIooUAPLSIKWY SECUWVY TWV TIPWTEIVWY. MNa Tov owoTto €Aeyxo

TOUG KalL TN olyKplon Twv Selypdtwy dpoptwvetat Kat KATAAANAOG TPWTEIVIKOC SeiKTNG.
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AkoAouBel nAektpodopnon oe €16k cuokeun He StaAupa nAektpodiwv (1x Running

Buffer). H nAektpodopnon yivetal uno otabepr taon 90V ywa 600 xpovo ta Selypata

Bplokovtal oTo MAKTWUA MoTolBagng kat otn cuvéxela ota 150V.

2x sample buffer

10x Running Buffer (1L pH8.3)

10 % SDS 30.3 g Tris Base
5% 2-mercaptoethanol 144 gglycine
glycerol 10 gsSDS

0,5 % bromophenol blue dd H,0

0,5 M Tris HCl

Mivakag 6: Mapaockeun StaAvuatoc nAektpopopnonc Seiyuatoc (sample buffer) kat
StaAvuartoc nAektpodiwv (running buffer)

3.6. Avixveuon npwTteivwv pe avoooanotunwon kata Western (Western

Blot)
JKOTOG TNG TEXVLKNG €lval n aviyveuon HlOG CUYKEKPLUEVNG PWTEIVNG HEoA O €va

HElYHO TIPWTEIVWV HE TN XPHON AVTIICWHATWV.

Metd to SLAXWPLOUO TWV TPWTEIVWV OE TNKTWUA TIOAUOKPUAQUIONG oL MPWTEiveg
HETAdEPOVTAL LE NAEKTPOATIOTUTIWON KAl TipoodévovTal o€ HEUPBPAVN VITPOKUTTAPLVNG.
Jtnv mapovoa datplpn xpnolpuomnotntnke to cuotnua vypnc petadopag (Wet Transfer)
o€ ouokeun NG Biorad kal oUpdwva pe TIC 0dnyieg tou Kataokevaotn. H Sdwataén
TINKTWHOTOG-UEUPBPAVNG TOTMOOEeTEITOL OTN OUOKEUN NAEKTPOUETAPOPAG META TNV
npoodnkn pubuLoTtikol StaAvpatog petadopdc (1x Transfer Buffer: 20% methanol in 1x

Running Buffer) kat ebpapuoletal pevpa €vtaong 350 mA ywa 1h.

AdboU oAokAnpwBel n nAektpouetadopd Twv MPWTEivwy, N HEUPBpavn enwaletal Ue
SlaAvpa kaAuPng Twv pn edkwv Béoswv mpoodeong Twv aviiowpdatwy (blocking

solution: 5% amoyxo amofnpapévo yala os okovn oe 1x PBS-Tween) pe tautoxpovn
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Ama avadeuon yla 1h oe Bepuokpaoia SwHATIOU. 2Tn CUVEXELA N LEUBpPAvVN enwaleTal
(O/N otoug 4 °C) pe to €KAOTOTE £L6IKO yLOL TNV MPWTEVN AVIIOWHA, APALWUEVO O 5%
yaAa OSlwaAupévo oe 1x PBS-Tween, avaloyo WHE TG OIOLTAOEL TOU €KAOTOTE
TepApaToC. AkoAouBel emwoaon pe To SeutepoyeveC avtiowpa yla 1h o Bepuokpaoia
dwpatiov. To deutepoyevég avtiowpa eival culevypévo pe to €vlupo HRP (horse
raddish peroxidase) to omoio avtidpad pe e€wyeveg MPOOTIOEUEVO UTIOCTPWA, TO OTOLO
TepLEXEL uTtepoeidlo Tou udpoyovou (H,0) kat AoupvoAn (luminol) (Pierce ECL Western
Blotting Substrate) kat ekméunel ¢wg (aviibpaon xnuelopwravyelag). Me auvtdov tov
TPOTO  €MUTUYXAVETAL 1N  gudavion Twv TPoodlopllOPEVWY TPWIEIVWY  OF

XOPAKTNPLOTIKEG OKOUPOXPWHESG {wveg (bands).

Ta avTlowpata ToU Xpnollomoliénkav yla thv avocoamotunwon katd Western

TIEPLYPAPOVTAL OTOV TAPAKATW TVOKAL:

‘Ovopa IpoéAevon | TVToG E¢eSikevon | Apaiwon
AVTLOWLATOG AVTLOMNATOG oe WB
a-GDH (non- | Biodesing MoAUKAWVLKO Mouse,Rat 1:5000
specific) International (rabbit) Human,Bovine
a-GDH2 Spanaki kat | MoAUKAWVLKO Human 1:3000
ouv. 2010 (rabbit)
a-GDH (specific | Aviva MoAUKAWVLKO Mouse,Rat 1:5000
for hGDH1) Systems (rabbit) Human
Biology
Goat  a-rabbit | Milliopore Rabbit IgG | 1:2000
HRP-conjugated (H+L)

Mivakag 7: Avtiowuata mou xpnoLuonotiidnkay Katd tnv avoooanotunwon
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3.7. Movionoinon lotwv yLo KPUOTOUEG

Muecg kataAnAng nAkiag avaioBntomolovvtal Babld pe evdomepotovaikn xoprynon
nievtoBoapBrtaing (DOLETHAL) oe cuykévtpwon 140ug/gr {wou. H gykatdotacn Kot To
Babog tng avalobnoiag Tou {wou eAEyXETAL HECW TNG OUMWAELNG TOU OVTAVOAKAQOTLKOU
Tou SaKTUAOU. TN ouveéxela ta {wa HeTadEPovTal O amaywyo £otia Omou yivetal n
Sladikaoia tng evéokapdiakng dtBnong (transcardial perfusion). Metad anod tn diatoun
ToU Bwpakog Tou {wou, AIMOKAAUTITETOL N KapdLd Tou, oTNV apLloTteP Kolia Tng omolag
gloayetal BeAdva, anod TNV omoio MoPOXETEVETAL LECA ATO €va CWANVAKL Kal oTtaBepn
por), apxwa to PBS kal otn ouvéxela n mapadoppoAdeidn (PFA). XoapakKTnpLloTikn
€VOELEN OWOTNAG AMOMAKPUVONG TOU aHaToq elval n aAlayr TOU XPWHOTOG TOU ATOTOG
EVW N auBopuntn kivnon twv akpwv tou {wou (.. oupad) eival €véelfn emtuxng pong
TOU povidormolntikol péoou (PFA). T kdBs Two amattovuvral mept ta 30-40 ml
StaAupdtwy PBS kat PFA. Otav oAokAnpwBei n Stadikacia, anopovwvetal o eykEaiog

KoL Ta IEPLPEPLKA OpyavaL.

Ot Lotol tomoBetouvtal og 20 ml StaAvpatog 4% napapodopualdeiidbng oe 1xPBS otoug

4 °C yiwa 30 min. Ztn ouvéxela akoAouBel n e€ng nelpapatiky Stadikacia:

® 3 xmAUosLc pe 1xPBS

® TomoBETNON TWV LOTOAOYLKWVY TTOPACKEVAOUATWY o€ StaAupa 30% coukpolng o€
1xPBS otouc 4 °C, ew¢ 6tou kataBublotolv

e ‘EykAelon Twv Lotwv o€ MAKTWHA 15% coukpolng kat 7,5 % lehativng oe 1xPBS

e [laywpo TOU LOTOU O€ LOOTIEVTAVLO, oTouc -45 °C kat ¢puAaén otoug -80 °C

e KatdTtunon Twv LoTWV UE TN XpRon Kpuotopou (-25 °C) oe Topég mayoug 30um.

To LOTOAOYLKG TTOPACKEUACHUATA TOU EYKEPAAOU TepaxioTnKAV O oTedaviaieg TOUEC, oL
omole¢ ev ocuvexeia KOAANOnkav celplakd o BeTIKA POPTIOUEVEG OVTIKELLEVODOPEG

TIAQLKEG.
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PFA 4% Stadvpa covkpolng 30% | StadAvpa gelatin
(500 ml) (100 ml) (500 ml)
20 gr PFA 30 gr sucrose 75 gr sucrose

1X PBS péxpL tov TEAKO

OyKO

1X PBS péxpt tov TeALKO

OyKO

37,5 gr gelatin

1X PBS péxpL tov TEAKO

OyKO

Mivakag 8: lNapaokevun amoapaitntwVv SIKAUUATWY ylo TNV UOVIUOTIOINGN LOTWV Yld
KPUOTOUEC

3.8. Moviuonoinon lotwv o€ napadivn

H Swadilkacia mou akoAouBnbnke eival mopopold PE TNV UOVILOTOLNON LOTWV yla
KPUOTOMEC HE TN Sladopd MWC WG HOVILOTOINTIKO UECO XPNOLUOTIOLEITAL OUBETEPO
puBULOTIKO SLdAupa PopudAng 10% , evw petd tnv oAokAnpwon tng Stadikaoiag tng
evbokapblakng d1nOnong oL adatpoupevol LoTol TomoBeTovvTal 0TO €V AOyw SLAAUUA

yla 40 min wWOTE 0T CUVEXELQ OL LOTOL VO EUTTOTLOTOUV o€ mapadivn.

H eumotion Twv otwv pe mapadivn, n onoia dielodvel og autolg Spwvtag wg GuoLkod
OTNPLKTIKO UECO, KOOLOTA TOUC LOTOUC SUCKAUTTOUG KAl TIO OVOEKTIKOUG KaTtd TN
Sladkaoia TepaXIOUOU Toug o TOUEG. Etol eival duvatov n Andn wWlaitepa Asmtwv
Topwv. MapaAAnAa Slatnpeital aképata n mPo BavATou apXLTEKTOVLKA SO TWV LOTWV.
MpLv TNV OKAVWON TWV LOTOAOYLKWYV TIOPACKEUOOHATWY Ttponyouvtal 2 KUPLEC GACELS N
adubdtwon kat n Olalvyacn Twv OelypdTtwy, OL OTNOlEC TpaypatonolouvIal
OUTOMOTOTOLNMEVA OE LOTOKLWVETA (oUotnua enefepyaciog LoTou). TEAKA TA LOTOAOYIKA
TIAPOOKEVACHATA oKNVwvovTal o€ KUPBoug mapadivng Le T xpron €W0IKWY ekuayeiwy
kol puldoocovtal oe Beppokpacia Swpatiou PHEXPL va TEPOXLOTOU OE TOUEG Tayxoug 10
(LkpoTOpOC) -30 um (KpUOTOMOG) avaloya e TV Melpapatikny Stadikacia otnv omnoia

Ba xpnopomotnbouv.
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3.9. AvocodBopLopag

Me TNV TeEXVIKA TOU avooodBoplopol avixveletal Tomoypadlkd n €kdpacn €vog
yovibiou oe enimedo mpwrteivng. H yevikn apxn tng puebodou PBaoiletal otn xprnon
QVTIOWMATWY TO Oomola otn ouvéxela onuaivovtal pe ¢Bopilouoeg XPWOTIKEG TOU
ETUTPEMOUV TNV QVIXVEUON TNG TPWTEIVNG evOladEPOVTOC OE  LOTOAOYIKA
TAPACKEVAOUATA. 2TO TAAiolo TG mapovoag Slatplprg oL mpwrteiveg evdladEpovtog
QVLXVEVONKOV HUE TNV TEXVLKN TOU EUPETOU 0voo0odBOOoPLoUOU (TTPWTOYEVH TTIOAUKAWVLKA
QVTLOWMOTA AVEU POOPLOXPWHATWY - OEUTEPOYEVH OAVIIOWUATO EMLONUOOUEVO E

dBopilovoa xpwoTikn).
a. Avooo@0opLoUOC O KPUOTOUEC
Mepapoatikn dtadikaoia :

® AEUTEPOYEVIC LOVILOTIOINON TWV TOUWV 08 SLAAupa aketovng 100% yio 8 min
otou-30 °C

e [M\UOoELg TwV TOHwV yla 5 min og 1X PBS, RT (x3)

e KdaAuyn twv un €8kwv Bécewv nMPoodeons TwV avILOWUATWY UE 5% Bovine
Serum Albumin (BSA) o€ 0,5% Triton X-100 o€ 1X PBS (blocking solution) yia 1 h
,RT

e EnMwaon TwV TOUWV E TO EKACTOTE MPWTOTOYEC AVIICWHA, OPALWHUEVO avAAoyal
HE TIC aVAYKECG TOU MElpapatog o€ blocking solution, O/N otoug 4 °C und R
avadeuon.

e [M\UOoELg TwV TOHwV yla 5 min og 1X PBS, RT (x3)

e Enwaon tTwv Topwv Pe Ta KatdAAnAa dsutepotayn avtiowpata ywa 1 h, unod
ouvOnkeg okotoug, RT

e [M\UoeLg TwV ToHwV yla 5 min og 1X PBS, RT (x3)

e Enwaon twv Topwv pe To-Pro3 iodide (Invitrogen) og apaiwon 1:2000 os 1X PBS
(wote va onuavBouv oL mupnveg) yia 1 min, RT

e [M\Uon Twv Topwv pe 1X PBS yia 5 min, RT
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e EmkaAuyn twv Topwv e KaAumtpida kot €61k cUYKOAANTIKE ouaia.
e AmnoBnkeuon Twv Topwv otoug 4 °C péxpL va mapatnenbolv oTo GUVECTLAKO

HLKPOOKOTILO.
B. Avooo@Boploudc¢ ToUEC Tapapivng

MpLv TNV EMWOON TWV TOUWYV LOTWV LOVIUOTIOLNUEVWY PE POPUaAivn KoL EYKAELOUEVWV
o€ nmopadivn HE TO MPWTOYEVECG aviiowpa, Ba mpémnel akoAouBnbouv ot Sladikaacieg
¢ amomnapadivwong, evuddtwong  Kal tNG BepUKwE EMAYOUEVNG AVAKTNONG TOU

gmitomnou.
MNewpapatikn dStadikaoia:

e Anonapadivwon ToUwV:
OL Topég tomoBetouvtal oe KAiBavo otoug 56 °C ywa 20 min KOl OTn GUVEXELA

euBarnrifovrat og Stalupa EUAOANG yia 10 min (x3).

e Evudatwon twv Topwv o Katovoa Babuidwon SlaAupdtwy aAkoOANG:
EpBarmntion og StdAupa aAkooAng 100% yia 1 min
Euparntion oe dtaAupa aAkooAng 96% ywa 1 min
EpBarmntion og StaAupa aAkooAng 80% yia 1 min
Epparntion oe Stahupa aAkooAng 70% ywa 1 min

e Eppamntion Twv Topwv o€ amnoviouévo vepo (dH,0)
® OEPULKWC ETMOYOLEVN OVAKTNON EMITONMOU HE TN XPNon SLoAUHATOG aVAKTNGoNG

otoxou.

AkoAoUBEL N emwaon HE T KATAAANAQ TIPWTOYEVH AVTLOW LATA OTIWE TIEPLYPADETAL OTN

Sladikaoia ylo KpUOTOUEG.
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‘Ovopa MpoéAgvon | TOToG E¢elSikevon | Apaiwon

AVTLOWLATOG AVTLOWLATOG oeIF

a-GDH (non- | Biodesing MoAUKAWVLKO Mouse,Rat 1:5000

specific) International (rabbit) Human,Bovine

a-GDH2 Spanaki  kat | MoAUKAWVIKO Human 1:3000

ouv. 2010 (rabbit)

a-GDH  (specific | Aviva Systems | MoAukAwVIKO Mouse,Rat 1:5000

for hGDH1) Biology (rabbit) Human

a- NeuN Millipore MOoVOKAWVLKO Mouse, Rat 1:4000
Mouse 1gG1

a- GFAP Sigma MOVOKAWVLKO Mouse, Rat, | 1:2000
Mouse 1gG1 Human, Pig

a- Olig2 Millipore MOVOKAWVLKO Mouse, Rat, | 1:1000
Mouse 1gG2 Human

a-insulin Thermo MOVOKAWVLKO Mouse, Rat, | 1:200
Mouse 1gG1 Human

Mivakac 9: MpwToyeVH QVTICWUATA TTOU XpNotluonolndnkoy Kata Tov avacopBopLouo.

3.10. Xpwon wotwv pe atpoatofudivn/nwoivn (H&E)

Ta Selypata twv otwv emnefepydotnkav pe xpwon Awpatofulivng/Hwoivng (H&E)
TIPOKELUEVOU va afloloynBel pikpookomika n adpry toug popdoloyia touc. Me tn
pnEBodo autn pmopel va eheyxBel n popdoloyia TwWV KUTTAPWV 1 O LOTOG KATW oo
OTITLKO ULKPOOKOTILO KoL va SlamiotwBouv tuxov onuavtikéG SOpLKEG aAAOLWOoELS. Ta
Baosodlha oTOlKElD TWV KUTTAPWV (TMUPAVEC,

atatouAivn (UmAe R LwP xpwpa) evw T 0EEODIA KUTTOPOTTAQCUATIKA CUOTOTIKA

xpwpatilovral pe nwaivn (podoxpwua).
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Mepapatikn dtadikaoia:

Anonapadivwon Topwv:

OL topég tomoBetouvtal o€ KAiBavo otoug 56 °C yia 20 min Kol OTn OUVEXELA

euBantilovral oe Stalupa EUAOANG yia 10 min (x3).

Evubatwon twv Topwv o katovoa Badbuidwon SlaAupdtwy aAkoOAng:

Eupantion o dtaAupa aAkooAng 100% yia 1 min

EpBarmntion og StaAupa aAkooAng 96% yia 1 min

EpBamntion oe StdAupa aAkooAng 80% yia 1 min

EpBarmntion og StaAupa aAkooAng 70% yia 1 min

EpBarntion Twv Topwv o€ armoviopévo vepo (dH,0)
Enwaon topwv oe awpatofulivn (Papanicolaou’s solution 1a Harris’ hematoxylin

solution, Merck Millipore) yia 15 sec

‘EkmAuon Ue vepo Bpuong

Epparntion Twv Topwv o€ SLaAupa oviopévng aAkooANng 1%, otyplaio

Epparntion Twv topwv o€ StdAupa Atbiou 10% yia 15 €wc 30 sec

‘ExmAuon Ue vepod Bpuong

Enwaon Twv topwv o nwoivn (Eosin Y solution 0,5% alcoholic, Merck Millipore)

‘ExmAuon e vepod Bpuong

Adudatwon Twv Topwv og aviovoa Babuidbwon StaAupatwyv aAKoOANg
Epparntion Twv topwv o€ StdAupa EUAGANG yia 10 min (x2)

ErukaAun Topwv pe KaAUTITpiSeC Kot €8LKN KOAAQL.

3.11. Métpnon Bapoug nepapatolwwv

MNa tov mpoodloplopd Tou PBAapoug Twv MEelpapaTolwwy Xpnoltonolndnke Tuyapld

akpBelag kol éva MAAOTIKO SOXELO yla TNV TOMOBETNON TOUC KATA TN SLAPKELD TNG

Quylong touc. OL HeTpAOELS yivovtav avta TV 6o wpa. Ta Bapn kataypddnkav Kal
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Kataxwpndnkav o Bacn deSouEVwy Kal 0T CUVEXELD avOAUBNKAV O TIPOYPOUA YLa

™ Sle€aywyn ypadnuatwv.

3.12. AyoAnyia

Avaloya PE TIG QVAYKEC TOU TELPAMATOC (moodtnta Selypatog, ouxvotnta cUAAOYNAG
Selypartog) cuAMEXBNKaV MOCOTNTEG AUMOTOG E(TE ATO TNV 0UPA TWV TELPAUATOIWWV
elte amo tnv npoéobila mpoowrniky GAERa. Ze kABe mepimtwon AndOnkav Ta anapaitnta

HETPA YL TNV amoduyn MEPALTEPW alpoppayiag kot péAuvong.

TAeupkn PAERa

oupaiog
oTtoVEUAOG

POOoOLA TPOOWITLKN
dAEBa

KOLaKr aptnpia

Ewkova 15: Synuatikn Avamapaotoon Tormoypa@iac a. ¢ mpootiac TMPOCWITIKNAC
PAEBac. Ewikova avadnuoaotevuévn amo The anatomy of the laboratory mouse Margaret
J.Cook Academic Press 1960 8. tn¢ mAeupiknc A£Bac kat kKolALlaknc aptnpioc T oupac
TwV {WwVv.

3.13. Métpnon emunédwv yAukolng vnoteiag aipatog (FBG)

Ot pueg umtoPAnBnkav os 12wpn (KUKAOG okOTOUG) 1 6wpn vnoteia (KUKAOG PwWTOG) Kal
OTn OUVEXELA UETPNONnKav ta emineda YyAUKOING OTO aAipo HE TN XPNon YAUKOUETPOU
(Contour® Next One, Ascencia Diabetes Care) koL Xprion ToWLWV UETPNONG CAKXAPOU
(Contour Next testing stripes, Bayer). H awuoAnyia €ywve amd mpooBla TPOoWTLKA

dAéBa og Lwa o ATAV OE gypriyopon.

3.14. Aokipaocia avtiotaong otn YAukoln
Ot pueg Luylotnkav kat umoBAnBnkav o 12wpn vnoteia (KUKAOG okOToUG). AKOAoUBWC

HeTPAONKav ta emineda yYAUKOING vnoteiag oto aipa. H atpoAndia €ywve amo tnv oupa
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Twv {wwv Kabwg N melpapatiky Stadikaoia analtel emavaAopuBavoueveg UETPNOEL.
JTn ouvéxela xopnynobnke pe evdomepitovaikn €yxuon 1mg/g Stohvpoatog Se€tpolng
(35% (w/v) Dextrose Solution, Demo S.A). Ta enineda ¢ yAukolng petpndnkav 30, 60,
90 kat 120 min peta tn xopriynon tou dtalvpatog de€tpolng.

3.15. Aokipaoia avtiotaong otnv WWoouAivn

Ol pueg Luylotnkav wote va KaBopLoTel TO CWHATIKO Toug BAapog Kal urmtoBAnBnkav ot
5wpn vnoteia (KUKAOC pwTOG). 2T CUVEXELA LETPNONKaV Ta entimeda YAUKOING vnoTelag
aiparoc. H atpoAnia €ywve amd tnv oupd Twv I{WwWV. ITn CUVEXELM XOopnynonke
evbormepltovaikd 1l1U/kg cwpatikol Bapoug avBpwrivng wvooulivng (rDNA) (Actrapid
100 IU/ml, Novo Nordisk). Ta emimeda yAukolng aipatog petpnbnkav ota 15,30,60,90
kot 120 min JETA TN XOprynon tng voouAivng.

3.16. Ekouoia xoprynon Aeukivng

MNa va pewwBet o kivéuvog tpavpatiopol Twv Iwwv Kabwg Kat yia va pnv urtofAnBouv
oe pila otpecoyovo Ookipooia n omoia mOAvOoV va oAAOLWOEL TA TIELPAUATIKA
amoteAéopata, n xopnynon Aeukivng dev €ywve péow kabetnpa oitiong (oral gavage)
oA péow pag Stadkaoiag katd tnv omoia ta {wa €KOUOLO KATAVAAWVOUV €va
{eAebaKL TO omolo TEPLEXEL TNV amattoUpevn ocotnta Asukivng (0,25mg/g). H Aeukivn
EVOWHOTWVETAL O €va OTPOoyyuAoU OXAMOTOG OKEVOOWMO, TOU OTolou n yelon €xel
evioxuBel pe ocoukpaAoln, €va pn Beputdoyovo yAUKavTiko ou dev aufavel ta emineda
€KKPLONG TNG LVOOUALVNG KOl CUVETIWG TNG YAUKOING. ZKOTOG €ival va katadépouv ol
MUEG va. KatavaAwoouv To {eAedakl o pla kal povo mpoomddeta. MNa to Adyo auto
niponyeital pia nepiodog eknaidbevong (training period) cuvoAikng dtapketag 10 nuepwv
€TO0L wWote va femepacouv tn Statpodikn veodofia mou toug xapaktnpilel. Katd tn
SLapKeLa TNG TTEPLOSOU aUTAC, Ta {wa oTeEpoUVTAL TPOoBacng otnv TPodr Toug apxLKA
yla 12 wpeg (KUKAOG OKOTOUG) yLa TPELG SLOSOXLIKEG NUEPEC, EVW TO EMOUEVO SLACTNUA N
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otépnon tpodn¢ neplopiletal otig 6 wpeg (KUKAOG dwTdC). Kat otig U0 MEPUTTWOELS,
OTOUG HUEC poodEpeTal tpwTa To (EAESAKL (Xwplg Agukivn) Kot HETA N Tpodn TOouG. Tig
Televutaleg TECOEPLS NUEPEG TNG TEPLOSOU MPOCAPUOYNG TO TElpApATOlwa gixav
eAelBepn mpooPacn otnv TPodr TOUG KOL OE CUYKEKPLUEVN wPA, TOUG IPoodEPOnkKe

éva Lehedaki (xwplig Agukivn).

Tnv nuépa tou melpdparog ta Iwa umoBaAlovtol o€ vnotela KAl €V CUVEXELD
KOTAVOAWVOUV TO OKEVOOMQ, TO Omoio meplEXel Aeukivn. AkoAouBouv HETPAOELG
YAUKOING alpatog Kal WVOOUAlvnG opoU avAaAoya LE TIGC OVAYKEC TOU €KAOTOTE

TELPAUATOC.

okeVaopa ano gelatin kat covkpadoln (ywx 1 {eAedaki)

40 puL 20% (w/v) sucralose (Splenda) in drinking H,O

60 puL 14% (w/v) gelatin (Sigma) in 20% suclalose

leucine

Mivakag 10: Mapaockeun okevdouatoc ano gelatin kot coukpadoln

Ewkova 16: STiyuLOTUTTO OTO OToio (PaIVETAL N Yopnynon TOU OKEUXOUATOC YEANG Kol
ooukpaAolng oe melpauatolwo.
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3.17. M€tpnon erunédwv WWoouAivng opou pe Aokipaoia ELISA

OL poeg umoBAnBnkav oe 12wpn vnoteia kat akoAouBNnoe awgoAnyia eite amd tnv
npoobla MpoowTky aptnpia €ite amd tnv oupd Twv {WwV yla Tov KABopLopd Ttwv
ETUMESWV WVOOUALVNG opoU. To aipa ouAAéxBnke oe ocwAnvapla oykou 1,5 ml tomou
Eppendorf kat ¢puyokevrpnBnke ota 3.000 rpm yia 10 min, RT. To unepkeipevo (0pog
aiparog) ouAAéxBnke oe véa ocwAnvapla kot diatnprnbnke otoug -80 °C €wg OTOU
xpnotpornownBeil. Na tov mpoodloplopd twv emumESwy WWoouAivng opol pe tn uEBodo

ELISA amattouvtat 10 plL opou yia kaBe Seiypa.

H nuéBodocg ELISA eival pia unAng evaloBnoiag Texvikn avixveuong MPWIEIVWY O€ Eva
Selypa. Ztnv napovoa Siatplpn xpnowuomnotdnke to kit Mouse Insulin ELISA (Mercodia)
oUuPwva PE TIC 0Onyie¢ TOu KATAOKEULQAOTH. TO TPWTOYEVEC QAVIIOWHA E£VAVIL TNG
LVoOUALvVNG BplOKETAL AKLVNTOTOLNUEVO OTNV OTEPEA ETLPAVELA TNG HLKPOTIAGKAC KO EV
ouvexeia mpootiBetal to delypa to omoio MeEPLEXEL TNV UTO avixveuon MpwIteivn-otd)0
0€ AyvwoTn ouykévtpworn. AkoAouBel n mpooBrkn tou evlupo-culevypévou SeUTEPOU
OQVTIOWHATOC. TEAOC MPOOTIBETAL TO KATAAANAO UTIOOTPWHO (OXNUATIOUOG EYXPWLOU
TPOIOVTOG) KAl MEOW eVIUMLKNG avTidpacng avixveUeTal (WTOUETPKA TOoOTNTA
Tpoidvtog avaloyn autAg¢ NG TPwTelvng-otoxou ToU €Xel ouvdebel pe TO
OKLVNTOTIOLNUEVO aQvTiowHa. Mo TNV TOCOTIKOMOoinon Twv £€eTalOUEVWY SELYUATWV
XPNOoLoToLElTal KAUMUAN avadopdg rou yivetal pe SLadoxIkéG apalwoelg SLOAUPATOC

avadopdc tng mpwteivng evéladépovrod.

3.18. Aokipaocia avolytou nediov (open field trial)

H mewpapatikn diataén amnoteAeital ano eéva kKAwPoO kwvntikotntag (Ugo Basile, Varese,
Italy). O kKAwPO¢ (41 cm x 33 cm x 41 cm) Ppépel mAaotika Siadavr Towpoata. H
KWVNTIKOTNTA TWV HUWV Kataypddnke TtoOco amd PwrtokUTtapa Ta omola eival
TIPOCAPUOCHEVA OTOV KAWBO 000 Kal amo Kapepa n omola Atav cuvdedepévn pe

Aoylouko evtoropou (Smart 3.0 Panlab). Ta newpdpata Ste€nxbnoav petatv 09.30 mu
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kat 15.00 pu. Mo v amoduyrn oodpnTikwv otolxeiwv o KAwROg kabapllotav
e€oAokAnpou peTa amod kabe dokipaoia pe 70% atbavoAn kal okour{otav oXOAAOTIKA
HE OTEYVO XaptTi. ApxXlka To KaBe melpapatolwo sfoikelwvetal (habituation) pe tov
KAWPO KvNTIKOTNTOG yLo 3 CUVEXOUEVECG NUEPEC el 45 AemTd xwpig va kataypddovrtal
OL KLV OELG Tou. O mMapatnEnTrG AmoXwpel amo To SWHATLO WOTE N MAPOUGCLa TOU VAl NV
ennpedlel tn cupnepldpopd Tou Telpapatdélwou. Tnv 4" nuépa ot pUeg TomoBeTolvTal
otov KAwPO (évag kabe dopa) yla 60 Aemtd otn SLApKeLD TwV omoiwv BLvteookomeital n
Sdpaoctnplotnta tou {wou Kat kataypadetal n cupnepidopd tou. H wplaia kataypaodn
Slapédnke oe 6 Sdaotpata twv 10 Aemtwv. Katd tnv enefepyacio twv dedopévwv
eAéyxOnkav eKTOG Ao TV opL{OVTLA KLVNTIKA SpaotnpLotnTa, oL XpOvoL MapaUoviG TwY
TEPAUATOlWWY OTNV KEVIPLKA Kot Tepldepelaky {wvn Tou KAWPBOU OMWC QUTEG

kaBoplotnkav arnd 1o AOyLOUIKO EVTOTILOUOU.

3.19. Aokwpacio Oepuikng unepaAynoiag (Plantar test — Hargreaves’

method)

To Plantar Test (Hargreaves’ Method) &ivel tn Suvatotnta kataypadnig tng aviidpaong
tou {wou otnv TepLdePIkNG TpogAeuong emibpacng &vog umépuBpou Beppikou
epebiopatoc. O oudo¢ Tou AAYOUC TTIOU HETPATAL UTIOAOYIIETAL LE KPLTHPLO TN UETPNON
Tou AavOdvovtog xpovou amo TN Ootwyun ™ edpapuoyng tou epebiopartog otnv
neApatiaia emupavela Tou onicblou Akpou Tou Melpapatoélwou WG Kal TN OTyUR TNG
auBopuntNg anodcupong autou. H cuokeur mou xpnolgomnolibnke amnoteAovviav amno
€€L Badapoug og oslp@, dlaxwplopévous PETAEL Toug, oL omoiol Bplokovtav mavw oe
pla umepuPpwpévn yuaAvn emidpavela. Kabe pucg tomobetolvrav o€ £vav amo Toug £EL
BaAdpoug. Apxlka to Telpapatolwa efolkelwbnkav (habituation) oto xwpo Twv
BoAdpwyv yla €L nuépec. Katd tn Stdpkela tng doklpaciag TomobetnOnke pia Kwntn
Tinyn ekmoumnn¢ umépuBbpng aktvoBoAiag (Plantar test, Ugo Basile, Varese, Italy) kdtw
Qo TNV YUAALVN eTLAVELA KL OE ONUELO TTOU OTOXEVE TO omicBlo méApa tou {wou. H

Sdoklpaoia Eeklvoloe OTAV O TMEPAUATIOTAG EVEPYOTIOLOUCE TNV MNyN TG unépubpng
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aktwoPBoAiag evw Tautdxpova feklvouoe n xpovopEtpnon. Otav to {wo altocBavotav
novo (AOoyw Tou Oepupol epebiopatog) amécupe TO MEAPO TOU €VW OuvhBwWG
akohouBoloe €vtovn Aeifn tou MEARATOC. H amooupon Tou AKPOU TOU TEAUATOG
SLEKOTTE TNV E€KMOoumN TNG UTEPUBpPNC aktvoBoAiag kol Tautoxpova  Kal Tnv
Kataypadr Tou XpOvou oo TO XPOVOUETPO. lNa va punv npokAnOei onotadnmote PBAARN
OTOV LOTO TOU TEAMATOC TwV {WwV N akTvoBoAlo OTAUOTOUOE QUTOMATO UETA TNV
napodo 20 sec. H Sokwuaoia emavoAnddnke 3 popéc yia kabe méAua, e evOLAUETO
dlaotnua 5 Aemtwy o€ KABe pétpnon. Q¢ XpOVOC amocupong UTIOAOYIOTNKE N LECN TLUNA

TWV TPLWV XPOVWV TIOU KataypadnKkav.

3.20. Aokipaoia Oepuikng unepaAynoiog (Hot plate test)

H Sokiuaoia Bepuikng unepadynoiag pe Bepuikn mAdka pmopel va Bswpnbel wg pia
QIMAOUOTEUMEVN TElpapatiky Swdtaén tou Plantar test, tng omoilag¢ TO KUPLO
nAeovéKTna eival mwg Sev amattel meplodo €0IKEIWONG TWV HUWV PE TNV TTELPAUATIKA
Swataén kol €tol emITPEMEL TNV aloAoynon peyalou aplBpou melpapatdélwwyv o€
OUVTOMO XPOVIKO Sldotnua. To {wo tomoBeteital mdvw o Bepualvopevn emidavela
Bepuokpaciag 54°C. IKOMOC TOU TIELPAUATOC lval n Kataypadr) Tou xpovou aviidpaong
Tou {wov (latency) oto Bepuiko epéBlopa amod tn otyun mou Ba tonmoBetnBel mavw otn
Bepuatvopevn MAAGKA HEXPL TN oTyun mou Ba Seiel ta mpwta onuadia duodopiag. O
TELPAUATIOTAG avTlapBavetal tn duodopia tou {wou wg évtovn AEi&n tou MEAUATOC
Tou omicBlou akpou. Kamoleg Ppopéc ta {wa avanndolv otnv MPoomabeld Toug va
arnoduyouV TNV enadn TwWV AKPWYV TOUG UE T Beppalvopevn MAAKa. e KABe mepilmtwon
Kat ywa anoduyn onotacdnmote PAABNG otov oTd Twv MeApdtwy Twv {wwv, Ta {wa

amopakpUvVovTaL Kal emotpedovtal otov KAwBO dpUAaENC Touc.
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3.21. Aokipaoia pwtog/okotoug (light/dark trial)

Mot TNV avamnapaywyr oUUMTWHATWY dyxoug emAéxOnke n dokuaoia ¢wtdg/okoTtoug
(Forestiero kat ouv. 2006). H melpapoatiky avt) Siatagn ekpetaAeveTal tn GUOCLKN
anmootpodn TwV HUWV TPOG To Pwe Katl Baciletal otn dlaniotwon nmwg €va ayxoyovo
epgblopa (€kBeon oe dwg) umopel va avooteidel pia éudutn ocuumepidpopd TwV
nelpapoatolwwy (e€epevvnon xwpwv) Aoyw ¢oBou mou atcBavovtal. H melpapatiki
ouokeun amoteAeital amd éva adladaveég VAo kouti (48 cm x 24 cm x 27 cm)
XWPLOUEVO o€ 2 Slapeplopata (owv SLOCTACEWVY TA OOl EMIKOWVWVOUV HETOED TOUG UE
pio pkpn Bupa. To éva Stapéplopa €XeL LOUPO XPWHA Kal GEPEL KAAUUUA 0pODNG, EVW
To GANO €Xel AEUKO XpwHa, €lval avolxto kal ¢wrtiletal pe pia Aapma twv 60 W
tTonoBetnuévn 40 cm MAVW OO TO KOUTL Xto Swudtio oto omoio Slevepyeital To
neipapa Sev umapxel aAAn mnyn dwtocg nmépa anod tn Adumna mou ¢pwrtilel To Asukod
SlapEPLOPA TNG TIELPAUATIKAG CUOKEUNG. TNV NUEPA TOU MELPAUATOC Ta {wa mou Ba
ekTeAEoOUV TN Soklpaoia petadEpovtol oto SwHATIO Sle€aywyng TOU TIEPAUATOC Kal
Tapapévouv otoug KAwPBoug toug yla 1 wpa. Ta {wa tomobetouvtav (éva kdBe dopd)
oTn KEVTIPO ToUu PWTELVOU Slapepiopatog katl ad£BnKav va eEepeuvrioouv TO KOUTL yLa
10 Aemtd, katd tnv SldpKela Twv omolwv n Spaoctnpldétntd toug BlvteookomnOnke. H
€kBeon oto dwWC MPOKAAEL OTPEC OTO TELPAUATOIWO KOl To avaykalel va avalntioel
KatadpUylo OTO OKOTEWO Olauéplopa tng ouokeung. H pétpnon amédoong twv
MEPAUATOlWwWY UuTmoAoyiletal pe to AavOdvovta Xpovo €l068ou OTO OKOTELWO
SLopEPLOMA, TO OCUVOALKO XpOVOo Ttou Samavnoe to {wo oTo PWTELWVO SLAUEPLOUA KAl PE
TOV OAKO aplOuo Siedeloewv amd 1o éva Slapéplopa oto dAho. Ta melpapota
Sie€nxdnoav petav 09.30 mu kot 15.00 pp. Mo tnv anoduyn oodpnTiKwy oToLXElWY O
KAwPOG kaBapllotav efoAokAipou petd and kabe Sdokipacio pe 70% alBavoAn kot

okouTil{OTaV OXOAAOTIKA UE OTEYVO XapPTL.
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3.22. Aokipaoia avupwpévou AaBupivOou (elevated plus maze trial)

H Sokipacio avupwpévou AaBupivBou emiTpEMeL TN HEAETN CUUTEPLDOPAG OXETL{OHUEVN
UE To ayxoq. H dokipaocia mephapPfavet Tnv tonobETnon twv puwv otov AafupvBo, o
omnoio¢ amoteAeital ano 4 Ppayxioveg (6Uo €k Twv omoiwv eival kAewotol - Ppépouv
TAQVA TOLXWHOTO) TIOU TEUVOVTAL O oXAUa otaupou. H Sidataén sival tétola waote ol
opolol Bpaxioveg va eival amévavtl o évag anod tov aAlo. H dokwaoia Baciletal otnv
EUPUTN TPOTIUNON TWV TPWKTIKWYV YLl TO OKOTASL Kol Toug KAELoToug xwpoug (File kat
ouv. 2004). Ta mepapatolwa adol tomobBetnbolv oto onuelo mMou TEUvovtal ol
Bpayxiovec adrvovral eAeVBepa va e€epeuvrioouv Tov AaBUpvBo yia 5 Aemtd, Staotnua
KATA To omoio N cupuneplidpopd Twv {wwv Kataypadetal os Bivieo. OL MOPAPETPOL TIOU
e€eTAOTNKOV ATOV O XPOVOG TOPAMOVIG OTOUG OvVOLXTOUG Kal KAELOTOUG Bpoayioveg
avtiotolya Kal ekppAoTNKAV WG 0 AGYOG TOU XPOVOU TAPOHOVIG OTOUG OVOLKTOUC
Bpaxioveg Pog To GUVOALKO XpOvo Tou £06ePe To (WO TOCO OTOUG QVOLKTOUG 00O Kol
TOUCG KAELOTOUC PBpoaxioveg. Ta Sedopéva TMOU TPOKUTITOUV OVTAVOKAOUV TO PBabuo
TPOTIUNONG TWV HUWV OXETIKA HE TNV TAPAUOVH TOUG OTOUG KAELOTOUG ) QVOLKTOUG

Bpayxiovec.

3.23. Aoklpooia avayvwplong Vvéou avtikelpévou (novel object

recognition task)

Ta tpwktikd mapoucialouv tn duolk taon va mAnoldlouv kal va e€epeuvolv
OVTIKElPEVA, Ta omola uroBeTikd Sev €xouv Kapla Gpuolk onuacia ylo auTd Kot Ta
orola 6ev €xouv CUOYXETIOTEL TTOTE e avtamodotiko epeébiopa (Aggleton kat cuv. 1985).
Ol poeg mMAnolalouv ta avilkelpeva Kol g€epeuvolv TN ¢uon autwy, ayylloviag Kat
pupilovtag ta. ZuvnBwg Ta akouumouUv Kal mpoomabouv va ta SlaxelpLloToUV UE Ta
UTPOOTIVA AKpa ToUuG. H cupmeplpopd auth pnmopet eUkoAa va ocoTikomolnBel kat va
xpnotornotnBel ya tn HEAETN amMAWV HOoPpdWV avayvVWPLOTIKAG UVAMNG KaBwg Kot yla
TILO TIOAUTTIAOKEG OTWG N XwpPLKH. H doklpacio avayvwplong VEOU OVTLIKELWEVOU OmOTEAEL

éva un avranodotikd mapadelypa kot Baociletal otnv mapadoxr mwe n mopoucia evog
73



TMPWTOYVWPOU OVTIKELUEVOU oTo TepBaAllov Tou Twou odnyel otnv ekdnAwon
OUYKEKPLUEVWVY OUUTIEPLPOPLKWY TIPOTUTIWY Kol afloAoyel katd KUplo Adyo Tnv
KKAVOTNTA TWV TEPAMATOlWWY VA avayvwpiloouv €va KalvoUpylo OVTIKE(UEVO ToU

eudaviletal yla mpwtn dopd oto nmepBaiAov Toud.

H mewpapatiky Stataén amoteleital amd €va avolxto nmedlo XpwHatog AEUKOU Kal
KOTOOKEUQOUEVO amo EUAO. Ta OVTIKE(UEVA TPOG avayvwpelon amotelovuvial omno
SladopeTikd oxAUATA KAl UAIKA KOTOOKEUNG XWPIC oodpnTikd oTolxelo wote va

Staodalicoupe mwg ta avtikeipeva dev mpokaAouv Sladopég mpotipnong ota {wa.

OL ouprnepldpoplkég dokiuaoieg dle¢dyovtav PECO O XWPO OMOU SLEPEVOV UOVO Ta

ouykekplpéva {wa kat Aappavav xwpa petay 09.00 nu kat 14.00 pp.

Kata tv eBdopada mou mponyndnke tng Sokwaoio ta {wa efokelwbdnkov HeE TOV
epeLVNT Héow tNG Stadikaoiog xelplopol {wwv (handling) (2 dopég tnv nuépa emti
TIEVTE OUVEXOMEVEG NUEPEG). ITN OUVEXELD KOL Yylo TIG EMOMUEVEC NUEPEC KABe Two
TomoBeToUvtav OTo KOUTL avolytol mediou — Omou Sev UTAPXOV QVTIKELUEVA- KOl
adrivovtav eAeUBepa va e€epeuvrioouV TNV Melpapatikn dtataln yia 10 AenTd Pe OKOMO
va e€olkelwBouv pe to Xwpo. H Sokwaoio mephappavet 2 Sokipég (trials) , tTn Sokwun
eknaidevong (sample trial, T1) kat tn dokwun avayvwplong (choice trial, T2). H dtapkela
kaBe Sokiung kabopiletal ota 10 Aentd. To pecoSLACTNHUA HETAEY TWV 2 SOKLUWV ATAV
1 wpa. AUo mavopoldtuTa OVTIKELHeVa TomoBetouvtal eviog tng Sudtaéng oe Suo
avtiBeteg ywvieg Tou KouTloU Kol o€ amootacn 10 ekatootwv amod ta tolwpata. To
{wo adrvetal oto KEVIPO Tou avolktou mediou kal adrvetal va e€epeuvAoeL Ta
avTikeipeva ya 10 AemTd KATA Ta Onola Ol KWVAOEL KoL N cupmnepldpopd tou {wou
kataypddovtal pe Bteokdapepa. Metd tn Anén tou T1 10 {wo emiotpédel oto KAWPRO
dUAa€NCg tou. Katd tn dapkela tng T2 €va amd ta Svo opola avtikeipeva tou T1
avtikaBiotatal amd €va véo. Etol MA£ov HECA OTO KOUTL UMAPXOUV TO YVWOTO
avtikeipevo (familiar object) kat éva véo (novel object). Av to {wo BuunBetl tnv
TiponyoUHEVN €KOEOK TOU OTO OLKELO QVTIKEIPEVO TOTE EEPELVA TO VEO QVTIKEIUEVO OE

peyaAutepo Pabuod kal pe eviovotepo evdladépov. Ma tnv amoduyr oocdpnTikwv
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otolxelwv, to EUAVO KOUTL Kol Ta avilkeipeva kaboapiloviav oxoAaotika pe 70%

atBavoAn peta amnod kabes Sokwuaoia.

Q¢ e€epeuvnTikn SpaotnplotnTa Twv {wwv (Teplépyeta) Bewpeital n katevBuvon NG
MUTNG TTPOC TO OVTIKELUEVO O amooTacn OxL LEYOAUTEPN TWV 2 EKATOOTWY N TO AyYLyUa
TOU QVTLKELUEVOU WE TN MUTH TouG. H meplotpodn yUpw amo TO AVIIKEMEVO, TO AyyLlyHa
TOU QVTIKELMEVOU HE Ta aKpa Twv {wwv, dev Bewpeital e€epeuvntiky dpactnplotnta.
Ol napapetpol mou AfdOnkav undyPn NTav o oAKOG Xpovog e€epelivnong Kat Twv dUo
OUOlWV  OVTIKELWEVWY otnv T1 Sokwoaola Kat o xpovog efepevvnong twv dUo
Sadopetikwv aviikelpeévwy (familiar kat novel) otnv T2 dokipaoia. H dtakplon petay
OLKEIOU KOl VEOU aVTIKEWEVOU Kata tn Oudapkela tng T2 Sokipacia afloloyeital
ouyKpilvovtag to Xpovo mou damavnOnke yla tnv e€epelivnon TOU VEOU QVTIKELUEVOU WE
autov mou SdamavhBnke ylwa tnv e€epelivnon tou yvwotol. O UTIOAOYLoOHOG YiveTtal

HEow evog Seiktn Stakplong (discrimination index , D.1) :

D= N —F

" N+F
ormou N= o xpovog mou damaviBnke oOTto VEO QVTIKE(pEVO kol F= o xpovog mou
SdamavnBnke oto Nén yvwoto. H xprion tou D.l yivetal 10Tl 0 Xpovog e€epelivnong Twv
QVTIKELWEVWYV oTnV T2 dokipaoia evdéxetal va emnpedletal and Sladopeg 6To CUVOALKO

XpOvo mou damavnonke ylo Tnv e€epelivnon Kal Twv SU0 OVTLKELUEVWV.

3.24. Aokipooia Xwplkng Metatomiong Avtikelpévou (object location

task)

H Sokwuaoio YwpLKAG UETATOMIONG OVTIKELUEVOU Baoiletal otig (Sleg mapadoxEg pe tn
Sdoklpaoia avayvwplong VEOU OVTIKELUEVOU, HE Tn OSladopd Twg afloAoyeital n
KKOVOTNTOL TWV TEPAPATOlWwY va avayvwpioouv T véa Béon nén yvwotwv

OVTLKELLEVWV.
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Kata tnv eBdopada mou mponyndnke tng dokuaoiag ta {wa e€olkelwdBNKav Ue TOV
epeuvnti HéEow NG Stadikaaoiag xewplopol {wwv (handling) (2 dopég tnv nuépa emt
TIEVTE OUVEXOUEVEC NMUEPEC). ITN OUVEXELD KOl YlA TIG EMOUEVEG NUEPEC KABe {wo
Tonobetouvtav OTo KOUTi avolytol mediou — Omou Sev UTPXOV OQVTLKELMEVA- KoL
adrvovtav eAeVBepa va e€epeuvrioouV TNV Melpapatikn Statagn yia 10 Aemtd Je okomo
va €€olkelwBoUV pe To Ywpo. H Sokipacia mepthapPfavel 2 SokuEG (trials) , Tn SokLun
eknaidevong (sample trial, T1) kat tn dokwn avayvwplong (choice trial, T2). H didpkela
kaBe Sokiung kabopiletal ota 10 Aemtd. To pecodlaoTnUa LETAEY TWV 2 SOKLUWVY ATAV
1 wpa. AUO TOVOUOLOTUTIO OVTIKE(UEVA TOmoBeToUVTAL €VTOC TNG SLAtaéng OTLg
TIPOOKEIMEVEG YWVIEG TNG HLag TIAEUPACG TOU KouTloU Kal og amootacn 10 ekatootwv
amno ta towpata. To {wo adrveTaL 0TO KEVIPO TOU aVOLKTOU Tediou Kot adprivetal va
e€epeUVNOEL T QVTIKELMEVA yia 10 AEMTA KATA TA OMola OL KLV OELG KOl N cupnepldopa
Tou {wou Kataypadovrtal pe Bvteokapepa. Meta tn Anén tou T1 to {wo emntotpédel oTo
KAWPRO dUAagng tou. Kata tn diapketa tng T2 éva and ta SUo opoLa avilkeipeva tou T1
LETAKLVE(TAL OE VEa BEon — mAvw otn Staywvio Tou KoutloU. Etol Aéov péoa oto KouTl
UTTAPXOUV TO YVWOTO aVTIKE(PEVO Tou dev €xel petakwvnBet (familiar location) kat to
SeUTEPO QVTIKELLEVO TO OTtolo €lval pev yvwoto otnv on aAAd mAéov BplokeTal o€ vEa
Bon (novel location). Av to {wo BuunBel tnv mponyoupevn SLATAEN TWV AVTIKELLEVWY
TOTE €€EPEUVA TO QVTIKELUEVO OTNn VEQ B€on o€ peyaAutepo Babud Kal pe EVTOVOTEPO
evbladépov. Ma tnv amoduyrnl 00PpNTIKWV OTOLXEIWV, TOo EUAWVO KOUTL KoL Ta
avtikeipeva kaBapilovtav oxoAaotikd pe 70% atBavoAn petd and kabe dokaoia. Qg
e€epeuvntiki Spaoctnplotnta Twv {Wwwv Bewpeital n katevBuvon ¢ HUTNG IPOE TO
QVTIKE(UEVO O€ amootacn OxL MeYaAUTEPn Twv 2 €KOTOOTWV N TO Ayylyda TOU
OVTLKELWEVOU UE TN MUTN TouG. H meplotpodn yUpw oo TO OVTLKELEVO, TO AyyLYLa TOU
OVTLKELWEVOU HE TO akpa Twv {wwv, dev Bewpeltal e€epeuvntikny dpaoctnpotnta. Ot
TAPAUETpoL ou ARNdOnkav umoyn AtTav o oAKOG Xpovog eepelvnong kat Twv duo
OUOlWV OVTIKEHEVWY otnv T1 Sokipaoia kat o xpovog efepelvnong twv Suvo
Slapopetikwy avtikelwévwy (familiar kat novel) otnv T2 Sokwaoia. H Sldkplon petagy
OLKEIOU KOl VEOU QVTIKELWEVOU Kota tn Oldpkela tng T2 Sokipacia afloloyeital
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ouyKkpivovtag to xpovo mou Samavndnke yla TNV €€epelivnon TOU QVTIKELWEVOU VEAG
B€onc pe autov mou damavibnke yia Tnv e€EpeUvVNON TOU QVTLKELLEVOU OLKElag BEong.
O UTtOAOYLOMOG YiveTal péow evog deiktn Slakplong (discrimination index, D.I) :

_N.L-F.L

RI_NL+RL

omou N.L= o xpovog mou SamavrBnke aviikeipevo véag B€ong kat F.L= o xpovog mou
SdamavnBnke oto avrtikeipevo olkelag Béong. H xprion tou D.I yivetal S10TL 0 Xpovog
e€epelivnong TwV QVTIKEWMEVWY otnv T2 Sokwuooia evééxetal va ennpedletal amnod
S10popEC 0TO OUVOAIKO XpOvo Tou SamavnBnke ylwo tnv e€epevvnon Kat Twv Vo

QVTIKELUEVWV
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KEDAAAIO 4° : ANOTEAEZMATA

4.1. Anpoupyia StayoviStakwv puwv nov p£pouv to avBpwrnivo yovidio

™G avOpwrivng yAoutapkng adpudpoyovaong tunou 2 (GLUD2)

OL pueg, onwg Kal 6ol oL opyaviopol, StaBétouv tn Sikr Toug evdoyevry YAOUTOLKNA
adudpoyovacn (mMGDH), n omoia avtiotolxel otnv yAoutauikn apudpoyovacn tumou 1
(hGDH1) tou avBpwrmou mou ekdppaletal eupEwg otoug Lotoug (housekeeping). MNa va
HEAETNOOUUE TO POAO TNG €lSIKAG yla TOV AvOPpWIO Kol TO QAVWTIEPA TPWTEUOVTA
vAoutaukng adudpoyovaong tumou 2 (hGDH2) otn Bloloyia tou avBpwrivou
opyaviopou, mpoomnadnoape va SnUoupynooupe éva eEavOPWTOTIONUEVO HOVTEAO
HUOC Tou ekdpalel, pall pe tn Okl Tou evboyevry yloutauilkn oadudpoyovaon
KUTTOPLKNC OlKovouiag, kot tTnv avBpwrivn woopopdry hGDH2. MNa tnv mapaywyn Twv
Swayoviblakwv GLUD2 Twwv, xpnowomolnnke &va YevWUIKO TtuApa 177Kb mou
neptAappave oAokAnpo to yoviblo tng hGDH2 pall pe TIC PpUBULOTIKEC TOUu Kal
TIPOKLVNTIKEG TOU aAAnAouyieg Téoo otnv 5’ oo kat otnv 3’ meploxn 40 kb avodikd kat
135 kb kaBobika tou yovidiou mou amopovwOnke (peta amo néPn pe Not |) and évav
KAwvo Baktnplakol teXVNTOoU Xpwpoowpatog (Bacterial Artificial Chromosome, BAC
RP11-610G22 Ima Genes GmbH, Berlin Germany). H mapamavw O&ladikacia
Tipayuatonolibnke oto epyaotiplo Mevetikng tou Epeuvntikol Kévtpou Blolatplkwy

Ermotnuwv “AAé§avdpog OAEULVYK” amod tnv opdda tng K.Ntoluvn.

To O&lwayoviblo ewonxBn He HIKpoEveon o€ €vav amd Tou¢ OUO TPOTIUPHVEG
YOVLUOTIOLNUEVWY Wopiwy, Ta omoia amopovwOnkav and HUEG PE YEVETIKO UTtOBabpo
C57BL/6J x CBA/J. Ta Buyatpikd kUttapa mou emPBiwoav tng Stadikaciag épepav T0

emBupunto Slwayovidlo, kat gpdutelTnKAV 0Tn UATPA BnAukwv {wwv. Me auto tov
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TpOmo yevvnBnkav 45 movtikia ta omolo Kol gAéyxBnkav yla tnv mopoucia Tou

Sltayovibiou hGDH2.

Ao B

lo 5 \ > (B AN fo ]
A 3 —> b S A\ b M s N
TJ e 1L &
Donor female mice DNA injected to Injected oocytes Embryo is implanted Offspring are screened
male pronucleus or in vitro into pseudopregnant for the presence of the
of fertilised oocyte cultured early mice transgene

mouse embryos

Ewkova 17: Synuatikn avanapaotaon tne diadikaocioac Onuiovpyiag StoyoviSloakwv
{wwv ue ™ ueGodo tnc UIKpoEveanc (microinjection). Avarmapaywyn omo tnv epyoacio
Twv Lampreht kot ouv. (2018)

H tautomoinon twv wWputwv (founders) Siayovidlakwv pHuwv Tou ¢GEpouv OTO
yoviSiwpa toug to Stayovidlo tng hGDH2 kaBwg Kal tTwv SLayovidlakwy amoyovwyv
TOouG, TpaypoatomolBnke pe tn HéBodo NG aAucldwtng avtidpaong MoOAupePAcNng
(PCR) og yevwuiko DNA amd oupEG MOVTLKWY UE TN XpHon E0IKWY EKKLVNTWV (primers)
ylia tnv hGDH2. AvixveuBnkav £€tol, 9 avefdptnteg oelpég StayoviSlakwv puwv (9
founders) amnoé toug omnoieg povo dvo petédidav to Stayovidlo otoug amoyovoug (Tgl3,
Tg32). Ma TG avaykeg Twv PEAETWV TNG Tapoucag SlatplBig xpnoluomolidnkav
apoevikad etepoluya {wa Kol ta aypiou tUMou adepddkia Toug, Tou MpoEKUPav PETA

arnod Staotaupwoelg StayoviStakwyv {wwv pe ayplou turou C57BL/6) .

WT Tg13 Tg13 Tg32 Tg32 WT crl()  ctrl(+)

Ewkova 18: Aviyveuon tou btayovidiou ue toug €tbtkouc yla tnv GLUD2 ekKvnNTEG pUéow
aAvoldwrtrc avtibpaonc moAvuepaonc (PCR)
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4.2 Meléteg ékppaong tng hGDH2 npwteivng ota Stayovidiaka wa.

4.2.1. MeA£tn tn¢ ékppaon¢ tou Stayovidiou ue avoooanotunwon kata Western.

Mo TNV Tekpnpiwon tg ékppacng Tou Slayovidiou otoug ePLPEPLKOUE KAl VEUPLKOUG
LOTOUG TWV SLayOoVISLOKWY HUWV, TIPAYHOTOTOHONKAV LEAETEG AVOCOATIOTUTIWONG KATA
Western o€ OLOYEVOTIOLUATA LOTWV TIPOEPXOUEVWVY ATIO APCEVIKA £TEPOLUYA {wa Ao
T SUo Slayovidlokég oelpég. OL oTtol amopovwOnkav €melta amd UToPOAN Twv
nelpapatolwwy o evbavaocia pe €apBpwon TNG AUXEVIKAG HOlpaG TNG OTIOVOUALKAG
oTAANG. MNa va HUEAETAOOUNE TOUG LOTOUG CUYKPLTIKA, O KABE melpapatiki cuvedpla
e€etaotnkav otol T0o0 amd Slayovidlokd 000 Kal amod aypiou tumou {wa. Katd tn
Sdokluaoia tng avoooavixveuong kata Western xpnotpomnoténkav wg BeTikol LapTupeg
kaBapég avaouvdbuaopéveg mpwrteiveg GDH1 kat GDH2 evw n avixveuon emiteuxOnke
LE TN XPNon €KWV aVTLIOWUATWYV yla tnv hGDH1 kat tnv hGDH2 avtiotowa. To €8iko
avti-hGDH1 avtiowpa gival tkavo va avayvwpilel pe tnv idla evatodnoia tnv GDH1
Tou avBpwrou Kat tnv evéoyevry GDH (mMGDH) twv puwv, kabwg mapouctalouv uPnAn
opoAoyia petall toug, evw dev avayvwpilel Tnv hGDH2. Avtiotolxa To €L81KO avTL-
hGDH2 avticwpa avayvwpilel e16ikd tnv GDH2 tou avBpwrou Kal tou SlayoviStakou
GLUD2 puog xwplig va avayvwpilel tnv evdoyevn yAoutauwikni adpudpoyovaon (mGDH)

TwV {Wwv.

hGDH2 (ng) hGDH1 (ng) hGDH2 (ng) hGDH1 (ng)
10 25 50 10 25 50 10 25 50 10 25 50

72 KD-
L]
; o - hGDH2
C—— >
—— ) — e D ___ oue @ - cDH1
Anti-hGDH2 antibody Non-discriminating anti-GDH antibody

Ewova 19: Avoooanotunwon kate Western kadapiouévwv avacuvéuaouevwyv
npwteivwvy hGDH1 kot hGDH2 0e SlO@POPETIKEC CUYKEVTPWOELC OTTOU QOIVETOL N
elbikotnta tou anti-hGDH2 avticwuato¢ (to omoio avantuydnke amo 10 €pyaotrpLo
uac). To anti-hGDH2 avtiowua avayvwpilet puovo tnv hGDH2 mpwrteivn kot oyt thv
hGDH1. Kot ot 2 toouop@éc ¢ GDH avayvwpilovrtar ard to anti-GDH avtiowua.
Avadnuooicuon ard tnyv epyaocia twv Spanaki ko ouv.( 2010)
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4.2.1.a. NMepupepikoi totoi

MeAetrBnke to Amap, oL vedpol, Ta emvedpidla, o OPXLS, TO TAYKPEAC,, O EYKEPAAOC
Kal o vwtlaio¢ puelog. Ta Seiypata doptwdnkav pe Baon tnv evIUUIKR TOUG
gvepyotnta (e okomo va poptwOel n idla mooodtnTa cuvoAlkig GDH amnd kabe 1oto) Kal
OxL Me PBaon TNV MPWTEIVIK Ouykévipwon Ttou O&elypatog. lMa autd kot Oev
xpnowionowjoape loading control pe aktivn oAA KoBapEG aVACUVOUOOUEVES
npwteive¢ hGDH1 kot hGDH2 ouykekplUévnG ouykévtpwong oe Eexwplota wells. H
avaAuon katd Western £€6€lée nwg n avBpwrnivn npwteivn GDH2 ekdpaletal oe 6Aoug
TOUC LOTOUG Tou €€eTAOTNKAV KoL OTIC SUO OelpéC Twv SlayovidLlakwy {wwv, YEYovOC
TIOU NTAV OVaUEVOUEVO, KaBw¢ Sev xpnaolponolBnke LoToeldIkog (tissue specific) yla
dnuoupyia tou Siayovidiakou GLUD2 povtélou. H hGDH2 eival amovoa amd toug
LOTOUG TWV aypiwv TUNwv {wwv. H ékdppaon tou Slayovidiou dev paivetal va ennpéaoce
Ta emnineda ékppaong ¢ MGDH oe kavéva w0Ttd (kabBwg b6ev PBpébnke va

Sladopomotovvtat HeTafl TwV Slayovidlokwy Kat aypiou Tumou {wwv).

Ooov adopa ta enineda ékppaong tng hGDH2 otoug LOTOUG TWV SLayOoVISLOKWY HUWVY,
daivetal mwg otov opxL n dlayoviSlakr Mpwreivn ekdppaletal oe Babud mapouolo pe
ekelvov mou ekdpaletal n evéoyevri¢c mGDH. Itou¢ umoloutouc LOToUG Ta emimeda
ékppaong tng hGDH2 eival onuavtikd xapunAotepa and avtd tng evboyevoug GDH twv

{wwv yeyovog ou ouvadel e Ta emineda £kppaong TNEG 0TOUC LOTOUG TOU avBpwrou.
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OPXEI2

GDH1 GDH2 WT Tg

[MANTKPEAZ

GDH1 GDH2 WT Tg

58 kD
anti-GDH2

k,
1

56 kD

’

anti-GDH1
NEQPOI ENINEOPIAIA
GDH1 GDH2 wT Tg WT Tg
oo (P QR - o

Ewkova 20: Avoooarmotuniwon kata Western oe mepipepikouc totoug amo WT kat Tg
{wa. e kade mnyadakt @optwdnke MOOOTNTA MPWTEIVIKOU EKXUAIOUATOC WOTE N
Ueytotn evluuikn evepyotnta kade deiyuarog (oe ADP 0.1 mM) va eivat ion ue 0.2

dA340nm/m/‘n-
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4.2.1.8. Neupikog lotog

2TOUG VEUPLKOUG LoToUC TwV Stayovidlakwv {wwv aviyvelBnke ékdpaon tng hGDH2 oe
OAEC TIC TIEPLOXEG TIOU HEAETNOOUE, OMWG oTa nuwodaipla, tnv mapeykepaiida, tov
KLVNTLKO $AOLO, TOV UTIMOKAUTO, Tov 00dppnTIKO Aofo Kal To vwtlaio pueho. H ékdpaon
Tou Slayovidiov dev ennpéace ta enineda ékdpaong tng evdoyevoug mGDH, kabwg
1000 Ta dlayoviSlakd 000 Kal Ta aypiou TUou {wa £xouv mapouola enineda ékppacng
HE auTd tng evdoyevolg mpwTeivng.

OXODPHT. NQT.
AOBOS HMIZO. [NAPETK. MYEAOS

GDH1 GDH2 WT Tg32 WT Tg32 WT Tg32 WT Tg32

3510 WD e ————— 1

= - "
58 kD ) e e— — &P  ntiGDH2

OAOIOZ IMMOKAMINO

Tg32 Tgld WT Tg32 Tgl3d WT GDH1  GDH2

56 kD T e T TG . ey — anti-GDH1

58 kD N gy e a—— v anti-GDH2

Ewkova 21: Exppaon tn¢ hGDH2 0TO KEVTIPLKO VEUPIKO OUOTNUA TwV SLayoviSlakwv
movtikwy. H eikova givat avtutpoowneutikn t¢ avaduoncg kata Western twv Tg {wwv
mou ekppalouv tnv hGDH2 kat tnv evdoyevr) mGDH (rou avtiotoiyei otnv hGDH1 tou
avlpwnou kat aviyveuetal Ue to €161k0 yia tnv hGDHI1 avriowua) kadw¢ kot twv WT
{wwv rou ekppalouv povo tnv evdéoyevi mGDH. Exppaon the hGDH2 napatnprndnke
otov 00@pENTIkO BoABO, ta nuiopaipia, TV Mapeykepadidba, Tov vwtiaio UUEAS, Tov
UTTTOKQUUTTO KOIL TOV KLV TIKO PAOLO UOVOo Twv Stayovidiakwy {wwV, EVW QaIVETAL va Eival
armovoa ota WT {wa. AvtiGeta n evdoyevric mGDH aviyveUetat tooo ota Siayovidiaka
ooo kot ota aypiou tumou {wa. Toa enimeba Ekppaonc Oev  @aivetal vo
Stapopormotovvtatl ava yovoturo Tgl3 n Tg32 n ava riepioxn KNZ.
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4.2.2. Metpnoeig evivuikng dpaoctnpiotntag tng GDH os totoug Slayovibiakwv Kat
aypiov tunov {wwv

Onwg €xeL N6n avadepbel n €6k dpaoctikdTNTA (SA) TWV LOTOAOYIKWVY TIPWTIEIVIKWV
eKXUALOPATWY KoBoplotnke pe HEtpnon tng evUKAG Spaotnplotntag (dAssonm/min) OTA
340 nm mapouvcia ImM ADP (aAAOOTEPLKOG €VEPYOTOLNTHG). ME TN OUYKEKPLUEVN
evlupikny  Aettoupyikny  Sokwdooia  mpooblopiletalt to  oUVOAO TNG  €VIUMIKAG
Spaotnplotntag tng GDH kat ev pmopel va yivel dtdakplon petafl g GDH1 kat tng
GDH2. 3KomoOG TwV MEWPAUATWY AUTWY NTAV VO LEAETACOUME Kal av n ékdpacn tng
Swayovidlakng mpwrteivng hGDH2 nAtav oe enimeda Tétola wWOTe va ennpedlel tn
ouvoAlkny Spaoctikétnta tng GDH ot mepldpepkol LOTOUC KABWG KAl OTO VEUPLKO

cuoTnua.

Ta anoteAéopata mou mapouacialovtal adopolv dedopéva amo TNV BLa MEPAUATIKN
ouvedpia, akplPwg pe TG (Bleg ouvOnkeg kol Kowa avtidpaotipla. Kabe onueio
QVTIOTOILXEL OE TOUAAXLOTOV TECOEPL N KOL TIEPLOCOTEPOUG  TIELPOUATIKOUG
NPoodLoplopous tNG evIUKAG dpaotnplotntag otnv akplBwe idlta ouvonkn, og LoToug
amnod apoevika €Tepoluya {wa kot {wa aypilou TUTou, nAKiag 4-6 unvwv. Ito Slaypappa
Tou akoAouBel amewkoviletal n €18k evlupikn Spaotikotnta tng GDH ava 1otd toco
yla ta aypiou tumou (WT) 6oo kat yla ta {wa mou dépouv to Stayovidlo GLUD2 (Tg).
Oocov adopa ta Slayovidlakd {wo HeAetnOnkav mapdAAnAa otol koL amd TG 2
Slayovidlakeég oelpeg (Tgl3 kat Tg32). Ta amoteAéopata mapouoldlovial T6c0 OTo

oUVOAO TWV SlayoviSLakwy {wwv 000 KoL ava YoVOTUTO.

4.2.2.a. MNepipepikoi totoi

Onwg eivat yvwoto, n evlupikn dpaoctikotnta tng GDH eudavilel onuavtikol Babuou
ETEPOYEVELA ATIO LOTO O€ LOTO, MAPOUOLA UE EKELVN TIOU TAPATNPELTAL OTOV AvBpwWTO.
Ao T0 OUVOAO TWV TEPLPEPLIKWY LOTWV TIOU HEAETAONKAV, O LOTOC UE TN UeEYaAUTEPN
e8Ik SpacTIKOTNTA ElvVOL TO ATIAP EVW O LOTOC UE TN XAUNAOTEPN, €lval o OpXLG, TOCO
ota Tg 600 ota WT Iwoa. Ta amoteAéopata autd €pxovial o ocupdpwvia e Ta

avtiotolya mou Aapfavovtol Katd Tov mpooSloplopo TG eVIUUIKNAG SpAOTIKOTNTOG TNG
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yAouTtapkng adudpoyovaong o MPWTEIVIKA EKXUALOUOTO oo TeEPLPEPLKOUG LOTOUC TOU
avBpwrou (Spanaki kat ouv.2014, Treberg kat cuv. 2014). Ztnv MAELOVOTNTA TWV UTIO
HEAETN oTtwv ta Stayovidlaka {wa epdavilav mapopola VUK SpaoTIKOTNTA UE T
wt. To eUpnua auto umtodnAwvel OTL n €ékdpaon NG dtayovidlakng npwteivng dev ntav
o€ enineda 1000 LPNAA, WOTE VA EMNPEACOUV TN GUVOALKH EVIUULKN §paoTIKOTNTA TOU
LoToU. Q¢ AMOTEAECUA, N LETPAOLUN E TN CUYKEKPLUEVN LEBOSO evIL LKA SpaoTIKOTNTA
¢ ouvoAlkng GDH va kaBopiletal katd kKuplo Adyo amo ta uPnAa enineda €ékbpaong

NG evéoyevoug GDH twv {wwv (MGDH).

E€aipeon amotelel o 6pxLg, OOV N evIUULKA dpaoTikotnTa TG evboyevoug GDH (0mwg
auto daivetal and TNV TN g evUpkng dpaoctikotntag ota WT {wa) eival moAv
xaunAn. Ta Swayovidlaka Twa  epdavidouv  onuaviikd uvpnAotepn  evIUUIKN
6paoTNPLOTNTA OTOV OPXL OE OXEON HE TA Wt. JUYKEKPLUEVA, N eVIUULKN SpaoTIKOTNTA
(SA) tou OpyxL, o MPWTEIVIKA eKyUAlopata amod oto Tg {wwv eival oxebov duthdaola
(2,26 = 0,27 umol NADPH oxidized/mg tissue/min) amoé tnv ev{upikr SpaoTKOTNTA TOU
idlou totol amd WT Twa (1,00 + 0,14 umol NADPH oxidized/mg tissue/min, p=0.0002).
Oocov adopa tnv enidpaocn NG ékdpaong tou Slayovidiou oe MPWTIEIVIKA EKYUAlopOTA
TIPOEPXOUEVA ATIO LOTOUG VEPPWV KL TTaYKPEATOC Slayovidlakwyv {wwvV, EVW N CUVOALKN
evlupikn Sdpaoctikotnta eudaviletal avénuévn oe oxéon HE ekelvn tTwv aypiou TUMOU
{wwv S6ev elval oTATIOTIKA onuovtikg n Sdladopd. Ito Amap mou ekdppdalel Kol T
vdnAdtepa enineda MGDH, daivetat n Umapén tou Slayovidiou va pnv ennpealel
KaBoAou to oUVoAo TNG SPACTIKOTNTAC TOU EVIUMOU OTOV €V AOYW LOTO, TIOPOAO TTOU
peAéteg pe western blot €6elav mwg n hGDH2 ekdppdletal oc MPWIEIVIKA
opoyevorowuata Aratog Stayovidliakwy {wwv. To evpnua autd UmodnAwveL, OTL n
ékppaon tou dlayovidiou eival o xaunAa enimeda os olyKplon HE TNV EKPpacn TG
evboyevri¢ GDH oe 6Aoug toug Lotouc. H cupPoArn tng otnv cuvoAikr Spaoctnplotnta
avLXVeEUONKE HOVOo otov OpXL, KaBwe eival o HOVoG LoTOG TTou ekdpalel TNV eVOOYEVH o€
OPKETA XAUNAQ eMiMedSa WOTE va ETUTPETEL VO PAVEL WE OTATIOTLIKA oNUaAvTKn Stadopd

n ouvelopopd tng Aettoupyiog tng Stayovidiakng hGDH2 mpwteivng.
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Ewkova 22: Tiuéc ldiknc eviuuikrc dpaotikotntac tn¢ GDH oe mepipepikouc totoug Tg
kot WT {wwv. H eviuuikry Spactikotnta UETPRONKE 0O MPWTEIVIKA €eKxUAlouata
napovoia 50mM StaAvuarog tirthalonamine (TRA), pH 8.0 kat 1.0 mM ADP. Ta
amoteAéouata napovatalovral avaAuTIKA OTOUG MOPAKATW TTIVAKEG.
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Ewkova 23: TiuEG eVIUULKNG SPAOTIKOTNTAC OF TTEPLPEPLKOUC LOTOUC dtayovidiakwy Tgl3
kat Tg32 kat twv avtiotoyywv WT {wwv. Ot SLaopEC ival OTATIOTIKA ONUAVTIKEC UOVO

otov OpxL.

OPXHX WT Tg13 Tg32 Tg
aplOpog {wwv 5 2 3 5
minimum 0.7014 2.190 1.832 1.832
maximum 1.090 2.202 2.644 2.644
HECOG OpOG 0.9821 2.196 2.308 2.263
Std.Deviation 0.1564 0.008526 0.4239 0.3060
Std. Error of mean | 0.0693 0.006029 0.2447 0.1319

Mivakac 11: AvaAutikog mivako¢ omoteAecudtwy TV eVUULIKNAG SpaoTIKOTNTHC OE
TIPWTEIVIKO OUOyEVOTTOiNUa OpXEWS Storyovidlakwy Kat aypiou TUIToU {WwV.
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I[NIATKPEAX WT Tg13 Tg32 Tg
oplOuog {wwv 5 2 2 4
minimum 4.249 7.797 4.909 4.909
maximum 7.207 9.721 6.275 9.721
UECOG OPOC 5.715 8.759 5.592 7.175
Std.Deviation 1.097 1.360 0.9663 2.067
Std. Error of mean | 0.4904 0.9616 0.6833 1.033

Mivakag 12: AvaAuTIKOG TTivaka¢ QmoteAeoudtwv tHV EVIUUIKAC SPAOTIKOTNTAC OE
TPWTEIVIKO opoyevomoinua naykpéatog dtayovidlakwy kat aypiou TUmou {wwv.

NE®POX WT Tg13 Tg32 Tg
oplOuog {wwv 5 2 3 5
minimum 22.17 24.73 30.05 24.73
maximum 31.30 30.04 43.64 43.64
HUECOG OPOG 26.72 27.39 38.91 34.30
Std.Deviation 3.653 3.754 7.675 8.530
Std. Error of mean | 1.634 2.655 4.431 3.815

Mivakag 13: AVaAUTIKOC Ttivaka¢ amoteAeoudtwv tv eVIUUIKNC SPAOTIKOTNTAC OE
TPWTEIVIKO opoyevomoinua veppou dtayovidlakwyv kat aypiou TUTou {wwv.
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HIIAP WT Tgl13 Tg32 Tg
oplOuog {wwv 5 2 3 5
minimum 60.13 84.04 77.73 77.33
maximum 112.2 105.3 105.8 105.8
UECOG OPOC 94.60 94.65 87.64 90.45
Std.Deviation 20.58 15.01 15.74 13.96
Std. Error of mean | 9.205 10.61 9.086 9.68

Mivakag 14: AvaAutiko¢ mivaka¢ amoteAeoudtwv thv eVIUUIKAC SpAOTIKOTNTAC OE
TPWTEIVIKO opoyevomoinua nratog dtayovidlakwyv kat aypiouv TUmou {wwv.

4.2.2.8. Neupikoi totoi

Ta enineda ékdpaong tng GDH otoug veuplkoUC LoToUC Twv {wwv elval ev yével
XOUNAOTEPA ATIO QUTA TIOU TTAPATNPOUVTAL 0TOUG EPLDEPLKOUG LOTOUG. Me e€aipeon Ta
nuwodaipla, omou n ékdppaocn tou dayovidiou dailvetal va €xXeL EMNPEACEL TN CUVOALKN
evluplky  OpootikdétnTa  Tou  lotoUu  (p=0.0039), oOTIC UTIOAOUTEG TEPLOXEG
(mrapeykedaAiba, umokaumnog, ¢Aoldg, oodpntikdg Aofog, vwtiaio¢ HueAog) bev
eVTOTI{OVTOL OTOTIOTIKA ONUOVTIKEC Sladopéc HETalU Twv SlayovidloKwy Kol Twv
aypiou tUmMou (Wwv. ZUVEMWE OMw¢ akplwg KoL oTtoug MepLPEPLKOUG LOTOUG, T
enineda €kppaong g Stayovidlakng mpwteivng o kABe 10Tto dev Atav téco vPnAd

WoTe va PeTaBaAAouv To cUVOAO TG EVIUULKAG SpAoTIKOTNTAG.
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Ewkova 24: Tiuec etbikng eviuuiknc dpaotikotntac tn¢ GDH os veuptikouc totoug Tg kait
WT (wwv. H eviuuikn dpaotikdtnta ueTpndnke o€ mMPpwTeivika ekyvAiouata napouoio
50mM  SwaAvuaroc tirthalonamine (TRA), pH 8.0 kot 1.0 mM ADP. Ta amoteAéouato
napouvaotadovral avaAuTIKA OTOUG MOPOAKATW TTIVAKEG.
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1001

40 A

GDH activity (gmol NADPH oxidized/mg tissue/min)

0- T

WT Tg13 Tg32 WT Tgl13 Tg32 WT Tg13 Tg32 WT Tgl3 Tg32 WT Tg13 Tg32 WT Tgl3 Tg32

hemisphere

Ewkova 25: Tiuec e1bikn¢ evluuikng dpaotikotntac t¢ GDH og veupkikou¢ 1OTOUG avd
yovoturto( Tgl3, Tg32 kot WT). Ot tiuéc €eival OTATIOTIKA ONUOVTIKEC UOVO OTA

cerebellum

spinal cord

hippocampus

occipital lobe

nuioeaipta.

HMIXDAIPIA WT Tg13 Tg32 Tg
aplOpog {wwv 5 2 3 5
minimum 11.75 18.24 19.47 18.24
maximum 18.25 18.65 2351 23.51
HUECOG OPOG 14.31 18.45 22.09 20.63
Std.Deviation 2.411 0.2937 2.264 2.560
Std. Error of mean | 1.078 0.2077 1.307 1.145

Mivakac¢ 15: AvaAuTiko¢ mivakoa¢ omoTEAECUATWY TNV EVIUUIKNG SpAOTIKOTNTHC OE
TIPWTEIVIKO ouoyevomoinua dtoyovidlakwy Kat aypiou TUou {wWwVv.
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INAPETKE®AAIAA | WT Tgl13 Tg32 Tg
oplOuog {wwv 5 2 3 5
minimum 13.85 16.47 16.36 16.36
maximum 20.02 17.83 20.07 20.07
UECOG OPOC 16.48 17.15 18.41 17.91
Std.Deviation 2.492 0.9625 1.884 1.576
Std. Error of mean | 1.114 0.6806 1.088 0.7048

Mivakag 16: AvVaAUTIKOG Ttivaka¢ QmoteAeoudtwv TtV eVIUUIKAC SPAOTIKOTNTAC OE
TPWTEIVIKO opoyevomoinua napeykepaiidac Stayovidlakwy kot aypiou Tumou {wWwv.

NQT. MYEAOX WT Tg13 Tg32 Tg
oplOuog {wwv 5 2 3 5
minimum 6.204 18.39 13.03 13.03
maximum 20.27 20.16 14.31 20.16
HUECOG OPOG 14.03 19.28 13.66 14.51
Std.Deviation 5.475 1.251 0.6443 4.660
Std. Error of mean | 2.448 0.8842 0.3720 2.084

Mivakag 17: AvVaAUTIKOC Ttivaka¢ amoteAeoudtwv tmv eVIUUIKNC OPAOTIKOTNTAC OE
TPWTEIVIKO opoyevomoinua vwtiaiov HUEAOU StayoviSLlakwy Kot aypiou TUToU {WwV.
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IMIIMOKAMIIOX WT Tgl13 Tg32 Tg
oplOuog {wwv 7 3 6 9
minimum 6.501 4.421 5.458 4.421
maximum 10.97 7.211 10.68 10.68
UECOG OPOC 8.024 6.257 8.790 7.946
Std.Deviation 1.693 1.590 1.880 2.109
Std. Error of mean | 0.6400 0.9180 0.7677 0.7029

Mivakag 18: AvaAuTikOG mivaka¢ amoteAeoudtwv thv eVIUUIKAC SPAOTIKOTNTAC OE
TIPWTEIVIKO opoyEeVOomoinUa LITITOKAUTTOU SLayoviSLaKwV Kol aypiou Tumou {WwwVv

dAO0IOX WT Tg13 Tg32 Tg
aplOpog {wwv 5 4 5 9
minimum 4.158 7.408 6.013 6.013
maximum 16.25 8.031 9.976 9.976
HUECOG OPOG 9.333 7.688 7.652 7.668
Std.Deviation 4.732 0.2814 1.499 1.074
Std. Error of mean | 2.116 0.1407 0.6703 0.3580

Mivakag¢ 19: AvaAutiko¢ mivaka¢ amoteAeoudtwyv tnv eVIUUIKNC OPAOTIKOTNTAC OE
TPWTEIVIKO ouoyevomoinua pAotou dtayovidiakwyv kat aypiouv TUmou {wwv.

93




OX®PHT.AOBOX | WT Tgl13 Tg32 Tg
oplOuog {wwv 2 2 2 4
minimum 10.23 6.905 9.567 6.905
maximum 11.06 11.37 10.76 11.37
UECOG OPOC 10.64 9.140 10.16 9.652
Std.Deviation 0.5883 3.160 0.8424 1.979
Std. Error of mean | 0.4160 2.235 0.5957 0.9893

Mivakag 20: AvVaAUTIKOG TTivaka¢ QmoteAeoudtwv TtV eVIUUIKAC SPAOTIKOTNTAC OE
TPWTEIVIKO opoyevomoinua oappntikou AoBou Stayovidlakwy kot aypiov Tumou {Wwv.

4.2.3. MeAéteg kuttapiknc ékppaocns tng hGDH2 ota Stayovidiakd {wa

H kuttapikn ékppaon tng hGDH2 otoug nepldePLkoUG LOTOUG KAl OTO VEUPLKO LOTO TWV
Stayoviblakwyv  {wwv  peAetnBnke  pe  peBOdoug  avooodBoplopol  Kal
avooolotoxnuelag. 2TOXOC TWV TMEPAMATWYV aUTWV NTav n amocadnvion Tou
KUTTOPLKOU TIPOoTUTIOU €Kdppaong Tou Stayovidiou kal n cUYKpLon TOU LE TO aVTioTOL O
npotuno ékppaong tng hGDH2 otov dvBpwro kal ekeivo tng evdéoyevoug mGDH tou
HUOC. Ol HeEAETEG TpayHATOTOINONKAV O KPUOTOUEG (avoocodpBopLopndG) Kol O TOUEG
napadivng (Hovipomolnuévol otol yla avoooilotoxnueia) o€ apoevikd etepoluya

StayovidSiaka (Tgl3 kat Tg32) kat aypiou Tumou Lwag idlag nAtkiog.

4.2.3.a. Mpotuno ékppaon¢ tn¢ hGDH2 otou¢ mepPLPePLKOUC LOTOUG Slayovidlakwv
{wwv

OPXIZ
O 0OpxLc €lval évag LoTog mou otov dvBpwmo Sltadopormoleital cadwe To KUTTAPLKO

npotumno t¢ hGDH2 amnd ekeivov tng hGDH1, pe tnv hGDH1 va skdppaletal povo ota
otepoelbonapaywya kuttapa Leyding evw n hGDH2 va ekdpaletal évtova ota KUTTapa

Sertoli Twv oneppatoPopwv cwAnvapiwv kat ota kUttapa Leyding.
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Ewkova 26: Avooo@Uoploud¢ O OVIUOTIOLNUEVEC TOUEC TAPAPIVNG OPXEWV
StayovidtakoU {wou. H mGDH (GDH1, mpaotvo) aviyveuetal uovo oto kuttapa Leydig
UETAEU TwV omepUATOPOpWY ocwAnvapiwv oto Slaueoco 1oto, evw n hGDH2 (mpdotvo)
ekppaletal t000 ota Sertoli eVvio¢ Twv omeEpUATOPOPpwWY cwAnvapiwv 000 kal ot
kuttapa Leydig. To mpotumo KUTTAPLKAG Ek@pacnc t¢ hGDH2 otov oOpxt twv
Stayovidlakwy {wwv Slapoponoleital oapws amd to avtiotolyo t¢ mGDH kat gival
TTAVOLOLOTUTTO UE TO Tpoturto ¢ hGDH2 otov avipwrro.

Jtov OpxL Twv GLUD2 &tayovidiakwyv {wwv Kal Twv dVo yovotunwy (ospwv), n hGDH2
ekppaletal ota oTNPLKTIKA KUTTapa Sertoli twv oneppatodopwv cwAnvapiwv kal ota
otepoelbonapaywyad kuttapa Leydig tou Sldpecou Lotou, OMwG akplPwg Kal oTov
avBpwmo. AvrtiBeta, n evdoyevi¢c mGDH ekdppaletal poévo oto kuttapa Leydig kat
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anouotalel mMAnpw¢ ano ta kuttapa Sertoli, oe andAutn cupdwvia pe tnv hGDH1 tou
avBpwrmou. To elpnua aUTO UTTOSNAWVEL HLOL TILOTH OQvOIOpaywyrn Tou avlpwrivou
TPOTUTIOU £KPpacng otov OpxL Twv Stayovidtakwv {wwv. H 18k ékbpacn tng hGDH2
ota kUttapa Sertoli TmoTEVETOL TWG OUVELOPEPEL OTNV  UTOOTHPLEN TWV
OTIEPLATOKUTTAPWY KATA TNV WPLHOVON TOUuG PE YAAOKTIKO ofl, Héow tng ofeidwong
Tou YAoutapikoU amd tnv hGDH2 avefaptnta amod To &evePYELOKO KABEOTWG TwWV

KUTTAPWV.

lATKPEAZ
JTn OUVEXElX HEAETHOOUE TO TPOTUTIO €kdpaocnc tng hGDG2 oto MAyKpeAg Twv

StayoviSlakwy {wwv HE TNV TAUTOXPOVN XPNon avilowpdtwy yio tnv hGDH2 kat tnv
LvooUAivn avtiotola. Ta amoteAéopata £€6elav nwe n hGDH2 skdpaletal os OAa ta

KUTTOPQ TOU TIAYKPEATIKOU TIAPEYXUUATOGC.

Ewkova 27: AutAog avooo@pBopLlouoG O UOVIUOTIOLNUEVEG TOUEG TTAPAPIVNG TTAYKPEXTOC
Stayovibdtakwv {wwv. H hGDH2 (npaotvo) ekppalstal ota vnoidia tou Langerhans kat
ota woouAwonapaywyd B-kuttapa (KOkkivo) dAAd kal o€ KUTTAPA EKTOC TwV vNoldilwv
(objective 20x with numerical aperture 0.7, pinhoe 1 au )
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Evtomniletal kal ota (voouAlvomapaywyad KUTtapa (OnMwe autd onuavonkav Le To e8KO
yla tnv woouAivn avtiowpa) twv vnoldiwyv tou Langerhans aAAd Kot o€ KUTTAPA EKTOG

TWV TIAYKPEATIKWY vNoLSlwy. ITO MAYKPEAG TO POTUTIO EKPpacng Tou dlayovidiou dev

Slapopormoleital amod to npotumo tng evdéoyevoug mGDH.

Eikova 28: Avooo@UoploulG¢ O LOVIUOTIOLNUEVEC TOUEC TAPAPIVNG TTAYKPEATOC
StayoviSiakwy {wwv Ue Ta edika yia tnv hGDH1/mGDH kat hGDH2 avadeikvuouv to
(6to mpotumo ékppacnc. Tooo n hGDH1 ooo kot n hGDH2 ekppalstal o OAa ta kUTTOPA
TOU TTaykpeatikoU rapeyyvuato¢ (objective 20x with numerical aperture 0.7, pinhoe 1
au )

NEQPOZX
To amoteAéopata TwV OVOOOIOTOXNUIKWY HEAETWV OE TOUEG aAmMoO OTO vedhpwv

Slayoviblakwy {wwv €det€av mwg toco n Slayovidlakn mpwteivn hGDH2 6co kat n
evboyevric mGDH evtonilovtal ota smBnAlakd KUTTOPA TWV €yyUC EOTIELPAUEVWV
owAnvapiwv mapouoldloviag MavoUoLOTUTIO TIPOTUTo €kdpaong (ewova 29). Ouola
KUTTOPLKN evtomion twv hGDH1 kat hGDH2 €xeL BpeBel kal otov avBpwrmo. Oswpeital

OtL N wavotnta tng hGDH2 va mopapével evepyr) o€ OUVONKEG OVAOTAATIKEG Yyl TNV
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GDH1 (xaunAo pH kat uvPnAég ouykevtpwoel GTP), evioyVel tnv umodbeon nmwg n
napouoia tng Stayovidiov oto vedplko eMIOBAALO CUVELOPEPEL OTNV TAPAYWYN AUUWVIO
(Léow amapivwong Tou yAoUTaLKOU) Kal Tt puBuLon tng ofeoBaoIknG LOOPPOTLAG, OF

ouVONKeC 0EEWONC N EVEPYELAKAG EMAPKELAG OTLG omoie¢ n hGDH1 eite dev Aettoupyel

QIOTEAECUATIKA E(TE E(vVaL O KATAOTOAN).

Eikova 29: Avooo@UoplouOC O LOVIUOTIOLNUEVEC TOUEG TAPAPIVNC VEPPWV
Stayovidlakwy {wwv. Tooo n hGDH2 6oo kat n hGDH1 ekppalovral ota entdnAiaka
KUTTOpO TWV €YYUG e0TEpauEVWY owAnvapiwv (objective 20x with numerical aperture
0.7, pinhole 1 au )

ETMINE@PIAIA
Jta emwvedpidbla n hGDH2 «kat n evboyevic mMGDH ekdpalovtal OTIC TPELS

otepoelbonapaywyEg {wveg tou dpAolov twv emvedpldiwv. To mpotumo ékdpacng mou
napatnpnOnke eival to b0 ywa Tig Vo opopdeg kat Sev Sladopomnoleital amnd To

npotuTo €kdpaong Twv dUo Loopopdpwyv ota avBpwrva emvedpidia.
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Ewkova 30: Avooo@ToploUOG OE LOVILOTIOLNUEVEC TOUEC TAPAPIVNG ETMVEPPLOIWYV
StayovibdiakoU {wou.H hGDH2 (npaoivo) ekppaletal kat oti¢ 3 {WVEC ToUu PAoloU twv
emwveppLdiwv (objective 20x with numerical aperture 0.7, pinhoe 1 au )

4.2.3.8. NEYPIKO XY:THMA

ETKEQANOZ
AlamiotwOnke ékdpaon tng hGDH2 Slayovidlakng mpwtelvng oe OAEG TIC IEPLOXEG TOU

eykepalou Tmou peAeTnONKav (KvnTkOG ¢Aoldg, Baoikd yayyAla, UUTOKOUTIOG,
napeykedaAidba). Tuykekpluéva otov eykedaAlkd ¢Aold Slamotwonke €kdpacn TG

Stayovidiaknc hGDH2 oto veupormiAnua pe mpoTumo mapopoLo pe autd tng hGDH1

x20 Tgl3 Mouse x80
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Ewkova 31: AumAog avooo@Foplouog e avti-hGDH2 kat anti-hGDH1 (mpaowva) kat anti-
NeuN (KOKkKIvO) QVTIOWUATO OE LOVIUOTTOINUEVO EYKEPAAIKO 10TO (viako¢ AoBac).
Moapouoto mpotunmo exkppaonc twv dUo toouopewv t™¢ GDH oto veupomiAnua tou
EykepaAikoU @AoloU. Armouacia Ekppaonc Twv U0 LOOUOPPWY OTOUC ATTEIKOVI{OUEVOUC
veupwvec (NeuN positive). Etkovec ard Tg32 apoeviko {wo nAtkiag 3 unvwv.

4.2.4 Kuttapikn ékppaon tn¢ hGDH2 otov syképaldo twv Siayovidiakwv {wwv

‘Exdpaon tng hGDH2 mpwteivng avixvelBnke ota actpokuTTaApa TNG PaLdg Kal AEUKAG
ouciag Tou eykedAAoU pe TPOTUTIO MOPOMOLO e eKElvo TN MGDH kat tng hGDH2 otov
avbpwmo. H hGDH2 oavixvelbnke TOOO OTO KUTTOPLKA OWHATO OCO0 KOL OTLG
anodpuadeg/processes ala kal toug Tmodiokoug (end-feet) pe ToOug oOmoioug

CUMITANPWVOUV TOV QULUATOEYKEPAALKO ppayro yUpw Ao Ta ayyeia.
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Ewkova 32: Eikoveg Sdumdou avooopdopiouoU ue anti-hGDH2 (nmpaotvo) kot anti-GFAP
(kOkkivo) avabdeikvuouv ekppaocn t™¢ hGDH2 kot ouvevtormiouo pe to GFAP ota
QOTPOKUTTOPA TNC AEUKNC oudiac tTou eykepdalou twv Stayovidiakwv {wwv (A-C).
Mopouoto mPOTUIo ekPpPaon SLATTIOTWVETOL KOl OTX QOTPOKUTTAPA TwV avIpwItivou
eykepalou (D-F).

Ewkova 33: Ewkoveg SutdoU avooopioplouoU ue anti-hGDH2 (mpaotvo) kat anti-GFAP
(kokkivo) amokaAumrtouv €kppacn t™¢ GDH2 ota aotpokuttapa mou meplBailouvv
ayyeia otov eyképaro twv Slayovidiakwv {wwv. [lapouolo mPOTUTTO EKPPACNG
SLOTIOTWVETAL KL 0T AOTPOKUTTAPA TWV aVIPWITLVOU EYKEQdAou (D-F).
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4.2.4.a. Exppaon tn¢ hGDH2 o€ éva umOOUVOAO VEUPWVWVY TOU EYKEPUALKOU PAotoU
ota Stayovidlakd {wa.

H mAelovotnTa Twv VEUPWVWVY 0ToV gykédalo Twv Stayovidlakwv {wwv dev paivetal va
ekppalouv v hGDH2. Mia TOAU MIKPR KATNyOPlOL VEUPWVWV HE TIUPOHLOLKA
popdoloyia daivetat oOtL epdavilouv €va mpPoOTtuTo Kokkwdoug Ekdpacng oTo

KUTTAPOMAQCOMO  TIOU TIPOCOMOLAZEL OTO TPOTUTIO E£KPPACNG TWV TIUPAULOKWY

VEUPWVWV OTOV avOpwrtvo eykePaAko dpAoLo.

Ewkova 34: Eikovec SutAoU avooopBoplouou ue anti-hGDH2 (mpaotwvo) kot anti-NeuN
(kOkkivo) avadeikvoouv Ekppaon t™¢ hGDH2 o0e éva UmooUVOAO VEUPWVWV LE
nupautdiky poppoldoyior Kot amouoior TNG om0 TOU TEPLOCOTEPOUC VEUPWVEC TTOU
ekppalouv to NeuN.
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Human

Ewkova 35: Ekppaon tn¢ Stayovidiakni¢ hGDH2 mnpwrteivng (mpdotvo) o€ VEUPWVEG
nupautdiknc uopoldoyiag twv Stayovidiakwv {wwv (A-F) ue xpwon Kokkwdn HUE
KOTOVOUN OTNV TIEPLPEPELN TOU KUTTAPOTIAAOUATOC UE TIPOTUITO TTOAU TTAPOLOLO LUE TO
avtiotowyo tou avipwrmou (G-L).

AvtiBeta pe 0,1t yvwpiloupe ywa Tov avBpwrmo, n Slayovidlokn Hag TPpwTeivn

ekdppaletal ota oAyodevdpokutrapa tou KNI twv Stayovidlakwyv pog {wwv.
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Ewkova 36: Ewkovec ObutAdou avooopivoplouoU ue anti-hGDH2 kot anti-Olig2
avadelkvoouv Ekppacn t™m¢ hGDH2 ota oAlyobdevépokuttapa tou KNI twv
Stayovibiakwv Tg32 {wwv. MNapouoia ekppaaon Sev exet tekunplwIei atov avipwro.

4.2.5. Mepioyxikn Exkppaon tne dtayovidiaknc npwteivne oto KNI twv diayovidiakwv
{wwv.

‘Ekdpaon tng Stayovidlakng mpwteivng hGDH2 SamiotwBnke og OAEG TIG TIEPLOXEC TOU
KNZ mou e€etdotnkav OmMwe oTov UTIMOKAUO, TOV KWVNTKO pAoLd, tnv napeykedaiida

KOlL TOV vWwTLaio HUEAO.

2tov uumokaumno Stamotwnke ékdpaocn tou Stayovidiou ota AcTPoKUTTOPA KOl OTO

veupormiAnua, 16iwg tng CA1 mepLoxng Kat tTnG 060ovVIWTAC EALKAC
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Ytnv napeykedpaAida n hGDH2 aviyveuBnke oto veupormilnua tng Kokkwdoug otipadag

OAAQ KOl KATA HAKOG TWV TiPoBoAwV Twv KUTTApwV Bergman otnv poplwwdn otifada. To

npotuno ékdppaong t¢ hGDH2 elval mapopolo pe TO MPOTUTIO €KkdpacnC TNG

evboyevouc mGDH twv {wwv. H hGDH2 ekdpadletal emiong, av kot acbevéotepa, o€

oaotpokUTTapa Kot oAlyoSevdpokUTtapa TnG AEUKNC OUoLOG.
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Ewkova 37: Evroniouo¢ hGDH2 ue StmAo avooo@pBoploud o€ un UOVILUOTTOINUEVEG TOUEC
napeykepaldidbac Siayovidiakou Tg32 apoevikou {wou. H hGDH2 eupavilet vynia
enineda ékppaonc otn poptwdn otiBada kat to veupomiAnua tn¢ kokkiwdoug otiBadac
EVW N EKPPAan NG SLayoVISLaKIC TPWTEIVNC atn Aeukn oudia eival aoGeveéoTepn.

Ewkova 38: AutAd¢ avooopPoplouoc yioe hGDH2 (nmpaowvo) kot  NeuN (kOkkivo,
VEUPWVIKOG O€elKTNG) O LN LOVIUOTIOLNUEVEG TOUEC TAPEYKEQaAISac Siayovidiakou
Tg32 lwovu. Mapatnpeitar kokkwdnc ekppacn tou Siayovidiou oto veupomiAnua tng
KOKKLWOOUC uoipa¢ TG mapeyke@adidbac kol Kotd UNKOC TwV TPOEKBoAwvV Twv
kuttapwv Bergmann otn poptwdn otiBada.

210 VwTLao Huelo SlamotwOnke ékdpaon tng hGDH2 oto veupomiAnua twv npocbiwv
Kol omoBiwv kepatwy NG datdg ovoiac alAd Kot oTig onioBleg pileg peta tnv €lcodo
TOoU €vtog tou NM kat mpv tn cuvadn toug ota omicBbla képata. Asv StamiotwOnke
onuavtikn ékdppacn tng dtayovidlakng mMpwteivng otnv unoAounn Aeukn ovcia Tou NM

TLX. OTA MAQyLO AVIOVTO KOL KOTLOVTA SEUATLA KL TLG OTtioOLEG SETUEG.
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Ewkova 39: Etkovec SutAoU avooopBoplouov ue anti-GDH2 kat avti-GFAP avabdeikvoouv
™V Ekppaon tne Olayovidlaknc mpwTeivne oto veupormiAnua twv mpoodiwv Kal
ontoGiwv kepatwv tou NM kat katd unko¢ twv omoHwv prlwv UETA TNV €(0060 TOUG
oto NM kat mptv ™ ouvayn toug e ta onioda kEpara.
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4.3 MopdoAoyikeg MeAETeg

Tooo ol mepidpepikol Lotol 600 Kal to KNI e€etdotnkav CUYKPLTIKA OTLG SU0 OHASEC
{wwv TPoKeLPEVOU va StamotwBouv Sladopég otnv adpr) LaKPOOKOTIKY Hopdoloyia
TOUG aAAQ KOl OTNV ULKPOOKOTILKI) SOUN TOUG O TOUEG HOVLUOTIONUEVWY LOTWV KAl oo
TIC TPEIC OUABEG KEXPWOUEVEG UE TNV LOTOAOYLKA XPWON QLUATOEUALVNG Nwoivng. Aev
Sdlamotwdnkav onUAavtikeég dladopeC WG TPOG TN UAKPOOKOTILK HopdoAoyla Kal T
HULKPOOKOTILK) SOMr TwV OTWV Tou MeAetOnkav. EWBIKA yla TO TAYKPEQC,
NipoodloploTnKe €MUMAEOV O aplOUOC, To UEYEBOC KAl n KAtavourn Twv vnoldiwv oto
olUvolo Tou lotoU KaBwg Kol O aplOpoG Twv P-KUTTApwv avd vnoidlo. Aev
SlamiotwOnKav onUAvTIKEG Sladopeg petafy Stayovidlakwy Kal aypiou tumou {wwv

OTLG TTAPOUETPOUC QUTEG.

ElOIkd otov eykEPOAO, €KTOC amo T MEAETN TG adpn¢ popdoloyiag pe LoToAoyikn
XPWOon aluatofuAivng-nwaoivng, mpoxwpnoapue o AeMTOUEPECTEPN LOPDOAOYIKI) LEAETN
TWV OevopLTIKWV aKAVOWV TwV VEUPWVWV TOoU eyKeddAou, oe SUO TEPLOXEG, TOV
IOKAUTTO Ko Tov petwriaio Aofo (dAowod) pe xpwon Golgi-Cox. Alamiotwoape OTL Ta
SlayoviSlaka {wa €XOUV ONUAVIIKA TIEPLOCOTEPEC WPLUEC MOVITAPOELSEIG SEVOPLTIKEG

akavOeg o€ oxéon e Ta aypilou TUMoU {wa.
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Ewkova 40: Auénuévoc aptduoc wpiuwv pavitapoetdbwv akaviwv euavilovv ta GLUD2
Stayovidika {wa 0 OYEon LE TA AyploU TUTOU OTOUG VEUPWVEC TOU UETWTTLaiou AoBouU
KOl TOU UTITOKAUTTOU TTOU UEAETNONKaY UE TN xpwon Golgi-Cox.

4.4. Xapaktnplopog ¢patvotumouv GLUD2 Siayovidltakwv {wwv

4.4.1. Mpooédiopiouds yAukolng o ouvIKeg vnoteiag

Exel 6exBel mw¢ n GDH1 mailel pdéAo otnv mAnRpn avamtuén tng yAukolo-eEapTWHEVNC
€KKPLONG WooUAivng (GSIS glucose stimulated insulin secretion) aAAd OxL otnv
opolootacn tnG YAUKOING umo Baoikég ouvOnkeg. MeAETEC avaoTOANG TNG AEToupyiog
¢ GDH £xouv w¢ amotéAeopa TNV EAAELUUATLKN TTARPN €KKPLON LvooUALvng (Bryla kot
ouv. 1994, Li kat ouv. 2006. Maechler kat cuv. 2006) evw unepAettoupyia Tou eviUpoU
odnyel og auénuévn €KKPLON LVOOUALVNG OMWC amoSEIKVUETOL O TO GUVSPOUO TNG
UTtEPLVOOUALVALULOG TIou oXeTiletal pe PeTaAAaéel tng hGDH1 mou tnv kaBiotoluv
unepdpaotnipla (Stanley kat ouv. 1998, Yorifuji kat ouv. 1999). Me Sedopévo tov
ONUAVTLKO POAO TNG YAOUTOULKAG adudpoyovaong otov HETABOALOUO TNG YAUKOING Kall

NG €KKPLONG LVooUAivng (Sener kat Malaise 1980) Bewproape okOTIUO oTa AAioLla Tou
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XOPAKTNPLOMOU TOU ¢GatvotUTou Twy Slayovidlakwy {wwv va LETPHOOUUE Ta enineda

YAUKOING vnotelag veapwv eVAAKWVY {wWwv.

Mot T AVAYKEG TOU TELPAMATOC, dtayoviSlakd Kal aypiou Tumou {wa nAtkiag 3-6 pnvwv
otepnOnkav teodng vy 12 wpeg katd tn OLAPKELD TOU KUKAOU OKOTOUuC. Ta
QTOTEAEOUATA TWV HUETPAOEWV AMOKAAU P av Mwg ta Stayovidlakd {wa eiyav onUavIKA
xapnAotepa emnineda yAukolng (mean = SD : 93.7 £7.6 mg/dL, N=26) o oxéon He Ta
ayplou tumou (mean + SD : 143.8 +17.5 mg/dL, N=23, p<0.0001). Ta enineda yAukolng
vnotelag petafL twv Suo Slayovidlakwy oelpwv NTav oAU mapopola (p=0.678). H ¢
Sdlakupavon Twv TIHwV YAUKOING vnoteiog twv Slayovidtakwy {wwv gival onUavIka
ULKPOTEPN OE OXEON UE TN SLAKUUAVON TWV TIHWV TwV aypilou TuTou {wwv. Ta enineda
NG YAUKOING vnoteiag ota Stayovidlaka {wa Kal Twv U0 OpAdwV ATV TTAPOUOoLO LE Ta

avtiotolya enineda tng euyAuKaLuiag vnoteiog Tou avBpwrou.
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Ewkova 41: Enineda yAukolng vnoteiag (12h) WT kat Tg nAwkiog 3-6 unvwv. Ta enineda
YAukolng vnoteiac twv Tg {wwv glvat onuavtika yaunAotepa (Tg: 93.69 + 7.62, WT:
143.8 + 17.54 ,p<0.0001) artd ta avriotoya twv WT.
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WT Tgl13 Tg32 Tg
oplOuog {wwv 23 14 12 26
Minimum 119.0 79.00 79.00 79.00
Maximum 203 104.0 105.0 105.0
HEDOG 6PpOG 143.8 94.21 93.08 93.69
Std.Deviation 17.54 7.371 8.185 7.620
Std. Error of mean | 3.658 1,970 2.363 1.494

Mivakag 21: [livako¢ avaAUTIKWV OMOTEAECUATWY TWV TWUWV EMMESWV YAUKOING
vnoteiag (12h) uetaév WT, Tgl3 kat Tg32 {wwv nAikiac 3-6 unvwv.

@€Aovtag va SLEPEVUVICOUE TIEPALTEPW TO KOTA TOCO N ONUOVTLKN auth dtadopd ota
enineda yAukolng vnoteiag Slatnpeital kat umod GAAEG ouvONKeC, UEAETHOOUE T
enineda yAukolng Uetd amo vnotela 12h o {wa peyoAltepn nAwiog. Evag emumtAéov
Tapayovtag ylwa tnv emloyn peyoAltepng nAkkiag {wwv €ival To yeyovog Mwe TO
C57BL/6J otéAexog pUOC elval emippenég otnv epdavion dapAtn pe tn npdodo tng
NAkiag Kot To ynpag. Ol HETPAOELG TToU Tipape €6eL€av OTL N onuavtikn avuth dtadopd
ota enineda yAukolng vnotelog petall twv dlayovidlakwy Kal aypiou tumou {wwv

e€akoAouBel va vdiotatat kal padAlota emavénuévn ota NAKIWREVA {wa .
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Ewkova 42: Eninebo yAukolng vnoteiac (12h) WT ko Tg nAwkiog >12 unvwv. Ta enineda
VAukolnc vnoteioc twv Tg {wwv givat onuavtika xounAotepa (Tg: 107.0 + 14.64, WT:

161.1 + 24.76, p<0.0001) arto ta avriototya twv WT.

WT Tg13 Tg32 Tg
aplOuog {wwv 29 12 9 21
Minimum 109.0 100 67 67.0
Maximum 225.0 134 129 134.0
HUECOG OPOG 161.1 111.6 102 107.0
Std.Deviation 24.76 10.89 17.04 14.64
Std. Error of mean | 4.598 3.284 5.389 3.195

Nivakag 22:

vnoteiag (12h) uetaév WT, Tgl3 kat Tg32 {wwv nAtkia¢ >12 unvwv.

Mivaka¢ avaAuTikwv OoMOTEAECUATWY TwWV TIUWV MESWV YAUKOLNG

Zuvoyilovtag Ta anoteAéouaTa, MAPATNPOUUE WS TO0Oo Ta Stayovidlakd 600 Kal Tou

aypilou tumou veapd evhAwa Iwa €XOUV CNUAVTIKA XapnAotepa emimeda yAukolng
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vnotelog oe oxéon pe Ta {wa peyaAltepn nAkkiag. Ta veapd aypiou tumou {wa £xouv
vnAa (kamowa paAwota mpo-Sdafntikd) emimeda yAukolng vnotelag, Ta ormola
auavovtal aKOUA TIEPLOCOTEPO HE TO TIEPAG TOU XpOvou, ayyilovtag oxedov SlaBnTikég
TIUEG O€ KAmoLa amnod autd. AvtiBeta ta dtayovidiakd {wa dtatnpoulv TO00 o€ UIKPH 000
Kal og MeyAdAn nAkia apketd yapnAotepa emimeda yAukoIng ool Ue ta emimeda
YAUKOING vnotelog Twv ULylwv evhAlkwy avBpwrnwv. @Qaivetal Aoutov nwg n
Swayovidlakn ékdppaon tng hGDH2 BeAtwwvel tnv opoldotacn tng yAukolng oto
C57BL/6J otéAexog Kol TO MPooTATEVEL Ao TNV gUdaAvion unepyAukatpiog kat Stafntn

o€ JeyaAn nAwia.

250
EEEN \WT 3-6 months
/3 WT >12 months
.004
200 % EEEE Tg 3-6 months
~ C—3 Tg >12 months
©
~
(@)]
e 150
N
Q
(70}
O 1001
[&]
=
@)
50
0

Ewkova 43: 0ykpion emunédwv yAukolng vnoteiac (12h) uetaév veapwv (3-6 unvwv) kot
ynpatwv (>12 unvwv) WT kot Tg {wwv. Tooo ota Siayovidiaka 600 Kot ota aypiou
turnou {wa ta entineda yAukolng vnoteiog avéavovtal onUAvTIKA UE TNV Tapodo Tou
xpovou (Tg veapa : 93.69 + 7.62, Tg ynpaua : 107.0 + 14.64, p=0.0007, WT veapa : 143.8
+17.54, WT ynpaud : 161.1 + 24.76, p=0.0049)
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WT 3-6 ;mnpvwv | Tg3-6 pnvaov | WT >12 imqvev | Tg >12 pnvev
oplOuog {wwv 23 26 29 21
Minimum 119.0 79.00 109.0 67.00
Maximum 203.0 105.0 225.0 134.0
UECOG OPOC 143.8 93.69 161.1 107.0
Std.Deviation 17.54 7.620 24.76 14.64
Std. Error of mean | 3.658 1.494 4.590 3.195

Mivakag 23: [Nivaka¢ avoAUTIKWYV OTOTEAECUATWY TwWV TIUWV EMUTESWV YAUKOING
vnoteiag (12h) uetaév veapwv (3-6 unvwv) kat ynpowwv (>12 unvwv) WT kat Tg {wwv.

Onwg daivetal oto Swaypappa g Elkovag 44 LEAETEC CUOXETIONG TWV ETMESWV
YAUKOING vnotelag He TNV nAkkia deiyvel pia avénon twv emumédwyv yAuKoIng vnoteiag
oe aufavopeveg nAkie¢ tooo ota Slayovidlakd 600 Kol ota aypiou TUmou lwa.
Evtoutolg ta emimeda yAukolng vnoteiag twv OStayoviSlokwy {Wwv TOPAPEVOUV

XapunAotepa o OA0 TO NALKLAKO Ppaopa Twv {wwv TIou HeEAETHONKav.
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Ewkova 44: Aaypauua twv eminédwv YAukolnc vnoteiacg o {wa SLa@opeTIKwY NAIKIWYV
KOl CUCYETLONG TOU UE TNV TO XPOvo kat tnv nAikia (o€ eBdouadec). Kat ot SUo ouadec
napouoialovv avénong twv TUWV YAUkOIng vnoteiac ue tyv mpoodo tn¢ nAikioc.
Evroutoic ota Stayovibiakd {wo ol TIUEC TIAPOUEVOUV OE ONUOVTIKA XauUnAotepo
eninebda kat Sev ayyilouv mote ta podtaBntika n dtaBntika erineda mov eupavifovv
mmoAAa amo ta aypiov tunou {wa.

Mpokelpévou va eAéyéoupe katd oo n Sldpkela otépnong tpodng, aAAd Kot To otddlo
ToU KUKAOU $pwG-oKOTOUC KaTd To omoio vnotevouv ta {wa, ennpedlel ta emnineda
YAUKOInG (6edopévou mwe oL PUeg eival vuktofla {wa), anodacioape Vo LETPHCOUUE
ta enimeda yAukolng vnoteiog oe ynpatd eviAlka {wo HETA Oamo otEPnon TPodng
SLapkelag €L wpwv. Katd tn SldpKela Tou KUKAOU PpwTtoc. Katl oe autAv TNV cuvenkn ta
Stayovidlaka {wa kot Twv Suo ypappwyv eudaviiav onUavtika xaunAotepa emnineda
YAukolng vnoteiag. Ta ayplou tumou {wa mapouactalouv akopa vPnAotepa emnineda
YAUKOING vnoteilag (mean + SD : 192.0 +21.1 mg/dL, N=10) evw ta {wa 1ou $p£pouv To
Slayovidlo e€akoAouBolv va £XOUV TIHECG EVTOC TWV HUCLOAOYIKWV/EUYAUKOLUKWY YLt

Tov avBpwmo oplwv (mean +SD : 119.7 £12.8 mg/dL, N=9).
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MapoAo mou HeAeTNONKav OLAPOPETIKEG TEIPOAUATIKEG OUVONKEG, N  OTATLOTIKA
onuavtikn dtadopd avapeoa oTig TIHEC YAUKOING vnotelag StayoviSlakwy Kal aypiou
TUToU {WwV ouveXLlel va uTtapyeL Kal va ival afloonueiwtn (p<0.0001). AvadeikvueTal
ETLONG TO YEYOVOG OTL N £kppacn Tou Stayovidiou o€ Lwa LE TO OUYKEKPLUEVO YEVETIKO
uUTOBaBpo AeLTOUpPYEL MPOOTATEVUTIKA QMEVOVTL OTNV QVATTTUEN SLoBNTIKWY TIUWV OE

npoxwpnpevn nAwia (yripac).
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Ewkova 45: Emineda yAukolng vnoteiac (6h) WT kat Tg nAkiag >12 unvwv. Ta enineda
VAukOn¢ vnoteiac twv Tg {wwv eivat onuavtika younAotepa (Tg: 119.9 + 12.77, WT:
192.0 + 21.04, p<0.0001) aro ta avriotoya twv WT.
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WT Tgl13 Tg32 Tg
oplOuog {wwv 10 4 5 9
Minimum 158.0 109.0 102.0 102.0
Maximum 221.0 136.0 135.0 136.0
UECOG OPOC 192.0 121.5 118.6 119.9
Std.Deviation 21.04 13.08 13.90 12.77
Std. Error of mean | 6.653 6.538 6.219 4.257

Mivakag 24: [Nivaka¢ avoAUTIKWYV OMTOTEAECUATWY TwWV TIUWV EMUTESWV YAUKOING
vnotelac (6h) uetaév ynpawwv (>12 unvwv) WT kat Tg {wwv.

Mo va SLOmoTWOOUUE av N onuaviky Stadopd ota emimeda yAukolng vnoteiag
odeiletal og avtiotoyn Stadopd otnVv MapayouUevVn WWOOUAivn, poodloploape e TN
pnEBodo ELISA ta emineda wwoouldivng opol (tautoxpova He tnv METPnon yAukolng)
adol unofalape ta {wa oe vnoteia 12h. Ta amoteAéopata £6€lav MWG OL TLUEG
LvooUuAivng ota dlayovidlokad {wa sival onuovtikd auvénuéveg (mean = SD : 1.67 +0.15
ng/ml, N=12, p<0.0001) o€ oxéon pe ta WT {wa (mean = SD : 0.65 +0.06 ng/ml, N=12).
Qaivetal Aowodv nwg n €kppaon t¢ hGDH2 oto Stayovidlakd poviéAo avénoe Tt
Baolkn €kkplon WWoouAivng katd 2.6 GOPEG UE ATMOTEAECUA TN ONUAVTLKY EAATTWON TWV

emunedwv YAukolng vnotelag.
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Ewkova 46: Eninebo tvooulivng vnoteiac (12h) veapwyv evidikwv WT kat Tg {wwv. Ta
enimeda t(voouAdivng vnoteiag twv Tg {wwv gival onuavtika vyniotepa (Tg: 1.67 +0.15

ng/ml WT : 0.65 +0.06 ng/ml, p<0.0001) aro ta avtiotoya twv WT.

WT Tgl13 Tg32 Tg
aplOuog {wwv 10 5 5 10
Minimum 0.1070 0.3110 0.3250 0.3110
Maximum 0.3930 0.6030 0.6750 0.6750
HUECOG OPOG 0.1757 0.4734 0.5064 0.4899
Std.Deviation 0.09363 0.1049 0.1368 0.1162
Std. Error of mean | 0.02426 0.04689 0.06118 0.03675

Mivakag 25: [Mivako¢ avaAuTIKWV QITOTEAECUATWY TwWV TIUWV EMUTESWV VOOUALVNC
vhoteiag (12h) uetaév WT kat Tg {wwv nAikiag 3-6 unvawv.

Mo va eEETACOUE KOL VO OITOKAELCOULE TO YEYOVOG WG N tapoucio uPnAwv emmédwv

LVOOUALVNC vnotelag otov opo twv Tg {wwv, odelleTol 08 OVOEKTIKOTNTA TWV LUWV

otnv €v AOyw Opuovn,
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WvooUAivn. T To okomod auto, {wa NAWKLOG 3 UNVWV oTepnOnKav tpodng yla €L wpeg
Kata tn SldpKkela Tou KUKAOU ¢WTOC Kal otn ouvéxela uttofAnOnkav otn doklpacio
avtiotaong otnv WwoouAivn (evbomepltovaiky xopnynon 1 1U/Kg avBpwrivng
LVoOUALvNG). Meta tn xoprniynon wooulivng mapatnpnbnke nwg ta enimeda yAukolng
aipatog pewwdnkav TOoo ota SlayoviSlakd 000 Kal ota aypiou tumou {wa akpBwg
otov (610 Babuo. H otatiotikn avaluon e repeated measurement ANOVA avédelle OtL
TIAPOTL Ol KOUTUAEG avoxng otn YAUKOIn Oladépouv ONUAVIIKA HETAEY Twv
Slayovidlakwyv kat aypiou tumou Iwwv (p<0.0001), n Swadopd auty amodidetal
e€olokAnpou ota SladopeTika apxika emineda yAUKOING vnOTElOoG Kal OXL 0ToV TPOTO
Kall To BaOuo mou autd petaBailAovtal LETA TN XOPRyNon WWOoUAivng, TTapAUETPOL TIOU

elval amoAUTw¢ ouykpiolpeg otig SUo opadeg.
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Ewova 47: Kaumudeg avtiotaong otnv tvoouldivn (11U/kg) Stayovibiakwy kot aypiou
onov {wwv. H unoapén tnc Sitayovibiakne mpwteivne hGDH2 ennpealet 10 mwc
uetaBardovral ta eninmedba yAukolng upeta omd yopriynon tvoouldivng (p<0.0001 -
repeated measures ANOVA)
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WT Omin 15min 30min 60min 90min 120min
aplBuoc lwwv | 10 10 10 10 10 10
Minimum 164.0 95.00 102.0 127.0 122.0 153.0
Maximum 208.0 145.0 158.0 179.0 194.0 181.0
HECOC OpOG 185.0 120.5 129.7 150.5 158.0 162.2
Std.Deviation 15.03 17.30 18,97 16.18 20.96 8.991
Std. Error of | 4.752 5.470 6.000 5.117 6.628 2.843
mean

Mivakag 26: [Nivakac¢ avaAuTIKwV oTOTEAECUATWY TWV TIUWV ETLTESWV YAUKOING Katd

™ Sokwuaoiag avoyric otnv tvoouldivn oe WT {wa.

Tg Omin 15min 30min 60min 90min 120min
aplBuog Lwwv | 10 10 10 10 10 10
Minimum 119.0 71.00 71.00 72.00 80.00 93.00
Maximum 157.0 99.00 90.00 105.0 107.0 126.0
HECOG OPOG 137.7 82.80 81.90 86.40 95.30 110.0
Std.Deviation | 13.33 8.892 5.216 9.571 10.00 8.705
Std. Error of | 4.217 2.812 1.650 3.027 3.162 2.753
mean

Nivakacg 27: Mivaka¢ avaAuTikwV QITOTEAECUATWY TWV TIUWV EMTESWV YAUKOING KAt
™ Sokiuaoiac avoxnc otnv tvoouldivn oe Tg {wa.

Mpog emBefaiwon twv mapamdavw, SnUloupynoape pa ypadlkn mapdotacn Tng

HETAPBOANG TwV emMESWVY YAUKOING META TNV XOPNYyNon WOOUALVNG O OXEON HE TOV
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Xpovo oTig dUo ouadeg (Elkdva 48). Etol mapd tn onuoavtikn Sltadopd Twv EMUMESWV
YAUKOTING petafl Twv Stayovidlakwy kat aypiou tumou wwv kab’ 6An tn Sldpkela TG
Sdokiuaoiag avoxng otnv wvoouAivn (p<0.0001 ), n mocootiaio HETABOAN TWV TILWV TNG
YAUKOING o€ oxéon UE TNV apxlki TN YAUKOING vnoteiag oe kaBe opdada eival
napopola Kat ot SUuo opadeg {wwv (repeated measures ANOVA, p=0.603).
umodnAwvovtag mopopola evalcdnola otnv WooUAivn HETaty Slayovidlakwy Kot

aypiou tumou {wwv.
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Ewkova 48: Awaypauua mnooootiaia¢ UeTaBoAnNc Twv TUWV Twv emMESwV yAukolnG oe
oxéon Ue ™ TN twv enmedwv yAukolng vnoteiac oe Stayovidlaka kat aypiou tUmou
{wa. Aev napatnpeital dtagpopornoinon uetaév twv Tg kat twv WT {wwv (p= 0.603,
repeated measures ANOVA).

Juvenwg, Ta avénuéva emineda vooulivng vnoteiag, mou Tmapatnpnénkav ota
Sltayovidlaka {wa, Sev pnmopouv va anodoBolv o€ avILPPOTILOTIKA auénaon TN €KKPLongG
NG WoouAivng Adyw auénuévng avtiotaong Twv {wwv o€ authyv, Kabwg ot U0 ouadeg

eudavilouv akplBwg tnv dla evalcdnoia otnv xopriynon WoouAivng.
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4.4.2. Enibpacn tou biayovidiov otn Siaxeipion tn¢ mpooAauBavouevng yAukolng

(glucose dependent insulin release)

Me &ebopévo otL ta Stayovidlakd {wa mapouvotalouv xapnAd emimeda yAukolng Ue
vPnAd enineda wooulivng oe vnotela kol mapopola gvalobnoia otnv Wooulivn,
peAetnoape kata nooo Sladopomoleital n dtaxeiplon tng mpooAapBavopevng yAukolng
HETAEL Twv dlayoviSlakwyv Kal aypiou tumou {wwv. MNa 1o Adyo auto xopnynbnke ota
{wa Stahupa Se€tpolng (35% (w/v), 1mg/g ocwpatikol BApouc, evomepLtovaikad) HETA
and vnoteia 12 wpwv KOl OTn OUVEXELD METPNONKav ta emimeda yAuKOI(ng Kot
LVOOUALVNC opoU. Onmw¢ avapevotay, pio wpa PeTd tn xoprnynon &e€tpdlng ta enineda

YAUKOING aipatog avéndnkav toéco ota Slayovidlakd 600 Kot ota aypiou tumou {wa
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Ewkova 49: Awaypauua ormou anetkovifovral ta enineda yAukolng twv Stayovidiakwv
Kot aypiou tUmou {wwv TPV Kol UETA amo yoprynon 6&étpdlng. Aev Siamiotwdnke
oTaTIoTIKA onuavTikn Stapopd otnv uetaBoAn twv enutédwv yAukolng vnoteiag oTiC
6Uo ouadec.
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Omin WT Tgl13 Tg32 Tg
oplOuog {wwv 8 3 4 7
minimum 133.0 90.00 91.00 90.00
maximum 185.0 100.0 101.0 101.0
HEOCOG OpOG 157.4 94.67 96.00 95.43
Std. Deviation 18.37 5.033 4.397 4.315
Std. Error of mean | 6.494 2.906 2.198 1.631

Mivakag 28: [livaka¢ avaAuTIKwV QmOTEAECUATWYV TwWV TIUWV EMESWV YAUKOING
vnoteiag (mtpwv ™ xopriynon 6e€tpolncg) Tg kat WT {wwwv.

60min WT Tg13 Tg32 Tg
oplOuog {wwv 8 3 4 7
minimum 321.0 290.0 279.0 279.0
maximum 400.0 311.0 324.0 324.0
HEOCOG 0pOG 359.5 300.0 300.8 300.4
Std. Deviation 32.66 10.54 21.65 16.48
Std. Error of mean | 11.55 6.083 10.83 6.229

Nivakag 29: Mivakoag avaAuTiKwY amoteAsoudTwy Twv TIUWVY emunedwv yAukolng 60 min
UETA TN Yopnriynon beétpolng Tg kot WT {wwv.

H aAyeBpikn Stadopd (A ¢i) HETAEL TwWV apXlKWV TIHWV eTUMESWY YAUKOING vnoTtelag
KOl TwV EMUTESWV PETA TN Yopnynon 8e€tpolng, ¢aivetal va pnv dtadopormoleital
METAEL Twv Slayovidlakwy Katl Twv aypiou tumou {wwv (WT: 202.1 + 11.07, Tg: 205,0 +
7,145, p=0.8310) (MNap’ O6Aa autd, n TmoocooTlala METABOAN TWV APXKWY EMUTESWV
YAUKOING peta tn xopnynon tng 6e€tpdlng ota Siayovidlokd {wa, €lval onpavika

peyaAUtepn o€ oxéon e Ta aypilou tumou ( WT: 130,5 + 10,20, Tg: 215,7 £10,15
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p<0.0001) Aoyw TwV XOUNAOTEPWVY APXLIKWY TLULWV TOUG. EvtouTtolg, n HETABOAN HETA TN
xopnynon tng 8e€tpolng wg amoAutn T, ntav akplBwe n dla otig dvo ouddeg,
umodnAwvovtag €vav Koo UTOKELUEVO UNXavIoUo Tou odeiloupe va amodwooupe

otnv napouocia iowg tng MGDH kat oxL o autrv tnv hGDH2.
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Ewkova 50: Alaypauuata omou amneikovilovral ot UETABOAEC Twv  emumédwv YAUKOlng
TPV Kol UETd ™ xoprynon 6eétpolnc ota Tgl3, Tg32 kat WT {wwv. a. w¢ adyeBpikn
Slawopa TEALKWV Kol opxXIKWV TIUWV Kot B. w¢ mooootiaior UETaBOAN o€ oxéon UE TIC
OPYLKEC TIUEC YAUKOLNC vnoTEiac.

Kat’ avtiotowyo tpomo npoodlopiotnkav Kot ta enimeda voouAivng opol TPLV Kol UETA
™ xopnynon 6&€tpolnc. Onwe daivetal oto mapakatw Slaypoappa, LeTafAnOnkav pe
Tov 1610 Tpomo (auénBnkav) kat katd To dLo akplBwg noco, Téco ota dltayovidlakd 600

Kol ota aypiou tumou {wa.
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Ewkova 51: Awaypoauuo omou ametkovilovtar ta emnimeda wvoouldivne opoU twv
Stayovidlakwy kal aypiou TUmMou {WwV TPV Kol UETA ard yopnynon beétpdlng.Ta
entimeda vooulivng twv Stayovidiakwv {wwv efakodovBouv kat gival vgnAotepa kat
UETA TN Yopriynon beétpolng (p<0.0001).

H alyeBpikn dtadopd Twv TIHWV TPV Kal LETA TN xoprynon 8&€tpdlng nrav mapouola
ota Stayovidtaka (1,26 + 0,19 ng/ml) kot ota aypiou tumou {wa (1,34 + 0,45 ng/ml). Ot
XOUNAECG OPWCE TIUEC TWV Baokwy emmESdwV LVvooUAivnG Twv aypiou Tumou {wwv KAvouv
TNV mocootiaia (og oxéon Pe TNV apxkn TLU) YAUKoZlo-e€QPTWHEVN EKKPLON LVOOUALVNG
va elval peyaAutepn o€ autd (214 + 80%) os ox€on He ta Stayovidlaka (77 + 10%) onwg
daivetal koL oto Mapakdtw oxnua. MNa tov (6o AGyo, n OTATLOTIKA avAaAuon ME
repeated mesures ANOVA avédelfe Ml OTOTIOTIKA onuavtikny Siadopormoinon g
METAPBOANG TwWV eTUMESWV WVOOUALVNG UETA amod xoprniynon YAukolng otilg dUo ouddeg
(p<0.0001) mou amodibetal OpwWC OTIC OLAPOPETIKEG OPXLKEG TIMEC KoL OXL OfF

SlapopeTikov TUTOU 1} BaBuoU peTaBoAEG oTnV €KKPLON LVOOUALVNG.
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Ewkova 52: Alaypauuata ornou amneikoviovtal ot UETABOAEC Twv eMUTESWV (VOOUAIVNG
TPV Kol UETA TN Yopriynon 6eétpolnc ota Tgl3, Tg32 kot WT {wwv. a. w¢ aAyeBpikn
Slapopa TeEAkWVY Kol apylkwyv Tipwy. Kot 8. w¢ mooootiaio uetaBoAn oe oxéon UE TIC
OPYIKEC TIUEC (voouldivne vnoteiac. H mooootiaior yAukolo-e€apTwUEVn EKKPLON
tvooulivne ota WT {wa ntoav onuavtika ueyaAutepn oe oxéon e ta ditayovidiaka (WT
:214 + 80%, Tg: 77 + 10% p<0.001*)

4.4.3. Aokiuaoia avoxnc otn yAukoln

2Tn oUVEXeLO HeEAETHOOE TN Sladopomoinon Twv SoKaowv avoxng YAukolng otig duo
opadeg. Meta tn xopnynon O6e€tpolng, mpoodlopicape ta emimeda yAukolng oe
OUYKEKPLUEVO XPpOVIKA OSlaothpata. AmO TIC KAUMUAEG Tou Tmapouctalovial oto
TMAPOKATW Oldypappa mpokuntel Ot ta OSlayovidlakd Iwa, kabBwg Eekwadve amod
xapnAotepa enineda yAukolng, Kvouvtal o Alyo xapunAotepa enineda os oxéon UE Ta
aypiou tumou Iwa. Evtoutolg, kat ot duo opddeg, to mpooAauPavopevo ¢optio
YAUKOING 06nyel og UPNAEG TIHEC OAKYXAPOU, OMWE AUTO POIVETAL OO TIC KOUTUAEG

QVOXIG TNG YAUKOTNG.
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KaumuAec avoyric otn yAukdln Tg koatw WT {wwv. lMapouoialovtal ol

UETABOAEC TwV TIUWV TwV eMTESWV YAUKOING UE TNV Madpodo TOU XPOVOU WETA oo
xopnynan beétpdlne oe OSlayovibiaka kat aypiov tumou {wa. H Ekppacn tou
Stayovibdiou GLUD2 gaivetat va emibpd Aiyo otov tpormo ue tov onoio Sdiayetpilovral to
Tg {wa to mpocAauBavouevo poptio yAukolnc (p<0.0001, repeated measures ANOVA)

WT Omin 30min 60min 90min 120min
aplOpog {wwv 8 8 8 8 8
minimum 133.0 359.0 321.0 256.0 189.0
maximum 185.0 430.0 400.0 322.0 221.0
HECOG OpOG 157.4 394.5 359.5 289.3 200.5
Std.Deviation 18.37 29.31 32.66 23.01 9.914
Std. Error of | 6.494 10.36 11.55 8.134 3.505
mean

Mivakag 30: MNivakag avoaAUTIKWY AMOTEAECUATWY TWV TIUWV ETTESWV YAUKOING Katd

™ Sokwuaoiac avoxrc otn yAukoln oe WT {wa.




Tg Omin 30min 60min 90min 120min
oplOuog {wwv 8 8 8 8

minimum 90.00 299.0 279.0 189.0 156.0
maximum 101.0 390.0 324.0 256.0 190.0
HECOC OpOG 95.43 346.6 300.4 224.9 173.3
Std.Deviation 4.315 30.19 16.48 22.67 11.60
Std. Error of | 1.631 11.41 6.229 8.567 4.385
mean

Mivakag 31: lNivaka¢ avaAuTiKwy QIMOTEAECUATWY TWV TIUWV EMUTESWV YAUKOING KT
™ Sokiuaoioc avoxrc otn yAukoln oe Tg {wa.

Juvoyilovtag Ba pmopoucape va mMoUpe Twg ta SlayoviSiakd {wa mapouotalouv
KOAUTEPN KAUmMUAN avoxng otn YAUKOING Kal TIAAL AOyw TwV XAUNAOTEPWY TLUWV TNG

apXLKA.

4.4.4. Eniépaon NAsukivng otn diaxeipion yAukolns (€kkpion tvooulivng SLeyeilpousvn
ano Asukivn)

H Agukivn avAkel oto amapoitnto apwvofEéa, Ta omola 0 avOpwTVOG OPYaVIOUOC
e€aodalilel Sta péoou yeupdtwy, mAouaota o€ {wikn mPwTeivn. H Agukivn eival éva amno
Ta Tpla apwoléa StakAadlopevng aluoou (pall pe tnv WoAeukivn kat T BaAivn) Kat
UTIOPEL va TPOoAyeL TNV EKKPLON WVOOUALVNG w¢ apvofu (AASIS amino acid stimulated
insulin secretion) evw eilval €vog onUAVTIKOC AANOOCTEPLKOG evepyomolnTtig Twv hGDH1
kot hGDH2. E€stdoape Aomov nmwe n Xopnynon tou apwvogeog Aeukivn ennpedlel Tov
TPOTO e Tov omoio Staxelpilovrat ta Stayovidlakd {wa tn YAUKOTIN. ZTn UETAYEUMOTIKA
neplodo, ta apvoféa Kal Kuplwg n Asukivn Sleyeipouv tnv €KKpLon WWoouAivng. Exel

BpeBel mwg eblkd n Aeukivn aufdvel TNV €KKPLON LWOOUAIVNG Kupilwg HEow
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evepyornoinong tng GDH1 (Sener kat Malaise, 1979) ota B-kUTtapa KoL TNV €MAYOUEVN
o&eldwaon Tou yAOUTOULKOU O€ a-KeToyAoutaplko mou odnyel otn ouvBeon ATP ota B-
KUTTapa tou TaykpéatoG. H avénon tou Adyou ATP/ADP £xel wG QMOTEAECUA TNV
avaoTohr] Twv Karp SLaUAwV, TV evepyomoinon ewopofic Ca’* oto KUTTaPO Kat €KKPLoN

LVOOUALvNC.

EKKpION

TATP/ADP
A {vaouldivny

a- KETOYAOUTAPIKO

A
(+)GDH

Agukivn yAouTapiké

B - kUTTapo

Ewova 54: Andouvoteupuévn avanapdotaon tng evepyornoinong tng GDH amnd to autvoéu
L-Agukivn

Ta wa unmoPARBnkav oe dwdekawpn vnotela kot adol HeTpROnkav Ta emineda
YAUKOING Kal voouAivng vnoteiag, xopnynbnkav oe auta 0.25 mg/g Aeukivng. Ta
enimeda yAukOING Kal WWoOUALvNG emavektiunOnkav 1 h peta tn xoprniynon Tou
apwoééoc. Onwg mapouoialetal oto Sidypaupa (Ewova 55) oe avtibBeon pe 1o
ovVapeVOUEvVOo, Ta Stayovidlakad {wa Sev epdAvioav oUoLOOTIKA LETABOAN TWV EMUTES WV
YAUKOING w¢ amavtnon otn xopnynon Asukivng. AvtiBeta ota aypiou tumou {wa, ta
emnineda wvoouAivne avéndnkav onpavtikd (1.25 + 0.076 ng/ml évavtl twv apxkwyv 0.68
+ 0.007, p<0.0001). Ta Adn vPnAd enimeda wvoouAivng vnotelag Twv SlayoviSlakwy
{wwvV MopERELVAY ouoLlaoTika apetapfAnta (1.90 +0.26 ng/ml évavtl twv apxikwyv 1.71 +

0.15, p=0.154)
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Ewkova 55: Awdqypauua omou armetkovilovtol ta emineda

(1.90 #0.26 ng/ml évavti twv 1.71 #+ 0.15, p=0.154)

WT N=6
Tgl3 N=3
Tg32 N=3

tvooulivnc opou
Stayovibtakwv kat aypiou Tumou {wWwv rtpLv Kot 60 min UETA T XOPrynon tou autvoéEoc
L-Agukivn. Ot Tipéc twv emmedwv wvoouldivne opou avéndnkav ota WT {wa (1.25 +
0.076 ng/ml évavtt 0.68 + 0.007, p<0.0001), evw ota Tg mopéUevav oxebov auUeTaBAnTa

Omin WT Tg13 Tg32 Tg
aplOpog {wwv 6 3 3 6
minimum 0.5900 1.671 1.458 1.458
maximum 0.7670 1.890 1.812 1.890
HUECOG OPOG 0.6772 1.776 1.640 1.708
Std.Deviation 0.07005 0.1098 0.1772 0.1514
Std. Error of mean | 0.02860 0.06338 0.1023 0.06182

Mivakac 32: [Mivako¢ avoAUTIKWY OMOTEAECUATWY TWV TIUWV ETUTESWV VOOUAIVNC

vnoteiag (mptv ™ xopriynon tou auwvoéeoc L-Asukivn) Tg kat WT Jwwv.
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60min WT Tg13 Tg32 Tg
oplOuog {wwv 6 3 3 6
minimum 1.121 1.800 1.498 1.490
maximum 1.330 2.212 1.993 2.212
Héooc 4poc 1.247 2.041 1.760 1.901
Std.Deviation 0.07554 0.2147 0.2488 0.2586
Std. Error of mean | 0.03084 0.1240 0.1466 0.1056

Mivakag 33: Mivaka¢ avaAuTiKwV aTOTEAECUATWY TWV TIUWV EMTESWV WVoouldivne 60
min UETA TN Yoprynon tou autvoééog L-Asukivn Tg kot WT {wwv.
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Ewkova 56: Awaypauuoatoa ormou amneikovifovral ot UETABOAEG Twv emmédwv (voouAivne
TPV Kat Ueta tn xoprynon L-Asukivne ota Tgl3, Tg32 ko WT {wwv w¢ mooootiaio
UETABOAN O€ OYEON UE TIC APXIKEC TIUEC t(vooUAivng. H mooootiaia €kkplon tvooulivng
UeTa amo Sieyepon Le Asukivn ota WT {wo NTtov onuavtika UEYAAUTEPN OE OXEON UE
ta Siayovidiaka efoutiog Twv SIAPOPETIKWY apyIKwV TIUwV Twv dvo ouadwv (WT :
86.10 +25.22%, Tg: 10.90 #* 6.240%, p= 0.0005)
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‘Oocov adopa ta enineda YAUKOING, autd apéuevay oxedov otabepa ota dlayoviSlakd
{wa (100.4 £ 7.5 mg/dL évavtL Twv apxikwv 98.43 + 5 mg/dL), evw n xopriynon Agukivng
elxe w¢ anotéAeopa TN Helwon Twv emMESwV YAUKOInG ota aypiou tumou {wa (136.9 +
23.67 mg/dL évavtt 163.8 + 23.92 mg/dL). H otatiotiky avaiuon pe repeated measures
ANOVA aveSelfe Lo onUOVTLKN eMidpacn Tou yovotumou (wt v/s tg) otov Tpomo mou n

Aeukivn emubpa ota enineda yAukolng otig dVo opadeg Lwwv (p<0.0001).
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Ewkova 57: Awaypouuo omou oameikovilovral ot TIUEC — emmESwV YAUKOING Twv
Stayovidtakwv kat aypiou Tumou {wWwv rtpLv Kot 60 min UETA T X0Prynon tou autvoéEoc
L-Agukivn. Ot tiuéc twv emmedbwv yAukolne usiwdnkav ota WT {wa (136.9 + 23.67
mg/dL évavtt 163.8 + 23.92 mg/dL) evw ota Tg napéusivay oxedov auetabAinta (100.4 +
7 mg/dL évavtt 98.43 + 5 mg/dL) (p=0.5680).
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Omin WT Tgl13 Tg32 Tg
oplOuog {wwv 8 3 4 7
minimum 139.0 96.00 92.00 92.00
maximum 201.0 106.0 104.0 106.00
HEOCOG OpOG 163.8 100.3 97.00 98.43
Std. Deviation 23.92 5.132 5.099 4.995
Std. Error of mean | 8.455 2.963 2.550 1.888

Mivakag 34: [livaka¢ avaAuTiKwV QmOTEAECUATWY TwWV TIUWV EMESWV YAUKOING
vnoteiag (mpLv T yoprynon tou autvoééoc L-Aeukivn) Tg kat WT {wwv.

60min WT Tg13 Tg32 Tg
oplOuog {wwv 8 3 4 7
minimum 116.0 102.0 88.0 88.0
maximum 187.0 107.0 108.0 108.0
HUECOG OPOG 136.9 104.7 97.25 100.4
Std. Deviation 23.67 2.517 8.694 7.458
Std. Error of mean | 8.368 1.453 4.347 2.819

Mivakag 35: [livakac¢ avaAuTIKWY QITOTEAECUATWY TWV TIUWVY ETUMESWV YAUKOING UET
™0 xoprynaon tou auwvoééoc L-Asukivn Tg kat WT {wwv.

4.4.5. Enidpaon NAeukivng otn Staxeipion npooAauBavouevng yAukolng

‘Exoupe Aoumov beL O0tL n xopriynon StaAvpatog de€tpolng HetafAAeL pe tov 6Lo TpoTo
ta Stadopetika enineda yAukolng kal Wvooulivng vnotelag twv SUo opddwv evw n
Xopnynong tou apwvo&eog Aeukivn dev emnpealel kaBOAoU TNV €KKPLON LVOOUALvNG ota
SlayoviSlaka svw aufavel tnv €KKplon WWOOUALVNG Twv aypiou TtUmou {wwv. 2Tn
OUVEXELDL UEAETACOME TO av n xopnynon Aeukivng mpwv tn Xopnynon O6&€tpolng

ennpealel pe SLaPOPETIKO TPOTO TIG SUO OHASEC.
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Mo to Aoyo auto ta {wa otepnBnkav Tpodng yia 12 h katd tov KUKAO OKOTOUG Kol TNV
eEMoOpevn nuépa, adol petpnbnkav ta emimeda YyAUKOING Kal WVOOUALvNG vnotelag,
xopnynbnke oe auta pe tn popdn okeudaopatog YEANG Asukivn (0.25 mg/g cwpatikou
Bapoug). H evéomepttovaikr xopriynon tou dtalvpatog de€tpolng (35% (w/v), 1mg/g
owpatkol Bapouc) €yve 30 min apyotepa. Ta emimeda YAUKOING Kal LVGOUALVNG opoU
HETPRONKaV pia wpa PETA TN Xopriynon Asukivng (30 min petd tn xopriynon Stalvpartog
8e§tpoing).

Onw¢ daivetal kat oto Slaypappa, ta enimeda wooulivng auénbnkav toco ota
Slayovidlaka 600 kal ota aypiou tunou {wa. Napolo mou ta enineda WWVGOUALVNG TwY
aypiou tumou {wwv ¢aivetal va Tetpaniactaoctnkay (2.5 + 0.32 évavtt 0.63 +0.05 ) evw
Ta TEAKA emimeda WooUAlvng Twv dlayoviSlakwy {wwv ATav SUTAACLO TWV aPXLKWV
(3.211 + 0.28 évavtl Twv apxtkwv 1.634 + 0.15), n alyeBpkn Stadopd HeETALL TwWV
TEAIKWV KAl apXLKWwV eMUTESWV WWOOUALVNG TIPOC TO XpOvo €ival mapopola ot duo

opadeg lwwv.
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Ewkova 58: Aiaypauua Ormou maplotavovtol ol TIUEC TwV ermmedwy wvoouldivne Tg kal
WT {wwv mpiv kat ueta ™ xopriynon Asukivne kat de€tpolng. Ta enineda tvoouAivng
avéavovtal T0oo ota Stayovidlakd 000 Kol ota aypiou TUTou {wa.
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Omin WT Tg13 Tg32 Tg
oplOuog {wwv 6 3 3 6
minimum 0.578 1.600 1.349 1.349
maximum 0.7010 1.765 1.720 1.765
UECOG OPOC 0.6320 1.678 1.590 1.634
Std.Deviation 0.05417 0.08282 0.2087 0.1501
Std. Error of mean | 0.02211 0.04781 0.1205 0.06126

Mivakag 36: [livaka¢ avaAuTIKWV QITOTEAECUATWY TWV TIUWV ETUTESWV VOOUAIVNG
vnoteiag (mptv T Yopriynon tou auwvoééoc L-Asukivn kot deétpdlng) Tg kat WT Jwwv.

60min WT Tg13 Tg32 Tg
oplOuog {wwv 6 3 3 6
minimum 1.982 3.000 2.900 2.900
maximum 2.832 3.366 3.670 3.670
HUECOG OPOG 2.486 3.199 3.223 3.211
Std. Deviation 0.3213 0.1850 0.3995 0.2788
Std.  Error of|0.1312 0.1068 0.2307 0.1138

mean

Mivakag 37: [livaka¢ avaAuTIKWV QIMOTEAECUATWY TWV TIUWV ETMUTESWV (VOOUAIVNG
UETA TN Yopnynon tou auwvoéeoc L-Asukivn kot de€tpolne Tg kat WT {wwwv.

Oocov adopd ta enimeda YAuKoOInG, OMwWE KoL NTAV AVAUEVOUEVO, auénBnkav Kal oTLg

6V0 opadeg lwwv, otav peTpROnKkav pla wpa HETA TN xopnynon Tou SLoAUpATOG

be€tpolng. Ta apyikda emimeda yAukolng vnoteiag Ttwv Stayovidiakwyv {wwv (100.6 *

4.392 évavtl 162.0 + 29.31) ATavV ONUOVTIKA XapnAOoTepa Twv emmeédwv YAUKolng

vnotelag Twv aypiou tumou emPeBalwvovtag yla pia akopa ¢opd ta amnoteAéopata

TWV MPONYOUUEVWY TELPOUATWY. H Sdladopd auth MapapEVEL KAl HETA TN XOoprynon
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Aeukivng kat 6e€tpdlng (193.9 + 15.59 évavtl 267.0 £ 20.4). Autd mou TPENEL va
onUewwBel eilval mw¢ evw n xopriynon Aeukivng 6ev petafarAel tn Baoclkr €KKPLoN
WvooUAlvng kat ta emimeda yAukolng vnoteiog twv Stayovidlakwyv {wwv, dalvetal va
BeAtiwvel Ttov TPOMO pe TOV oOmoio Slwoxewpilovrar ta  Stayoviblakda Iwo  TO
npocAappavopevo doptio yAukolng. To idlo mapatnpeital kal ota eninmeda yAUKOING

Twv aypiou TOmou {wwv, ta omoia eudavilovtal CNUAVIIKA XaunAotepa av €xel

niponynBet AfPn Agukivng mpv tn xoprniynon ¢optiouv yAukolng.
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Ewkova 59: Awaypaupo Omou noplotavovtal ol TIUEG Twv ennedwv yAukolne Tg kow WT
{wwv mptv kal UeTa Tt xoprnynon Asukivne kat 6e€tpolnc. Ot TIUEC Twv  emimedwv
VYAukolnc ueta ™ xopnynon 6eétpolne auvéavovral toco ota Stayovidiakd 000 Kot oTa
aypiou tumou {wa.
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Omin WT Tgl13 Tg32 Tg
oplOpog {wwv 8 3 4 7
minimum 123.0 102.2 94.00 94.00
maximum 195.0 108.0 100.0 108.0
HUECOG OPOC 162.0 104.3 97.75 100.6
Std.Deviation 29.31 3.215 2.630 4.392
Std. Error of mean | 10.36 1.856 1.315 1.660

Mivakag 38: [livaka¢ avaAuTIKWV OMOTEAECUATWY TWV TWUWV ETMMESWV YAUKOING
vnoteiag (mplv t™n xopriynon tou autvoééoc L-Aeukivn kat 6e€tpolng) Tg ko WT {wwv.

60min WT Tg13 Tg32 Tg
oplOpog {wwv 8 3 4 7
minimum 230.0 181.0 177.0 177.0
maximum 289.0 212.0 216.0 216.0
HECOG OpOG 267.0 193.7 194.0 193.9
Std.Deviation 20.45 16.26 17.61 15.59
Std. Error of mean | 7.228 9.387 8.803 5.894

Mivakag 39: [Mivaka¢ avaAuTIKWV aTOTEAECUATWY TWV TIUWV ETUTESWV YAUKOING UETA
TN xoprynaon tou auwvoééoc L-Asukivn kat 6e€tpolnc Tg kat WT {wwv.
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Ewkova 60: ZUykpion tiuwv emmeédwv yAukolne Tg kat WT {wwv, pia wpa UETA TNV
xopnynon 6eftpdlnc, xwpic Ko UETA artd yopriynon tou autvoééoc L- Asukivng.

4.4.6. Avantuélakéc kat dAAe¢ Metproeig
MpdoAnyn tpownc kat Swuatiko Bapoc

Mia mapdpeTpog Tou GaLVOTUIOU TOU TIELPAUATIKOU A HOVIEAOU TIOU UEAETHONKE
Kata TV Slapkela TnG mapovaoag dLatplpng nTav n nuepnota mpocAnyn tpodng otnv
veapn evAlkn Iwn Kal TO CWHATIKO BAPOG TwV TEpANATOlwwy. Asv SamiotwOnke
Slopopa otic SUO AUTEC MAPAUETPOUG. JUYKEKPLUEVA TO BAPOC TWV VEAPWY EVAAIKWV
{wwv (2-3 pnvwv) Atav mapopolo otig duo opdadeg (Tg: 24.25 + 0.96,WT: 24.54 + 1.04)
AkoAoUBwC peAetnOnke n petafoAr) Tou BAPOUG TOU CWHATOG HE TO XPOVO KoL TNV
avénon tN¢ nAwiag. Otav peAetiOnkav {wa peyaAutepng nAkiag (>12 pnvwv),
Slamiotwoape OtL Ta Stayovidlakd {wa ixav onNUOVTIKA XAUNAOTEPEG TIUEG CWUATIKOU

Bapoug og oxéon Ue Ta aypiou tumou (Tg: 34.26 £ 0.53 WT: 39.53 + 1.5. p=0.0077).
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Ewkova 61: Tiuéc owuatikou Bapouc Siayovibiakwv kat aypiou tumou {wwv Suo
nAwiakwv oradiwv (2 kat 14 unvwv). Evw bev undpyet dtagpopornoinon uetaél twv
TIUWV owuatikoU Bapouc uetaél Siayovidiakwy kot aypiov tumou {wWwv nAikiac 2
UNVWV, Ol TIUEG TOU OWMATIKOU Bapou¢ twv aypiou tumou {wwv elval onuavtikd
UEYaAUTEPEC OoTNV NAtkia Twv 14 unvwy (p= 0.0077, t-test)

Aebopévou nwe ta {wa oe OAeg TIG opddeg eixav otn dldbeon toug TNV dla moldTnTA
KOl TTOOOTNTA TPODNG, KL KATAVAAWVAV TTAPOUOLEG TTOOOTNTEG UE BACT TIG KAONUEPLVEC
poG petpnoelg  (Wylopa tpodrc) emi ospa  efdopddwv, umobBécape OtL N
Sladpopormoinon auti otn PeTABOAN TOU CWHATIKOU BApoug pe TNV nAkia mbavov va
odeiletal oto SladopeTIKO evepyelaKkO LETOBOALOUO TwV SUo opddwyv {wwv. Me Baon
v unobeon avuth, Tta OSwayoviblakd (owg katadépvouv Kal Saxelpilovral
OTOTEAEOLATIKOTEPO TNV EVEPYELA TIOU TIPOCAAUBAVOUV LE TNV Tpod UE CUVETELD Va
npooAapBavouv Alyotepo PBdpog pe ™V nAwkia. MNpokeévou va SlePEUVACOUUE
TIEPALTEPW TO CUYKEKPLUEVO eUpnua, MeAethooape 10 aypiou TUTOU Kot 8 Slayovidlaka
{wa (4 and kabe yovotumo), oe Babog efaunvou, 6cov adopd T HETABOAEC OTO

OWHATIKO TouC Bapocg os BaBog xpovou.
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Ewkova 62: Aldypauua TUWV CwWUATIKOU Bapouc Stayovidlakwy Kot aypiou tunmou {Wwwv
Onw¢ autéc peTpninkav otnv nAia twv 6 kot 12 unvwv. Evw otouc 6 unvec dev
urnapyet dlapopomnoinon twv TIUWV owUaTikoU Bapoug, otoug 12 unveg ta aypiou
TUTTOU {Wa EXOUV CNUAVTIKA UEYAAUTEPEC TIUEC CWUATLKOU Bapouc (p=0.0109)

H kataypadr Tou cwpatikou Bapoug Twv {wwv Eekivnoe amod tnv NAKIO Twv 6 pnvwv
Kot oAokAnpwBnke otav ta {wa cuPnAnpwoav to dwdékato pRva. Evw otnv nAkkia tTwv
6 unvwv &ev umnpxe Siadopomoinon HETAED TWV THWV CWHOTIKOU PBApoug Twv
SlayoviSlakwv Kat aypiou tumou Lwwv (30.26 + 0.44 évavtt 30.96 = 0.49), oL TIUEG TOU

owpatikol Bapoug Twv aypiou TUMoU {wwV oTNV NAKIA Twv 12 pNvwv ATAV GNUOVTIKA

age (months)

peyaAvtepeg (WT:36.14 £0.66, Tg: 33.30 +0.72, p=0.0109).

140



40

| | ® WTN=10
- e Tgl3 N=4
30 °

A Tg32N=4
20 - A
3
A

10 So —j__.L

weight gain
AW (% of initial weight)

Ewkova 63: Alaypauua UETABOANG TwV TIUWVY CWUATIKOU Bapouc oe xpoviko Slaotnua 6
unvwv Siayovidiakwyv kat oypiovu tomou {wwv. Ta Bapo¢ twv aypiov tumou {Wwv
avéndnke kata 16.86% + 2.4 evavtt 10.05% + 1.82 twv biayovibiakwyv. H avénon tou
owWUATIKOU Bapouc Twv aypiov TUmou {wwv gival onUAVTIKA UEYXAUTEPN O OXEON LE
autn twv Stayoviditakwy ( p=0.0377)

2Tn ouvéxela, kabwg Stamotwoape otL ta Slayovidlakd {wa maipvouv dSuckoAotepa
Bapoc pe tnv mpoodo tNG nAkiag oe oxéon He ta aypiou tUmou {wa Tou yivovtal
TaxVoapKa E TO XPOVO, UEAETOAPE av Ta {wa Hag XAvouv eUKOAOTEpA BApog UETA
ano otépnon tPodnc. Me Baon tnv umtoBeon pyaciog Hag, £VOG AMOTEAECUATIKOTEPOG
Kol TaXUTEPOC UETABOALOMOC WG amotéAeopa ¢ mapouaoiag tng hGDH2, Ba mpémel va
odnyel kot og TaxUTEPn KLnTOmMoinon omoBnKeUUEVNG EVEPYELOC HE OUVETELA
EUKOAOTEPN oamwAewa PBdpouc HeTd omo otépnon tpodng. TMpokelpévou va
OlEPEUVNOOUE TEPALTEPW TO OUYKEKPLUEVO epwTtnua, mpoodlopicape 10 BApog
owpatog 10 aypiou TUMOU Kat 8 Stayovidlakwy {wwv PETA and 24 Kal HeTd ano 48wpn

otépnon Tpodn¢, UE XPOVLIKN amdoTacn LETAED TWV MEPAUATWY TTAVW ATtO VAV UAVa.

141



20
® WT N=10
= 154 o ® Tgl3 N=4
o A 1432 N=4
" =
2 o
o =
- = 10 ®A[l °
o> = °a Ale
2 c A
o
2 o
o 5_
S
0 T T
WT Tg

Ewkova 64: Awaypaupua nocootiaia¢ UETAB0ANG Twv TIUWY cwuatikou Bapouc Tg kat
WT lwwv ueta ano otépnon tpopnc yta 24h. H nocootiaia uetaBoln tou Bapouc twv
Stayovibtakwv {wwv Sev Stapoporoleital o€ oxeon Ue ta {wa aypiou tumou ( Tg: 9.37 +
1.21 %, WT :9.62 +2.16 %, p= 0.7568)

Alamiotwoape OTL, evw META TNV 24wpn otépnon tPodng to Papog twv lwwv
pHeTaPAnNOnke to 8o ot Vo opdadeg, petd amd 48wpn otépnon TPodng Ta
SlayoviSlaka {wa £xacav HEYOAUTEPO TTOOOOTO TOU aPXLKOU TOuG BAapoug os oxéon Ue
Ta aypiov tumou lwa (Tg: 15.33 + 0.85 %, WT : 13.62 + 2.0 % , p= 0.0293),
emPePfalwvovtag TNV apxkn pag umobeon. Mepaltépw UEAETEC TNG KATOVAAWONG
evépyelog oe {wa Twv dUo opddwv Ppiokovtal oe e€€AEN OTO €pyaoTrpLO HOC Kol
OVOUEVETAL VA QTAVINOOUV TO OUYKEKPLUEVO E€PWTNHUA KAl VO TEKUNPLWOOUV TNV

opBotnta ¢ unoBeon g pag.
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Ewkova 65: Awaypauua nmooootiaia¢ UeTaBoAnc tTwv TiUwWV owuatikoU Bapouc Tg kat
WT {wwv ueta amno otepnon tpoerc yia 48h. H mooootiaia puetaBoAn tov Bapouc Twv
Stayoviblakwv {WwVv Eival onUAVTIKA UEYXAUTEPN O oxéon Ue ta {wa aypiov tumou (
Tg: 15.33+0.85 %, WT :13.62+ 2.0 %, p= 0.0293)

4.5 Tuunepidpoptkég Meléteg
MPOKELUEVOU VA OAOKANPWOOUUE TN Xaptoypddnaon tou ¢alvoTUou TOU TIELPOLOTLKOU
HOG LOVTEAOU PEAETACAUE KATA TOCO N Tpoodnkn Kal ékdpacn tou GLUD2 yovibiou

elye emumtwoelg otn ocupuneplpopd tou {wou.

E€eTdoapEe TN KLVNTIKOTNTA, TO AyXOC, TN UVAUN KoL TNV evotlodnoia otov movo o OAEC

TG opAdeg Lwwv.

4.5.1. Kivnuikotnta-Aokiuaoia avolytou niediov (open field)
Me tn dokipacia avolytol nediou (open field) peAetiOnke n avBOPUNT KVNTIKOTATA

(spontaneous locomotor activity) veapwv eviAlkwv Iwwv (nAkiag 3-5 pnvwv), o
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KLVNTIKOG TOUG EAEYXOG KAl N TAoN Toug yla e€epevvnon. H ékdpaon tng hGDH2 ota
Slayovidlaka {wa dev emnpéace TNV auBopuntn KvnTikn dpaoctnplotnta tou {wou Kal
TOV TPOTIO HE TOV OTOLO OTEKETOL 1 KLWVETAL PE TA TEOOEPA AKPA TOU KoBwg Ta
amoteAéopata TN  Kataypadopevng ouvunepipopdg¢ Twv Tg  Iwwv  dev

Sladopomnotovvtal and autd Twv aypiou tunou (Tg : 4240 + 242.5, WT : 4584 + 260.2,

p=0.4323)
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Ewkova 66: Mcetpnon te audopuntng Kivntikng Spaotnplotntac eVAAIKWY UUWV OTh
Sokiuaoio avolktou mediou, UETA oo Kataypaen yia uia wpa. H rapouvoica tov GLUD2
yovibiou bev @aivetal va ustaBarder tnv auBopuntn kivntikn SpaotnploTNTA TWV
Stayovidtakwy {wwv (p=0.4323)

4.5.2. Evaiodnoia otov novo - Aokiuaoio Fepuikne unepadynoiog

H mapduetpog tng Bepuikng aAdyalobnoiag peletnOnke pe tn xprnon dvo fexwplotwv
TEPAUATIKWY Stataéewv TG Beppatvopevng mAakag (hot plate) kal tou Plantar test
(Hargreaves’ method). Ta toug okomouUg TNG UEAETNG eMAEXONKav veapd evAALKa

SlayoviSlaka Kat aypiou tumou {wal.

AvaAuon tTwv anoteAeocpdtwy £6ei€e mwg ta dtayovidlakd {wa epdavilouv cnUAVTLKA
peyaAutepn evalcOnoia otov mOvo MPOKAAOUEVO amo Oepuiko epEBLlopa o OxXEon e
Ta aypiou tumou téoo Katd tn Sldpkela tnG Sdokipaoiag Bepualvopevng mAakag (hot

plate) (p<0.0001) 600 kal kata tn Sokwaoia Plantar test (p=0.0098)
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Ewkova 67: Aokiuaocio Hot Plate. Ot xpovot amokpionc twv Stayovidtakwv {Wwv Ntav
onuavtika Ukpotepol (p < 0.0001) oe oxeon ue ta aypiou TUMOU UTOSNAWVOVTAG TTWE
ta Slayoviblaka {woa gupavilovv onuavtika UeyaAUTepn evalodnoia o€ movo mou
npokaAeitat and Jepuiko epedioua.

p=0.0091

8- p=0.0098 84 p=0.0103
. —_ . WT N=8
w mm WTN=8 @& 3 Tgi13 N=4
- 1 TgN=8 a Tg32 N=4
g 6 5 O
5] 2
= K
= ©
= =
© 4 o 4
5 T
= =
E 2
T g 2l
£ 2 £
2 £
=

0- - 0-

WT Tg32

T
Tg Tg13

Ewkova 68: Aokiuaocio Plantar Test (Hargreaves’ method). Ot xpovot amokpiong twv
Stayovidiakwyv {WwV NTaV CHUAVTIKA UIKPOTEPOL (p< 0.0098) oc oxéon uUe ta aypiou
tunou unodnAwvovtag nw¢ ta Stayovidiaka {wa eUEavilouv onUaVTIKG UEYOAUTEPN
evatodnoio o movo rou mpokaAeitat anod Jepliko epedoua.
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4.5.3. ATXOz-Aokiuaoia Pwtog/EkoToug

Mo TNV avamapaywyn TwV CUMMTWUATWY AyXoug Kal TNV UEAETN TG emidpaong tng
ékdpaong tou Slayovidiov ota enimeda dyxoug Twv {wwv emAéxOnke n Sokipacia
dwtog-okotoug (Forestiero kat ouv. 2006). H ékdpaon tng Stayovidiakig hGDH2
NMPWTEIVNG dev emnpéace tnv anodoon twv Stayovidlakwy {wwv otn doklaoia Kabwg
TO00 OL XpOVOL TOPAUOVHG OTA OKOTELWVO Kol TO PWTEWVO SLapEPLOUO OCO KO 0 apLlOpog
TwV SleAeVoewV amod To GWTEWVO OTO OKOTEWVO Slapéplopa eival ouyKploloL PUE TOUG

QVTLOTOLYOUG XPOVOUG TwV aypiou TUToU {wwv.
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Ewkova 69: Awaypauua ocuvoAlkoU XpOvou Tapouovi¢ oto QwTewo Siauépioua. Ot
xpovot rapapovic twv dtayovidiakwy {Wwv oto QWTELVO Stauépioua Sev Stapepouv

a0 TOUC aVTIOTOLYOUC XPOVou¢ Twv aypiou tumou {wwv (Tg: 203 + 17.8, WT: 230 +
16.8)
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Ewkova 70: Awaypoupo ouvodikoU aptduoyu SlEAeUoewv UETAED TwV SlAUEPIOUATWYV
kata ™0 Oldpkela t™¢ Sokiuaoiac ewtog/okotouc. H uUmapén tng SiayoviSiaknc
npwteivne Sev paivetal va Exel kamola entibpaon otn napauetpo auvt. (Tg : 32.32 +
3.19, WT: 32.40 *+8.42)

4.5.4 ATX0zZ - Aokiuaoia Avuypwuévou AaBupiviou (elevated plus maze)

H mepapatikn diataén touv avuPpwpévou AaBupivBou xpnolpomnoldnke wg pia akopa
Sokipaoia yia T UEAETN oupmeplPopAc oXeTWIOUEVN HE TO AyX0G. O TOAPATETAUEVOG
XPOVOG TOPAPOVAG OTOUG avolXToUg Bpaxioveg, o oXEon L€ TOV GUVOALKO XPOVO TtoU
€obelel o wo Kkal ota duo elbn Bpaxldvwy, xpnolponoleitol wg evdelEn ayxwdoug
ouunepidpopac. Ta dtayovidiakd wa epudavilouv CNUAVTLIKA TIEPLOCOTEPO AYXOE OTWG
QUTA AVTIKOTOTITPILlETAL amd TOUG XPOVOUG TTAPALOVAG OTOUG AVOLXTOUG Kal KAELOTOUG

Bpayxiovec avtiotolya (p= 0.0156).
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Ewkova 71: Qaivetal nw¢ oto oUVoAO toug ta Stayovidlakd {wa eU@avi{ouv onNUAVTIKA
avénuévn ouumepLpopd OXETI{OUEVN UE TO ayyo¢ o€ oOxéon Me ta {wo aypiou
turou(p=0.0156). Emuépouc avaAuon twv SlayoviSlakwy CEPWVY, QAIVETOL TWE TO
eUpnua auTo neplopiletal puovo atn Stayovidiakn oewpa Tg32 (Tgl3 v/s WT p= 0.1180,
Tg32 v/s WT p= 0.0181)

4.5.5 XQPIKH MNHMH - Aokiuaocia Xwpikn¢ Metatroniong Avtikeiuévou (object
location task)

Me okomo tn UeAETn Tou av n €kdpaon tng hGDH2 oTO veuplkd cuoTNUA TWV
Sltayovidlakwy wwv ennpedlel Tn BpaxunpoBeoun xwpLkn pvAun (Aettoupyia paxlaiov
oK Apmov), ta {wa umtoBARBNKav otn doklpacia XwPELKNE LETATOMLONG OVTLKELLEVOU
(OLT). O ouvoAikog xpovog mou damavnoav ta Stayovidlakad {wa séepeuvwvtag ta
QVTIKELLEVA oTa omola ekTéBnkav Katd tn Stdpkela ¢ SokUAg ekmaideuong (sample
trial, T1) dev Swadopomoleital amd Tov avrtiotolyo Xpovo twv aypiou tumou {wwv
(Tg:43.46 + 5.3, WT: 41.99 + 4.27, p=0.8306) umodnAwvovtag “meptépyela” i(dlou

BaBuou ota {wa Twv SUo opaAdwv.
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Ewkova 72: Xpovol e€epeuvnonc Twv SU0 MAVOUOLOTUTTIWY QVTIKELUEVWV KATA Th SLAPKELN
bokuun¢ ekmtaidbevong (T1) twv Stayovidiakwv Kot Twv aypiou tumou {wwv. H ekppaon
™m¢ hGDH2 6bev aivetar vo ennpedalet tv €eEEPEUVNTIK CUUMEPLPOPA TWV
Stayovidlakwy {Wwv.

Kata tnv afloAdynon tou deiktn Sdtakpiong (D.I) Omwcg autog MPoEKUPE PETA KAL TNV
olokAnpwon tn¢ Soklpaciag avayvwplong (choice trial, T2), daivetar nwg ta
Stayovidlaka {wa epdavilouv onUAVTIKA UELWPEVN Suvatotnta oto va Slakpivouv Tn
véa B€on tou avtikelpévou (Tg : 0.009 + 0.063, WT: 0.304 + 0.084, p=0.0498). Otav
avaAuBnke kaBe Slayovidlakn oelpd Eexwplota (Tgl3 kat Tg32), mpoékuPe MwWG HOVO O
Selktng Slakplong ¢ Stayovidlakng oelpdg Tg32 NTav ONUAVIIKA HLKPOTEPOC OO TOV
avtiotoyo deiktn Sldkplong twv aypiouv tumou {wwv (p=0.0446), evw Oev uTtApPXEL
oTaTLOTIKA onuavtiky Stadopd petaflv tou Seiktn Stakpiong (D.l) tng Stayovidlakng
oelpdg Tgl3 pe tov D.I twv WT {wwv (p=0.3534). ITATIOTIKA onuavika dtadopa dev
napatnpeital evrtoutolg avapeoa otoug Seikteg dlakplong twv SUo SlayoviSlakwyv

oelpwv (p=0.3129)
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Ewkova 73: Aciktnc Swakpiong D.l, o omoio¢ avukatontpilel tnv emiboon  twv
Stayovidlakwy kat aypiov tumou {wwv otn dokuaoia avayvwplong (T2). @aivetal nwg
OTO OUVOAO TouC Tar Stayovidlaka {wa EXOUV ONUAVTIKA UELWUEVN LKOVOTNTA SLAKPLONG
NG VEG JEONC TOU QVTIKELUEVOU, EVW ETIUEPOUC avaAuon Twv SlayoviSlakwV CEpwYV,
QaivVeTaL TWC TO EVPNUA AUTO IEpLopileTal uovo otn Stayovidiakn oepa Tg32.

4.5.6. Aokiuaoia Avayvwpiong Néou Avtikewuévou (object recognition task)

H mpaypdtwon tng SOKLUAoLOg avayvwplong VEOU OVTIKELUEVOU €iXe W OKOMO TN
MEAETN TNG LKAVOTNTOG TWV {WWV va avayvwpioouv pla ospd and véa epebioparta os
olkelo meplBaAlov Kal Katd ouveénela va SoUpe v emibpacn tou GLUD2 otnv

OVOYVWPLOTLIKA VAN TwV dlayovislokwv {wwv.

O ouvoALKOG xpovog mou Samadvnoav ta Stayovidlakd {wa sepeuvwvtag ta Suo
TIOVOMOLOTUTIOL  OVTIKELPEVOL OTa OTola €kTEONKav katd tn Oldpkela tng SOKLUAG
eknaibevong (sample trial, T1) dev Sladopomnoleital amd Tov AVILOTOWO XPOVO TWV
aypiou tumou Iwwv (Tg:53.95 + 5.34, WT: 53.79 + 5.27, p=0.9034) onwg Kol otn

Sdokipaoia T1 Tou MELPAUATOC TNE XWPLKAG UvAUNG (Ewkova 72).
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Ewkova 74: Xpovot e€epevvnong twv SUO TAVOUOLOTUTTIWY QVTIKELUEVWY KATA TN
Stapketa Sokwunc eknaibevonc (T1) twv Stayovidiakwy kat twv aypiov tumou {wwv. H
Ekppaon t¢ hGDH2 bev aivetal va ennpedlel tnv €EEPEVVNTIKY) CUUTEPLPOPA TWV
Stayovidlakwy {Wwv.

AvaAuon Twv SelKTwy SLAKPLONC TWV SLayoVISLOKWVY KAl TwV ayplou Tumou {wwv Omwg
MPOEKUYAV PETA TNV OAOKANPWGN TNG SOKLUOOIAC avayvwpLlong VEOU QVIIKELLEVOU, SV
ovaSEIKVUEL KATIOLOL OTATLOTIKA onpovtiky dtadopd petafd Tg kat WT {wwv (p=0.1796)
av kal ¢aivetal mwe ta dtayovidlakd {wa va €Xouv pia TAon yLo LELWUEVN LKOVOTNTA
S1AKPLONG TOU VEOU QVTIKELMEVOU amo To olkeio (Tg : 0.143 + 0.084, WT: 0.30 +
0.07458). Empépoug avaluon twv dektwy dldkplong twv dU0 SLayoVISLOKWY CELPWY
(Tg13 kot Tg32) o€ oxéon ue tov deiktn dLakplong twv Wt {wwv dev amokdaAue kamola

OTATLOTIKA onpoavtikn dtadopd (Tgl3 v/s WT, p=0.2605 kat g32 v/s WT p=0.3195).
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Ewkova 75: Aciktnc Swakpiong D.l, o omoio¢ avtikatontpilet tnv emiboon  twv
Stayovibtakwv kot aypiou tumou {wwv otn dokiuaocioa avayvwplonc (T2). Qaivetal mwc
TOOO0 OTO OUVOAO TOUG, 000 kaUe uia amo ti¢c duo Stayovidiakéc oeipéc (Tgl3 kot Tg32)
Eexwplota eupavifovv  UEIWUEVN KAVOTNTO SLAKPLONG TOU VEOU QVTIKEIUEVOU, YWPIC
woTtooo N dtapopd auTh va ival OTATIOTIKG ONUAVTIKI].
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KEDAAAIO 5° : TYZHTHZH

H yAoutapuikni adpudpoyovaon (GDH) eival éva pitoxovoploko VIO TIOU KATAAUEL TNV
avaotpéPLun ofeldwtik amapivwon Tou  YAOUTAULKOU O€  O-KETOYAOUTAPLKO,
avayovtag NAD(P)+ oe NAD(P)H. Nailel onuavtikd poAo oe MANOBwPA KUTTOPLKWV
Aeltoupylwv. ou mepAappavouy, PeTAly AAAwWV, TNV avoamAnpwon tou KUKAOU Tou
krebs katl tnv mapaywyn evépyela, Tnv dlatipnon tg ofeldoavaywyLkr Looppomiag Katl
OUOLOOTAONG, TOV EAEYXO OUYKEKPLUEVWV CNUATOSOTIKWY LOVOTIATIWY ELSIKWV yla KABE
LOTO OMWCG TL.X. TNG €KKPLON WVOOUALVNG o ta B-KUTTOPA TOU TOYKPEATOG K.a. ZTOV
avbpwrmo kal ot oplopéva akopa mpwtevovta, n GDH kwdikomoleitalr amo 2
Sdadopetika yovidia, ta GLUD1 kot GLUD2. To GLUD1 yovidio eivat to yovidio
KUTTOPLKNC OLKOVOULOC TIOU UTTAPXEL 0€ OAOUC TOUG OPYaVIOMOUG. Alatnpnbnke oxupa
Kata tnv €€€ALEN kal epdavilel uPnAn opoloyia og OAa ta BnAaotikd. To GLUD2 eivat
€val eEEAIKTIKA TTOAU veldTEPO Yyovidlo, Tou mpogkue anod petpopetabeon tou GLUD1
yoviSiou oto xpwpodowpa X, mpLlv amnod nepimouv 23 ekatoppupla xpovia. Yo tnv mieon
™M¢ ¢uowkng emAoyng, To GLUD2 efelixbnke toxewg MEXPL Tov AvBpwro,
ocuoowpelovtac 15 apvolikég aANaYyEC TTOU TPOTOTMOINCAV ONUAVTIKA TNV AAAOCTEPIKN)
pLBULON Kal TiBavad tn Aettoupyia Tou, o€ ouyKpLon UE To UNTPLKO hGDH1. To e€eALKTIKO
TIAEOVEKTN MO TIOU TO VEO auTod éviupo hGDH2 éxeL diaodaliosl yio tnv BloAoyia tou
avOpwWIOU KOL O CUYKEKPLUEVOG POAOG Tou eTuteAel oToug LOTOUG Tou ekdpaleTal,

TIAPOUEVOUV AYVWOTO.

Ma tnv KaAUTEPN KATOvONon Tou pOAOU Tou €EEAIKTIKA vEOTEPOU auToU eviUpou hGDH2
otn Bloloyia tou avBpwrivou opyaviopol, dnuioupynoape €va Slayovidlakd {wiko
TIELPOLATIKO LOVTEAO UOC, OTO OMOoLo eloayayape e Tuxaio €évBeon to yovidio GLUD2
KOl T pUBULOTIKEG Tou aAAnAouxieg pe tnv texvoAoyia tou BAC xpwuoowpatog. Ot
SlayoviSlakol HUEC TTOU SNULOUPYNCAUE KAl AMOTEAOUV TO QVIIKE(HEVO TNG OPOUCOC

epyaociag, pépouv 1o avBpwrivo GLUD2 yovidio pall pe to ocuvtnpnuévo yovidio Gludl,
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HE OUVETELA va ekdpAlouV €KTOC amo tnv evdoyev) MGDH (tnv opdAoyn tng hGDH1),

kat tnv avOpwriivn hGDH2.

MPpWTAPXIKOG OTOXOC TNG TMopoucag MEAETNG, ATOV VA TEKUNPLWOOUUE KOTA TOCO
emtuyape va dnuloupynooupe éva efavBpwmornownuévo (humanized) mepapatiko
HovTéAo oto omoio To dlayovidlo pag ekppaletal otoug iloug LOTOUG PE AUTOUE TOU
avBpwriou. MU autd, HEAETACAUE aApPXKA TNV €kppacn Ttou Olayovidiou o©Toug
TepLdEPLIKOUC LOTOUC KOL OTO VEUPLKO LoTO Twv Stayovidlakwyv {wwv, divovtag Wblaitepn
éudaon otoug LoToUG ylo TOUG OMoloug YVWwPIloHE amo TMPONYOUREVEG UEAETEG OTL
ekppaletal otov avbpwmo. Ta amoteAéopata £6eav nwe n hGDH2 ekdpaletal ota
eTvedpidla, Toug vedpolg, TOUG OPXELG KaL OTO VEUPLKO LOTO, PE TIPOTUTIO EKPPaong
TIOAU TTOPOUOLO HE €KEIVO TwV aVTIOTOLXWV LOTWV Tou avBpwrou. Onw¢ avapevotay,
dev aviyveubnke €kdppaon tng hGDH2 otoug LOTOUG Twv aypiou tumou Iwwv. H
ékppaon tou OSlayovidiou bev ¢avnke va ennpéace ta enineda €kdppaocng NG
evboyevouc mGDH, kabwg 6ev Stadopomo)Bnkav HeTafl Twv dlayoviSlaKwy Kal Twv
aypilou tUmou Lwwv. Ot SUo SlayoviSLaKEG OslpEG TTou peAeTnOnKav epudavilav 6o
TPOTUTIO €KdpaONC YEYOVOG TTOU UTTOSNAWVEL OTL €V TTPETIEL VA UTIAPXOUV ONOVTLKEG
Slapopormoiroelg otnv €vBeon tou Slayovidiou otig SUo SlayoviSLaKEG OELPEG ) oToV

opLlOuo Twv avtypddwy Tou.

MeAéteg avooodBoplopol o€ LoTOAOYLIKA Ttapackeudaopata veppwy amo dlayovidlakd
{wa amokdAuvyav nwe téco n MGDH 6oo kat n hGDH2 ekdpalovtal ota emiBnAakd
KUTTOpA TWV €YYUC EOTIEPAUEVWY CWANVOPLwY, OTwWG akpLBwWG Kol otov avBpwrmo
(Spanaki kat ocuv.2012). H tautoxpovn €kdpaon kot Twv SUo woopopPpwv tou evilpou
oToug vedpoug otov avBpwro Bewpeital 0Tl KaBLoTd ePIKTA TNV TTAPAYWYH AUUWVIOG
(Léow amapivwong tou yAoutaplkol) katd tn Sapkelo ofelag r xpoviag ofEwaong
OKOMO KOl UTIO CUVONKEG EVEPYELOKNC EMAPKELOG OTLG omoieg ev Asttoupyeil n hGDH1.
Auto cupPaivel, ylati n hGDH2 €xet xaunAotepo BéAtioto pH amnod tnv hGDH1 kat sivat
avOekTikr) oto GTP avtibeta anod tnv hGDH1 mou BplokeTal o€ TOVIKI) avo.oTOAR amo To

GTP mou moapadyetat amnod tov KUKAo tou Krebs. Autd 1o yeyovog emutpémnel otnv hGDH2
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va Aeltoupyel Kal o ouvOnKkeg amayopeuTtikeég yla tnv hGDH1/mGDH, cupfdaAlovtag
€TOL OoTnV SlaTAPNON 1 AMOKATACTAON TNG 0Eeo0BaOIKNC LoOppOTiaG TOU avBpwrvou
OPYQVIOUOU Of TEPUTTWOELG 0EEWONG KoL AVeEAPTNTA A0 TO EVEPYELAKO status tou

KUTTApPOU.

JToug Opxels Twv dlayovidtakwy {wwv n hGDH2 ekdppdletal ota OTNPLKTIKA KUTTOPQ
Sertoli kat ota kUTTapa Leydig evw n ékdpaon tng evboyevous mGDH meplopiletal povo
ota kuttapa Leydig. To mpotumo €kdpaon¢ autd eival EVTUMWOLOKA OUOLO UE TO
npotuno €kdppacn¢ tTwv hGDH1 kat hGDH2 otov avBpwmo (Spanaki kat cuv. 2010,
Spanaki kat ouv. 2015, Spanaki kat ocuv. 2017). H ékdpaon tng hGDH2 ota ev Adyw
KOTtapa, ¢alvetal va OUVELOPEPEL OTNV TAPOX TWV amapaitntwyv OpemTikwY
OUOTOTLKWV Kol KUPLwG yoAOKTIKOU OEEOC OTO OMEPUATOKUTTOPA, OUCLEC TOU €£ival
anapaitnteg yla tTnv avamntuén kot wpipaven toug. O polog Twv KUTTApwv sertoli oe
oxéon e tnv ¢povtida Kal otAPLEn TwV OTIEPUATOKUTTAPWY MAPOUOLALEL UE TOV POAO

TWV AOTPOKUTTAPWYV OTNV UTIOCTAPLEN TWV VEUPWVWV.

210 TAyKpeag Twv Stayovidlakwy {wwv, avixveudnke ékppaon tng hGDH2 o 6Aa ta
KUTTOPA TOU TAPEYXUHOTOG cUUMEPAapBavopevwy kot Twv vnoldiwv tou Langerhans,
EVw MeAEteg SutAolu avooodBoplopol aveédellav evtomiopd TG Slayovidlakng
MPWTEIVNG oTa LVooUALVOTIapaywyd B-KUTTOpa TWV TOYKPEATIKWY vNoldiwv. Kabwg
elval yvwotod 1o yeyovog otL n hGDH1/mGDH eumAéketal otnv €KKpLon WWoouAivng amnod
Ta B KUTTOPA TOU MAYKPEATOG Kal KaBwe Stamiotwoape Ekppoaong tou dlayovidiov ota
B-kUTtOpa, TPOXWPNOOUE OTNV HEAETN TOU METAPOALOHOU TNG YAUKOING otig dvo
opadec {wwv. Metprioope TN YAUKOLN KOL TNV WVOOUALVN Ot SLOPOPETIKEC OUVONKEG
(6wpn N 12wpn vnotela, petd tn xopriynon YAukolng, Aeukivng i cuvduacpol Agukivng
Kot YAukolnc) kabwg kat o wa SladopeTikwV NAKLWY. ALOTMIOTWOAUE OTL N £EKdpoon
Tou Stayovidiou ota Stayovidlakd {wa, TOUC EMLTPENEL va Statnpouv emnineda YAUKOING
vnotelag (FBG) mapopola pe ta emimeda suyAukoupiag €vog ¢puololoylkoU Uyloug
avOpwriou (91-97 mg/dL) oe vnotela kot paAtota pe TOAU pikpry StakVpavon. Ta
enineda yAukolng vnotelag aipoto¢ Twv aypiou tumou {wwv ATAV CNUOVTIKA
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vpnAotepa (136-151 mg/dL). e peydAng nAwiog {wa aypiou tumou ayylav, paAlota,
Ta mpo-Slafntikad f dwapntika emimeda. Autd to dawvopevo dev mapatnpndnke ota
Slayovidlaka pag {wa. MNa vo KatavorjcouE TOV TPOMO UE Tov omoio n Sdlayovidlakn
ékppaon tou GLUD2 yovidiou obnyel oe xaunAotepa emineda yAukolng vnoteiag,
UETPROAUE TO €MiMESA WOOUALVNG, O OUVONKEG vnNOTElOG. ALOMIOTWOANE TWE Ta
emnineda wooulivng opoU vnoteiag Atav onuavtika vPnAotepa (kata 2.6 dopeg) ota
Sltayovidlaka {wa amo OtL ota aypiou Tumou. Mapd t dtadopd oTIg TIHES YAUKOING Kol
WVooUAlvng vnotelag, n Slaxeipon tng mpooAapuPavopevng yAukolng yivovtav pe
TIAPOLOLO TPOTO Kal oTIG SUO opadeg. AVOAUTIKOTEPQ, N evdomepLTOVAiKY XOopPrynon
YAUKOING o€ veapd eviAka {wa €lXe WG ATIOTEAECUA TNV EKKPLON TNG OLOG TOoOTNTAG
LVoOUALVNG oTig SU0 opadeg {wwv Kal tnv idta emakdAouOn MTwon oTig TIHEG YAUKOING
opoU, umodnAwvovtag €vav KOWO UTIOKEIHEVO HUNXAVIOUO TIOU UAAAOV TIPEMEL va
eumAEkeL Tnv mGDH kat oxL tnv hDGH2. Ot KaumUAEC avoxng YAUKOING TToU T POLE NTAV
OUYKPLOLUEG PETatL Twv SU0 opadwy 6cov adopd To puBUO HETOBOANG TWV EMUTESWV
YAUKOING pe tnv mapodo Tou Xpovou. Katd ouvémela, evw n €kdpacn tou GLUD2
Slayovibiou obnynoe oe auvénon tng Paclkng £KKPLONG LVOOUAIVNG o€ OUVONKEG
vnotelag ota Sdlayovidiaka {wa, v daivetal va emnpéace v €EAPTWHEVN ATO TN
xopnynon VYAukolng, Oléyepon €kkplong oouAivng (Glucose Stimulated Insulin
Secretion/GSIS). Evtoutolg, kaBw¢ oL apxlkég TIMEG YAukolng Sladopormolovvtay
ONUAVTLKA OTLG SU0 opadeG, N KAUTUAN YAUKOING Twv Stayovidlakwy {wwv «Kvnonkey,
O0To OUVOAG NG, o€ Alyo xaunAotepa eminmeda, evw ota aypiou tumou I{wa AyylEe

TPodLaPNTIKEG TIHEC oTa 60 AETTA HETA TN OpTIoN pe YAUKOLN.

MNna va anokAeiocoupe tnv mBavotnta n avénon tng PBaclkAg €kKPLoNG LVOOUAivng ota
SwayoviSlaka poc Iwoa va odeiletar os auénuévn avtiotacn otV WWOOUALvn,
TIPAYLATOTIOLNOAUE KOUMUAEC OVOXNG OTNV LVOOUALVN KoL SLOMIOTWOOUE TIOPOUOLN
gevalobnola (apa kol aviiotacn) otnv WWoouAivn ot dUo ouddeg. Katd ouvémela, n
auénuévn Baoikn £kkplon voouAivng ota Stayovidiakd {wa dev odeiletal os avénuévn

avtiotaon toug otnv WVooUuAivn, aAAd mpémnel va anodoBbel oto BLoAoykod amotéAseoua
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NG 6paong tou Slayovidiakol eviUOU VoG Twy B-kuttapwy. Kabwg eivat mbavov va
EUMAEKOVTAL 0TO UETABOALOUO TG YAUKOING Kal adAAoL Lotol, afilel va onuelwBOel ot av
Kal ta Stayovidlaka pag lwa ekppalouv tnv dlayovidlakrn mpwteivn oto Amap Kal Tov
eykédalo, Oev eudavitouv ékdpaon tou Oblayovidiou oe AGANOUG LOTOUG TIOU

EUMAEKOVTAL OTO PETABOALOUO TNG YAUKOING OTIWE TOV AUTWEN LOTO KAl TOV HU.

AkoAoUBw¢, xopnynoape Aeukivn, €vav amd TOUG ONUOVTIKOTEPOUG AAAOCTEPLKOUG
gVePYOTONTEG TwV eVIUUWV MGDH/hGDH1 kat hGDH2, téco o€ vnotikd {wa 660 Kot
Alyo mpwv tn xopniynon yAukolng. H xopriynon tng Aeukivng, oe cuvBnkeg vnotelag, gixe
WC QNMOTEAEOUA ONUOVTIKA avénon tTwv emmédwv WVOouAlvng HOvVo ota aypiou TUTMou
{wa. Ta Né6n vPnAa enimeda wooulivng vnoteiag twv Slayovidlakwv {wwv Sev
EMNpPeaoctnKayv kabBoAou amo tn xopriynon Aeukivng. H avénon tTwv emumédwv tvoouAivng
HETA TN xopnynon Aeukivng eival avapevopevn kabwg n Aeukivn Suvatal va
gvepyonolnoel TNV evdoyevry MGDH ota B-kUTTtapa Tou maykKpEAToC Kal va odnynoelL,
HEOW TNG AVAITANPWTLKAG avtiépaong UETATPONNAG Tou yAouTtapikoU oe a-Kg kal tnv
TIAPOYWYN EVEPYELAG, OTNV EKKPLON LVOOUALVNG. NMponyolueveg pehéteg €xouv Seifel OtL
n mGDH o6nwg kot n hGDH1 ota B-kUTTapa Tou MAayKPEATOG TOU UGG KoL TOU avBpwrou
bev elval evepyn oe ouvBnkeg vnoteiag kabwg mBava PplokeTal o€ TOVIKA AVOOTOAN
ano to GTP. Qaivetal Aowuov, OtL n e€wyevng xopnynon Aeukivng odnynoe oe avénon
NG OUYKEVTPWONG TNG €VTOG TOu PB-KUTtdpou in vivo, oe emineda tétola TMOU ATOV
ETAPKN WOTE va SpACOUV CUVEPYLKA HE Ta uPnAa enineda ADP mou enikpatouv oto B-
KUTTAPO 0€ GUVONKEG VNOTELOG, Yla VO AVTLPPOTI|COUV/AVALPECOUV TNV AVOOTOAN TNG
MGDH amd to GTP koL va odnynoouv otnv evepyomoinor tng Kal TNV £KKPLon
LvooUuAivng. AvtiBeta n xopriynon Asukivng dev emnpéaoce ta nén moAu vnAad enineda
WVOOUALVNC Twv Stayovidlokwyv {wwv. Autd ntav éva avamaviexo slpnua kabwg Ba
TIEPLUEVAUE N AEUKIVN va evepyomolnoel Kot ota dtayovidiakd {wa toéco tnv mGDH 6co
kat tnv hGDH2. Mua unéBeon yla TNV €pUNVELD AUTOU TOU QMOTEAECUATOC N omola
duowka pével va amodelyBel elvalt n akoAoubn. Eivat mBavo ota Siayovidiaka B-

KUTTOpa N avtibpaon UETATPOTHC TOU YAOUTOULKOU OE Q-KETOYAOUTAPLKO HECW TNG
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hGDH2 va Aewtoupyet ndn oe péyloto Babuod kal va pnv Umopel va evepyomoinBel
nepaltépw. H unodBeon autr unootnpiletal amd evIUUIKEG UEAETEC TTOU €Xouv Oeifel
nw¢ o Babuog ovyyévelag tng hGDH2 ywa to ADP eival peyaAitepog (SCso =0.06 mM)
amno to Babuod cuyyévelag tng yia tnv L-leucine (SCso= 1.00 mM). MdAwota, givat yvwoto
OTL ouyKevTpwoelg ADP tng tafews tou 1 mM €lval LKAVEG VA EVEPYOTIOL|OOUV TIANPWG
v hGDH2 (Kanavouras kat cuv. 2007). Yo to mpiopa authg TNG yvwong Kol HE
Sebopévo tov oAU xapunAoé Adyo ATP/ADP mou emikpatel ota B-KUTTOPA 08 GUVONKEG
vnotelag, n avtibpaon UETATPOTMNAG TOU YAOUTOUIKOU OE O-KETOYAOUTOPLKO MECW TNG
Sltayovidlakng GDH2 sivat miBava n péylotn duvartn Kat to éviupo mibava va Bploketal
O€ KATAOTOON KOPECUOU amd To yAoutapulkd. H umdBeon aut) ouvadel pe
OTOTEAECUATA TIPONYOUUEVWY HEAETWV TIOU €XOouV Oelfel MWCE ylLO CUYKEVTIPWOELG
YAUKOING HIKPOTEPEC TwV 2.8 MM (Omw¢ o€ ouvbnkeg vnotelag), OL QVIIOTOLXEG
OUYKEVTPpWOeLS ADP evtog tou B-kuttapou kupaivovtal oto 1.20 mM (Detimary Kat ouv.
1998). Juvenweg n Un MEPALTEPW aUENON TwV EMUMESWV WVOOUALVNG ota SlayoviSlakd
{wa peta anod ¢poption e L-leucine umodnAwvel 6t n hGDH2 Aettoupyel N6n og péyloto
BaBuo kat 6ev Suvatal va evepyomownBel mopamavw. H &g amoucia evdeifewv
evepyonoinong tng mGDH ota Stayovidiakd {wa mibavov va odeiletal otnv e€AvIAnon

TOU UTIOOTPWHATOG YAOUTOHLKOU amo tn péylotn dpacn tng hGDH2,

MNapotL n ¢oéption e L-leucine v adAAaée ta enimeda BaolkAg €kKPLoNG LVOOUALvNG Ko
Ta enimeda yAUKOING VvNOTElOG, €lXE WC OIOTEAECUO TNV QTOTEAECUATIKOTEPN
Slaxeiplon tou mpooAapPavopevou dpoptiou YAukolng tooo ota Slayovidlakd 600 Kal

ota aypiou tumnou {wa.

AapBavovtag unoyn TG mapandvw mopaATNPAOELS, Ol BEATIWUEVEG KAUTTUAEG YAUKOTNG
Twv Slayovidlakwy Kol aypiou tumou {wwv UETA TN Xoprynon Agukivng, Wmopouv va
anodoBouv otnv evepyomnoinon tnv evdoyevous mGDH twv {wwv amod tnv L-leucine.
Elval yvwotdo aMwote 6tL n hGDH1 kat n mMGDH cuppetéxel oto MOAAQATMAOCLOOTLIKO
LOVOTTATL £KKPLONG TNG LVOOUALVNG TIOU EVEPYOTIOLELTAL HETA Ao TPpooAnyng vPnAol

doptiov yAukolng. H akopa amodotikotepn OSlaxeiplon tou mpoocAappavopevou
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doptiou  yAukolng amd Tta Swayovidblakd {wa lowg va odeidetal  otnv
aBpototikr/ouvepytkn dpacn Twv evepyormotnpuévwyv mGDH1 kat hGDH2. To katd néco
OMWG OUTO LoXVEL Ba pénel va emiPeBatlwOel pe emumpooOeTeg LEAETEG OTLG OTOLEG Bal
TIPEMEL VA armooapnVIoTel, HeETalU AAAwV, Kal av oL 2 LoopopdEC Tou evIUPOU €XOUV TNV
kavotnta va oxnuatilouv eteposfapepn e Slaitepeg OLOTNTEG 0 KUTTAPA OTOU

ekdpalovral 16oo n GDH1 600 katn GDH2.

SUykplon twv Sedopévwv poc ya tnv enidpaocn tnc GDH2 oto petoaBoAlopud tng

YAUKOINC UE avTioToyo GAAWY TIELPOUOTLKWY TIPOTUTIWY .

Ot Stanley kat ouv. (1998) Bprkav nw¢ petaAAdgelg oto yovidio tng hGDH1 (GLUD1) rmou
KaTOopyoUV TNV avaoToAr Tng amo to GTP kal tnv kablotouv evepyn, euBuvovtal yLa TNV
eudavion tou ouVEPOUOU UTEPLVOOUAWVIOHOU uTtepappwviag (HI/HAsyndrome). Ot
TIAOXOVTEC TIou PEPOUV TIC €TEPOIUYEC QUTEC UETAANAEELS, TMapouolalouV EMELCOSLO
umoyAukatpiag mou ekdnAwvovtat HeTafl AWV Kal LE ETUANTITIKEG Kploelg (Stanley kat
ouv. 1998). Ta emeloodla auvtd odeilovtal otnv maboloylkd aufnuévn €kkplon
LVvooUALvN g Adyw tnc untepdpaotrplag GDH. MeAéteg oe Stayovidlakd {wa ou pEpouv
gL tétola pet@AAaén otn mGDH, tnv His454TyrhGDH1, €dsi€av nwg n evepyomoinon
¢ GDH1 (amotéAeopa tnG AponG TNG OVAOTOANG tng amd to GTP) odrynoe oe
avénuéva enimeda ofeidwong Tou yAoutapikou mpog a-Kg, Ta omoia akoAoUBwg sixav
wW¢ amotéAeopa tnv avénon otn Baoikn €kkplon Wooulivng. To amotéAeopa ATav Ta
Slayoviblaka Iwa va epdavilouv umoyAukatpko ¢atwvotuno (FBG: 50-70 mg/dL) o
omolog emnpEaoce TNV avamopaywylkn Asttoupyia kot tn dtapketa {wng Twv {wwv (Li kat
ouv. 2006). OL mopamndvw Slamotwoelg evioxVouv tn Bewpia mwg n GDH1 ota B-
KUTTOPQ TOU TAYKPEATOC lval KAatd KUpLo AOyo avevepyn AOyw TNEG avaoTOANRG amo To
GTP (Plaitakis kat ouv. 2017). e avtiBeon pe to His454Tyr-hGDH1 Siayovidiako
OTEAEXOG MUWYV, oL dlayovidlakol GLUD2 pueg ol omoiotl peAetiOnkav oto mMAALoLO TG

napovoag SiatpBng, Sev eudavicav toco PBapld UTIOYAUKALUia, OUTE O OUVONKEG
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oTépNong tPodng ya 6 n 12 wpeg, oUTe OtavV Xopnynbnke oe autd Sla OTOMATOC TO
opwvoEl Aeukivn. AvtiBeta €xouv emimeda yAukolng mapopola HE T emimedo mou
TAPATNPOUVTAL 0TNV EVUYAUKALULA VNOTELAG TOU avBpwIou Kal LAALoTA e TTOAU XapnAn
Slakbpavon oe oxéon He ta aypilou tumou {wa. EmutpocBeta OAeg oL avamtulakeg
HETPNOELG, OL QVATIOPAYWYLKEG AELTOUPYLEG Kal N Slapkela {wnG Twv {wwv ATAV EVIOG
dUCLOAOYIKWY OplwV. ZUUTEPACHOTIKA AOUTOV, €VW METOAAAEELG Tou KaBloTtouv
unepdpaotipla tnv hGDH1 Adyw katdpynong tng avaoTtoAng tTng amno to GTP obnyouv
oe éva €Aeyxo ToOU Aewtoupyel avegEAeykta Kal odnyel o€ amoppubuion NG
opoldéotaong tnNg YAUKOING Kal Baputatn umoyAukatuia, n moapouoio tng hGDH2 evtog
TOU B-KUTTApou TOU TayKpEatog daivetal va PBeATIWVEL TNV OMOLOCTOCN QUTH,
gvioxvovtag Kupilwg tn Baoikn €kkplon wooulivng. Autd odeiletal oto otL n hGDH2
Sdladopormoteital anod tn petaAlayuévn unepdpaotrpla popdn tng GDH1, kabwg, av
KOl £XEL XAOEL TNV evaloBnaoia tng otnv avaotoAn amnd to GTP, dev §pa aveEEleykta apd
puBuiletal pe GAAoOUC pNXavIopoUg Tiou KaBopiotnkav amo T 15 apvollkeg aAAayYEG
TIOU QTEKTNOE Katd TNV eEEALEN TNG. Elva Aoutov mibavo n hGDH2, pe tov TpOmo Ue Tov
omnolio e€eAixbnke oe BABOG eKATOUUUPLWY ETWV VA EXEL ATIOKTHOEL AULVOEIKEC AANAYEG
TIou guBuvovtal yla po aAAooTeplkn) pUBULON KoL AElToupyla TETOLX WOTE va TTAPEXEL
otov avBpwrivo opyaviopd (kat ota Siayovidlokd pog lwa), €va  eEEAKTIKO
TIAEOVEKTNHA. AV QUTO TO €EEAIKTIKO TTAEOVEKTNUA peTadpaletal, petafl AAAwWY, Kal o€
BeATiwpévn opolootacn YAUKOING Kol Tpootacio amd TG SlatapaxEéC TNG TOU
oxetilovtal pe tn ynpag (taBntng, maxvoapkia) pével va anodelyBel e MePLOCOTEPEC

UEAETEG AELTOUPYIKOU XOPAKTAPA.

In vitro ev{UUIKEG HeENETEC O KaBaplopeveg avaouvbuaopéveg npwteive¢ hGDH1 kal
hGDH2 amokaAupav nwg to ADP kat n L-leucine evepyomololv katd oAU pHeYaAUTEPO
BaBuo tnv hGDH2 amd ot tnv hGDH1. MapaAAnAa n tautoxpovn mapouacia ADP kat L-
leucine embelkvlouv pila ouvépyela otn evepyomoinon tng hGDH2 mou &ev
napatnpeitat otnv hGDH1 (Kanavouras kat ouv. 2007, Plaitakis kat ouv. 2011, Plaitakis

kat ouv. 2017). OL mapamdvw mopatnpioEL; cuvnyopoUlV Ttwg n mapouacia ADP kat L-
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leucine Ba mpEMeL va £X0UV WG ATIOTEAECUA TNV evioxuon tng SpaoTtikotntag tng hGDH2
Kat in vivo. Npoodata €xel TekunplwOel n ékdpaon tng hGDH2 og KUTTOPOKAAALEPYELEC
amd KOPKWIKA KUTTOPO YAOLWHATOC (VEOTAQOUOTIKA OOTPOKUTTOPA) OTa omnola
napatnpnOnke auénUévn LETATPOTI) TOU YAOUTAULKOU TIPOG O-KETOYAOUTAPLKO yla TNV
avamAnpwon Tou KUkKAou Tou Krebs «kat tnv euddwon TOU  KUTTAPLKOU
TIOAAQTTAQGLOOHOU TWV KAPKLWVIKWV KUTTApwV. Kat’ avaioyia, mpoodpata SnOCLEUUEVEG
peAéteg amo Siayovidiaka GLUD2 Twa (pveg) mou dnuioupynbnkav amod aveéaptntn
(amdé ™ 6k pag) epeuvvnTikn opada, amokGAupav OTL T QOTPOKUTIAPA TIOU
ekppalouv hGDH2, eudavilouv oe otépnon YAUKOING, auénuévo OEelbWTIKO
HETABOALOUO TOU yYAouTapikoU Kal auvénuévn dpaotnplotnta Tou KUKAoU tou Krebs ot
ox€on UE Ta aoTpokUTTapa Twv aypiou Tumou {wwv. H mapatipnon auth unmodnAwvel
onuavtiky Spaoctikotnta tng avtidpaong tng GDH2 mnpog tnv katevBuvon 1ng
OVATTANPWTIKNAC TOPAYWYNG a-KETOyAouTtaplkol amo tnv ofeidwon Tou YAOUTOULKOU.
AauBavovtag umoyn TA TAPANMAVW, TA Qufnuéva emimeda  WVOOUALVNG Twv
SlayoviSlakwy {wwv o ocuvBnKeg vnoteiag pmopouv va amodoBouv otnv, HEow TNG
GDH2, evepyomnoinon tou KUKAou Tou Krebs kal tnv emayopevn avénon tTwv eNutédwv
ATP ota B-kUttapa. H hGDH2 Ba mpémel va elval evepyomoLnuévn KoTtd To HEYLOTO EVIOG
TOU B-KuTtapou, KaBwWC oL evOoKUTTAPLEC OUYKEVTPWOELG ADP eivat unAEg oe oUVONKEG
vnotelag AOyw evepyelakng €voelag. Ta amOTEAECOUATA UEAETWV O UUEG OTIOU EXEL
anevepyornolnBel to Glud1 yovidlo evioxUouv tnv mapanavw Bewpia kabwg n amouvaoia
™G evboyevol¢ MGDH ota B-kUTTtapa TOU TAYKPEATOG OEV EMNPEACE TNV E€KKPLON
LVOOUALVNC o€ ouvOnkeg vnotelag i duoloAoyIkn¢ oltiong (m.x. HeTa amo ¢option 2.8
mM yAukolng) (Carrobio kat ouv.2009) mapd TOU N LKAVOTNTA €KKPLONG QUTWV TWV

KUTTAPWV TIou otepouvtav tThv mGDH Atav umopéylotn.

Mapott n GDH1 sival onpavtikn yla va emteuxbel n péylotn £€kkplon wooulivng, dev
daivetal ocUPHETEXEL KaBOAOU oTnV opolootacn TG YAUKOING kot tn dtatripnon tng
geuyAukalpiag oe ouvBnkeg vnoteiag (Carrobio kat ouv. 2009). O HNXQVIOUOG TNG

Baolkng €KKplong LVvooUALvNng el amouoia Tpodng mapapével acadnc. ITo TELPAUATIKO
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po¢ Hovtélo, daivetal otL n dlayovidiakn mpwteivn hGDH2 cupuetéxel otn puBuLoN
NG BAOIKAG €KKPLONG LVOOUALVNG €VIOXUOVTAC TNV, WOTE va Slatnpeital suyAukoupio
TapoOpoLa e €KElVN TOU avBpwrmou oe cuvBnKeg vnotelag. Autov tov polo, n hGDH2
TOV ETUTUYXAVEL AOYW TWV HOVASIKWY TNG LOLOTATWY TIOU TNG ETILTPETOUV vVa AELTOUpYEL

o€ ANpnN oYXV o€ CUVONKEG EVEPYELAKNG EVOELQC.

MapoAo mou eival mBavo Kalt GAAOL HnXoviopol va evéxovtal otnv PBeATwpévn
opoldéotacn tng YAukolng mou mapatnpnbnke ota Sitayovidiakd {wa, dev BpEOnke
afloonueilwtn €kdppacn NG Slayovidlakng pag MPwTeivng oe AMoOUC LOTOUG ToU
EUMAEKOVTAL OTO PETAPBOALOUO TNG YAUKOING KoL ota UTOAOUTA LVOOUALVO-guaiocOnta
opyava TEPAV TOU TAYKPEATOC KAl TOU AMOTOG OMWE €lval o pUG Katl o Amwdng LoTog.
MeAéteg €kdpaong (enzymatic assays, WB, IF) twv emumédwv tou Sitayovidiou o€
LOTOAOYIKA TIOPACKEUACMOTO OKEAETIKWY HUWV Kol Amwdoug otou Sev avedelfav

Kapia Ekppaon tng hGDH2.

MNa va amokAeicoupe tnv mBavotnta ta aufnuéva emimeda  wooulivng ota
Swayoviblaka {wa va odeilhovral oe auvénuévo aplBuo, mukvotnta n péyebog twv
vnowdiwv Langerhans i Twv B-KUTTApwWV TOUG, £ywvov HOPPOAOYIKEG UEAETEC OF
HMOVLLOTIOINMEVO LOTO TIAYKPEATOC HE LOTOAOYLKH XPWON LWOOUALVNG KOL XPWOELG
awpatoéuAivng-nwaoivng mou dev amokaAuvPav Stadopég anod ta aypiou TUTIOU WA OTLC
TIAPATAVW TIAPAUETPOUG. TEAOC yla va eAeyxBel katd mooo ta enineda voouAivng ota
StayoviSlaka lwa auvéndnkav avtippomIoTika oto nmAaiolo avénuévng avtiotoong otnv
LVoOUALvN, SlevepynBnkav HeAETEG avoxnG otnv voouAivn. Ta Stayovidlakd {wa eiyav
v bla akplpwg esvawoBnoila pe T ayplou TUMOU OTn XOpnRyNnon WoouAivng,
urtodnAwvovtag OtL N auénuévn mapaywyn WWoouAivng os vnoteia v unopel mapd va
BewpnOel to BloAoyikd amotéAeopa NG mapouaoiag tng hGDH2 ota eKKPLTIKA KUTTAPO
TOU TTAYKPEATOC TwV Stayovidtakwv {wwv. TEAOC, TO yeYovog OTL Kal oL 2 SLayovISLaKEG
oelpeg Tgl3 kat Tg32 ekbdbnAwvouv tov idlo dawvétuno 6cov adopd Tov peTaBoAlopo
¢ YAUKOING, umodnAwvel OTL 8ev £XOUV YIVEL OUCLOOTIKEG OLadOPOMOLNCELC 1)

OTOXAOTIKA AABn otnv evowpdtwon tou Siayovidiou oto DNA twv {wwv otig dvo
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SLayovISLlaKEG OELPEG OUTE TEPLUEVOUUE ONMAVTIKEG Sladopég otov aplBud twv

avtypadwv tou dlayovidiou, ta omoia Sev €xoupe mpoodlopioet.

‘Ocov adopd Tov VEUPLKO LOTO, TO Slayovidld pag ekppaletal otov eykEPAAO Twv
SLoyovISlaKWY HUWV HE TIOPOUOLO TIPOTUTIO PE OUTO Tou ekdppaletal otov NI tou
avOpwrou. ZUYKEKPLUEVA, N UEYaAUTEPN €kdpaon mapatnpeital ota aotpokUTTapa
OAWC TWV TEPLOXWV TOU €YyKEDAAOU TOU UEAETHONKAV, TOOO OTn AEUKr) OCO KAl OTN
¢dad ovoia. H mAelovotnta twv veupwvwyv dev ekdppdlouv tnv hGDH2. Ouwg, pa Likpn
Katnyopia veupwvwyv He popdoloyia MUpaplSIkwy KUTTApWY (UE UEYAAO TIUPAVA HE
eudavn mupnvioko) daivetatl va ekdppalouv tnv Stayovidlakn mpwteivn hGDH2 otnv
TEPLPEPELO TOU KUTTAPOTAAOUATOG TOUG. Mapopola Ekdppaon €xel mapatnenBel kal ot
VEUPWVEG TIUPAULSIKNC Hopdoloyiag otov eykédpalo tou avBpwrou. Katd mocov, n
edkn avut ékdpaon evtomiletol Oe TEPLOXEG ME TAOUGLA  YAOUTAUOTEPYLKN

veupobSlafiBaon Kal amooKomel oTnVv UTIOOTNPLEN KAl EVIOXUOT) TNG LEVEL VO OTTOSELYTEL.

Evtoutolg, n Aemtr) popdoAoyikr HeAETN Tou eykedalou pe Tn xpwon Golgi, amokdAue
OTL N €kdpaon NG Slayovidlakng MPwIeivng otov eykéPaAo Twv SlayoviSlaKwy Mg
{wwv oxetiletal pe avénuévo aplBud devdplutikwv akdavbwv. To elpnua autod
SlamiotwOnke Kal otig SV0 TEPLOXEC TOU HEAETNONKAV (UTUMOKOUTIOC KOl UETWTTLALOG
AoBog). Evtoutolg n ékdpaon tng Sdlayovidlakng mMpwteivng, mapd Tnv avénon twv
Sevdpltikwv akavOwv, 8ev CUCYXETIOTNKE LE ONUOVTIKA KOAUTEPN amodoon TOuG OTLG
ouvuneplpopikég Sokipaoieg  mou OlevepynBnkav. MdaAlota ol U0 OElPEC TwV
StayoviSlakwyv pag {wwv, oto cUVoAO toug, Sev SladopomoiOnkav oe peyalo Badbuod
oTa TEOT YVAUNG. EvtouTtolg n pia amo autég epdavile ONUOVTIKA HELWHEVN LKOVOTNTO
XWPLKAG MVAUNG KoL AlyOTEPO aAvVAYVWPLOTIKAG MvAuNG. H afla autwv twv gupnudtwy
Sev elval ocadeic. Eival mbavov pia Slaxutn Kol pn OTOXEUUEVN Evioxuon TtNng
OUVATITOYEVEONG KOl UECW QUTAC TNG YAOUTAUATEPYKNG veupodiafBifaong va pnv
ouVTeAEL 0T BEATIWON CUYKEKPLUEVWVY LKOVOTHTWY TIOU EAEYXOVTAL OO CUYKEKPLUEVEG

TIEPLOXEC.
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Télog ta Stayovidiaka pag {wa mapouaoialav auvénuéva enmeda Ayxoug Kal auvgnuévn
gvalobnola otov mMovo og oxéon Ue Ta aypiou tumou. Eival mbavov, n mapouvoia tng
hGDH2 otnv meploxn Twv €L0EPXOUEVWV VWV oAyaloBnoiag mAnciov kot €vidg tou
omioBiou KEPATOG TOU VwTLaioU LUEAOU OTOU €6pAleTal TO KUKAWMA EAEYXOU TNG TTUANG
TOU TOVOU va o0dnyel o avénon tng SLEYEPTIKNG YAOUTAUATEPYLKNG veUpoSLaBifacng
Kal og evioxuon tou onuatodotnong tou aAyoug oto KNI. Ta mapamdvw MEVEL va

HEAETNOOUV MEPALTEPW YLOL TNV TEALKNA TEKUNPLWOT] TOUG.
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ARTICLE INFO ABSTRACT
Article history: Glutamate dehydrogenase 1 (GDH1) contributes to glucose-stimulated insulin secretion in murine 3-cells, but not
Received 9 April 2019 to basic insulin release. The implications of these findings for human biology are unclear as humans have two GDH-
Accepted 4 August 2019 specific enzymes: hGDH1 (GLUD1-encoded) and hGDH2 (GLUD2-encoded), a novel enzyme that is highly activated
Available online xxxx by ADP and L-leucine. Here we studied in vivo glucose homeostasis in transgenic (Tg) mice generated by inserting
; the GLUD2 gene and its putative regulatory elements into their genome. Using specific antibodies, we observed that
Keywords: . . . . . .
GLUD2 transgenic mice hGDH2 was co-expressed with the endogenous murine GDH1 in pancreatic 3-cells of Tg mice. Fasting blood glucose
hGDH2 (FBG) levels were lower and of a narrower range in Tg (95% CI: 90.6-96.8 mg/dl; N = 26) than in Wt mice (95% CI:
Expression 136.2-151.4 mg/dl; N = 23; p < 0.0001), closely resembling those of healthy humans. GLUD?Z also protected the
Glucose homeostasis host mouse from developing diabetes with advancing age. Tg animals maintained 2.6-fold higher fasting serum in-
Body weight sulin levels (mean = SD: 1.63 £ 0.15 ng/ml; N = 12) than Wt mice (0.63 + 0.05 ng/ml; N = 12; p < 0.0001). Glu-
Metabolism

cose loading (1 mg/g, given i.p.) induced comparable serum insulin increases in Tg and Wt mice, suggesting no
significant GLUD2 effect on glucose-stimulated insulin release. L-leucine (0.25 mg/g given orally) induced a 2-fold
increase in the serum insulin of the Wt mice, implying significant activation of the endogenous GDH1. However,
L-leucine had little effect on the high insulin levels of the Tg mice, suggesting that, under the high ADP levels that
prevail in B-cells in the fasting state, glutamate flux through hGDH2 is close to maximal. Hence, the present data,
showing that GLUD2 expression in Tg mice improves in vivo glucose homeostasis by boosting fasting serum insulin
levels, suggest that evolutionary adaptation of hGDH2 has enabled humans to achieve narrow-range euglycemia by
regulating glutamate-mediated basal insulin secretion.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction reducing NAD(P)* to NAD(P)H [1]. It occurs in all forms of life with
most mammalian species possessing the single Glud1 gene (GLUD1 in
the human) that encodes the evolutionary conserved GDH1 enzyme
[2,3]. GDH1 is subject to strong allosteric regulation with structurally di-
verse compounds shown to influence its velocity [3]. Of the endogenous
effectors, ADP and GTP serve as the main positive and negative modula-
tors [3-5], with GTP interacting with GDH1 with >100-fold higher affinity
(ICsp = 0.1-0.2 pM) than ADP (SCso = 18.0 uM) [5,6]. The high sensitivity
of GDH1 to GTP inhibition represents a fundamental enzyme property
that largely determines glutamate flux through this pathway [3].

Glutamate dehydrogenase (GDH) (E.C. 1.4.1.3) catalyzes the revers-
ible conversion of glutamate to a-ketoglutarate and ammonia while

Abbreviations: BAC, bacterial artificial chromosome; EDTA,
ethylenediaminetetraacetic acid; FITC, fluorescein isothiocyanate; GFAP, glial fibrillary
acidic protein; hGDH1, human glutamate dehydrogenase isoenzyme; hGDH2, human
glutamate dehydrogenase isoenzyme 2; IF, immunofluorescence; mGDH1, mouse
glutamate dehydrogenase 1; Tg, transgenic; Wt, wild-type; WB, Western blot; TCA,
tricarboxylic acid cycle.
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While GDH1 is housekeeping, its expression levels and cellular dis-
tribution are highly heterogeneous in mammalian tissues [7,8]. In
most of these tissues, the direction of GDH1 reaction is towards gluta-
mate oxidation, generating o-ketoglutarate that enters the TCA cycle
leading to ATP production [3,9]. There is evidence that specialized mam-
malian cells utilize the GDH-catalyzed reaction to accomplish some of
their unique functions [10]. In pancreatic B-cells, in particular,
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glutamate oxidation via GDH1 leads to the synthesis of ATP that serves
as a signal for insulin secretion [9,11,12]. Sener and Malaise [12] origi-
nally showed that L-leucine and its non-metabolized analogue BCH pro-
mote insulin release through allosteric activation of GDH1. More recent
observations on mice with selective 3-cell deletion of the Glud1 gene re-
vealed that GDH1 is essential for the full development of (glucose-stim-
ulated) insulin secretory response, not required for glucose homeostasis
under normo-caloric conditions [11].

In addition to GLUD1, humans have acquired via a recent duplication
event (retro-position of GLUD1 to the X chromosome) a novel GLUD2
gene that encodes hGDH2 [13]. The novel gene evolved under positive
Darwinian selection [14,15] indicative of adaptive DNA sequence evolu-
tion. It acquired 15 evolutionary amino acid replacements that equipped
hGDH2 with unique properties [13-15]. Specifically, evolutionary re-
placement of Gly456 by Ala conferred resistance to GTP inhibition [16],
a major functional adaptation that permits enhanced catalytic activity
under conditions inhibitory to its ancestor hGDH1. Instead, hGDH2 activ-
ity is regulated via distinct molecular mechanisms conferred by
additional evolutionary amino acid substitutions with the Arg443Ser
change being the dominant player [17]. For this, hGDH2 drastically
downregulates its basal activity (to 4-6% of maximal), while remaining
remarkably responsive to activation by ADP (by 2500% at 1.0 mM) and
L-leucine (by 1358% at 10 mM) [18]. As a result, hGDH2 has become de-
pendent on ADP and/or Leucine for its catalysis [19]. In addition, hGDH2
shows a distinct tissue expression pattern in human tissues, including the
brain, kidney, testis and steroid producing organs [10].

To better understand the role of hGDH2 in human biology, we re-
cently generated transgenic mice expressing hGDH2 by inserting a
human DNA segment containing the GLUD2 gene and its regulatory el-
ements into their genome [20]. Study of the GLUD2 Tg mice brain,
using double IF and confocal microscopy, revealed a hGDH2 cellular ex-
pression pattern similar to that observed in human brain [10,20]. These
observations provided credence to the hypothesis that, by finding a suit-
able promoter in the X chromosome, the duplicated GLUD2 gene diver-
sified its roles in human tissues [20].

In light of these considerations, we explored here hGDH2 expression
in non-neural organs (including pancreatic tissue) of Tg mice and the ef-
fect of the GLUDZ2 gene on glucose homeostasis. Results revealed that
hGDH?2 is co-expressed with the endogenous GDH1 in pancreatic pa-
renchyma, where it localizes to insulin-expressing cells of pancreatic is-
lets. This hGDH2 expression “humanized” the blood glucose levels of the
host by boosting fasting state serum insulin concentrations. Detailed re-
sults and the potential implications of these findings in human biology
are presented below.

2. Material/methods
2.1. Reagents

The anti-hGDH1 and anti-hGDH2 specific antibodies were obtained as
previously described [8,22] and used in dilutions 1:5000 and 1:2000 re-
spectively. A mouse anti-insulin antibody (Thermo Scientific Cat.#MS-
1379-P0;1:200), a goat anti-mouse secondary antibody conjugated to
Alexa-Fluor 555 (Life Technologies/Thermo Fisher Scientific, A21422,
1:200), a biotinylated anti-rabbit IgG (Vector Laboratories Cat.BA-1000;
1:200) and streptavidin/FITC (Dako Code No. F 0422; 1:800) were used.
Food pellets were from Mucedola 4RF21-GLP and sucralose from Splenda.
Glucose was measured by a Contour NextOne glucose meter (Ascensia)
and insulin with the MERCODIA Mouse Insulin ELISA10-1247-01 kit.

2.2. Generation and study of GLUD2 transgenic mice

Two independent lines of transgenic mice (Tg13 and Tg32) carrying
the human GLUD2 gene and its putative regulatory elements were con-
structed independently as previously described [20]. Animals were bred
under specific pathogen-free conditions in the animal facility at

Institute of Molecular Biology and Biotechnology (IMBB-FORTH) of
Crete. The presence of the transgene was monitored by PCR from tail ge-
nomic DNA using primers specific for GLUD2 [20]. Male Tg mice and
their Wt littermates were studied.

2.3. Animal health

Animals were housed in standard cages (4 mice per cage), on a saw-
dust bedding, at constant temperature (23 + 2 °C), humidity (55% +
5%) and under a normal 12 h light/dark cycle (lights on from 7:00 to
19:00). Food and water were available ad libitum. All experimental pro-
cedures were approved by the local ethics committee for animal exper-
imentation, meeting the governmental guidelines. Mice were sacrificed
by cervical dislocation or by inhalation of an overdose of CO,,

2.3.1. Food intake and weight comparison

Mice were weighed and food consumption was measured daily. Sev-
eral physical health measures were also evaluated, including body pos-
ture, physical condition of the fur and home cage behaviors.

2.4. Enzyme assays and immunoblots

About 0.1-0.5 g of tissue (adrenals, kidney, liver, pancreas and testis)
of Tg and Wt mice was homogenized (glass to glass) in 10 mM Tris-HCI,
pH 7.4 buffer containing 0.1 mM EDTA, 0.5 M NaCl, 1% Triton X-100 and
protease inhibitors [22]. Tissue homogenates were centrifuged (11,000
xg) and the obtained extracts were used for measuring GDH activity
and for immunoblot analyses. GDH activity was assayed spectrophoto-
metrically (at 340 nm) in 50 mM triethanolamine, pH 8.0, buffer in
the direction of reductive amination of a-ketoglutarate, as previously
described [18]. Enzyme velocity during the first 30 s after initiation of
the reaction was recorded. The amount of tissue extract loaded to im-
munoblots was based on its GDH activity. For WB analyses, tissue ex-
tracts were run on an 8.5% SDS-PAGE gel. Proteins were transferred on
a nitrocellulose membrane and incubated with either the anti-GDH1
or the anti-hGDH2 antibody [22]. Protein bands were visualized with
the use of the ChemiLucent Detection System kit (Chemicon Interna-
tional, Temecula, CA).

2.5. Immunofluorescence

2.5.1. Tissue slice preparation

The animals were deeply anesthetized with pentobarbital sodium
(60 mg/kg, i.p.) and perfused with 30 ml PBS followed by 30 ml 4% para-
formaldehyde (PFA). Tissues were removed and fixed in 4% PFA for
40 min, cryoprotected in sucrose (30% in phosphate buffer, pH 7.4), em-
bedded in gelatin (7.5% gelatin/15% sucrose in phosphate buffer, pH 7.4)
and snap frozen in isopentane.

2.5.2. Immunofluorescence

Tissue sections were cut in cryotome and fixed in acetone for 8 min.
Non-specific binding sites were blocked at RT for 40 min in 5% BSA in
0.5% Triton x-100 PBS and then incubated at 4 °C for 18 h with the rabbit
primary antibodies (specific for either hGDH1 or hGDH2) and with the
mouse primary antibody for insulin. Tissue slides were washed 3 times
in PBS and incubated with fluorescence-labeled secondary antibodies,
either biotinylated goat anti-rabbit followed by Streptavidin FITC or
goat anti-mouse Alexa Fluor 555. Nuclei were visualized with TOPRO.
In the negative control experiments, the primary antibodies were omit-
ted and every other step was performed as in the experimental group.
For IF studies in paraffin embedded formalin fixed tissue, the slide-
mounted sections were baked for 10 min at 60 °C, deparaffinized with
two xylene washes, rehydrated through a series of graded alcohol
washes, rinsed in water and washed with PBS (0.1 M, pH 7.4) containing
0.01% Tween 20. Heat-induced antigen retrieval was performed in a
steamer using a Target Retrieval Solution (DAKO, S1700). Visualization
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was performed in a confocal microscope (TCS SP2; Leica; objective 20X,
numerical aperture 0.70, pinhole 1 airy unit).

2.5.3. B-Cell mass and pancreatic insulin content

Immunostaining for insulin was performed as described above. Im-
ages were collected at x4 or x40 magnifications. Insulin stained area,
as a percentage of the whole pancreatic area, was multiplied by pan-
creas weight to calculate B-cell mass. Islet area was calculated by divid-
ing the insulin-positive area by the islet number for each tissue section.
[3-Cell cross-sectional area was calculated by dividing the insulin-posi-
tive area by the number of 3-cell nuclei. 3-Cell density was determined
by dividing the number of 3-cell nuclei by total pancreatic area.

2.6. Blood glucose and insulin determination

For determining blood glucose levels, the facial vein was punctured
with a 31G needle and blood drops were collected in a tube. Insulin con-
centrations were determined in the serum. Glucose tolerance tests
(GTT) were performed by administering i.p. 1 mg/g of body weight of
glucose solution after fasting for 6 or 12 h. Blood samples were collected
from the tail tip at 0, 30, 60, 90 and 120 min after glucose administra-
tion. Tg and Wt mice were studied in parallel. Insulin tolerance test
was performed by administering i.p. 1 [U/kg body weight of human in-
sulin (rDNA) (Actrapid 100 IU/ml, Novo Nordisk), following a 5 h-long
morning fasting period (light cycle). Glucose concentration was moni-
tored every 15 min for up to 2 h (120 min). Three-month-old mice of
similar body weight were selected for this study. Ten Tg and ten Wt
mice were studied in parallel.

2.6.1. Oral leucine loading

Mice were fed L-leucine via a non-invasive voluntary method. For
this, L-leucine powder was incorporated into an artificially sweet-
ened jelly containing sucralose, a sucrose-derived non-caloric
sweetener that does not stimulate insulin release and does not inter-
fere with our measurements. The jelly was prepared using 40 pl of
20% w/v sucralose solution in drinking H,0 with 60 pl of 14% w/v gel-
atin in 20% sucralose solution. The mixture was poured into a mold
and let it set at 4 °C. L-leucine was then added to the jelly in an
amount that provided 0.25 mg/g body weight. To overcome
neophobia, a training period preceded the experiments, during
which mice were exposed to the sweetened jelly without leucine.
Once the animals were able to eat the jelly, single housed mice
were fed the L-leucine-containing jelly after overnight fasting. A ve-
hicle jelly preparation without L-leucine was used as control. Blood
samples were collected at 0, 30 and 60 min after L-leucine adminis-
tration for glucose and insulin determination.

2.6.2. Statistical analysis

Summary descriptive statistics are given as mean = SD. Independent
samples t-tests were used to compare continuous variables between the
Tg and Wt groups. One-way ANOVA was used to evaluate differences
between the three mice groups (Tg13, Tg32, Wt). Repeated Measures
ANOVA was used to assess time, group and time-group interaction ef-
fects of continuous variables measured at several time points. Post-
hoc Bonferroni adjusted tests were used to pinpoint differences. Linear
regression analyses of glucose levels with the age of the animals were
performed. p-Values <5% was the criterion for significance. All analyses
were performed using the IBM-SPSS 25. Graphical representations were
done using the GraphPad Prism 6.

3. Results
3.1. Health measures of GLUD2 transgenic mice

Two lines of transgenic mice (Tg13 and Tg32), generated indepen-
dently [20], were used for these studies. The breeding rates of Tg and

Wt mice were comparable, with the Tg mice passing their developmen-
tal milestones at about the same time as their wild-type littermates.
Also, no differences were detected between Wt and Tg mice regarding
food consumption, home cage behavior, body posture, and the physical
appearance of the animals' fur. Similarly, irregular behaviors such as ex-
cessive grooming, digging, rearing, or stereotypies were not different
between the two groups. Survival rates were also comparable between
Tg and Wt mice.

3.2. Effect of the GLUD2 gene on tissue GDH activity

Enzyme assays, performed on tissue homogenates from Tg and Wt
mice, revealed marked inter-tissue GDH differences within each
group, with the highest GDH activity found in the liver and the lowest
in the testis (Fig. 1). These results are consistent with the inter-tissue
GDH disparities detected in several mammalian species, including the
human [7,8]. A significant GLUD2 gene effect on tissue GDH activity
was detected for the testis. Thus, as shown in Fig. 1, the GDH activity
of Tg mice testis (2.26 4 0.27 umol NADPH oxidized/mg tissue/min)
was about twice as high as that of Wt testis (1.00 4= 0.14 umol NADPH
oxidized/mg tissue/min; p = 0.0002). As such, assaying enzyme activity
proved sensitive for detecting a GLUD2 gene effect in a tissue character-
ized by low endogenous GDH1 activity. In the kidney and pancreas of Tg
mice, GDH activity was 25-30% higher than that of Wt mice; however,
due to inter-animal variability, these differences did not reach statistical
significance, although WB and IF studies revealed hGDH2 expression in
Tg mice tissues (see below). In the liver, GDH activity was essentially the
same in Tg and Wt mice, although WB detected hGDH2 expression in Tg
liver. As our enzyme assay measures the sum of the GDH1 and hGDH2,
determination of total GDH activity (as done here) lacks the sensitivity
needed for detecting hGDH2 expression in tissues with relatively high
levels of endogenous GDHI.
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Fig. 1. Tissue GDH activity of GLUD2 transgenic (Tg) mice and their wild type (Wt)
littermates. Enzyme activity was measured in whole homogenates from the tissues
shown in the figure as described in the Material/methods. Assays were performed in
50 mM, pH 8.0, triethanolamine (TRA) buffer in the presence of 1.0 mM ADP. Activities
are expressed as pmol NADPH oxidized per mg wet tissue per min. Black filled and
white columns represent mean values for Wt and Tg mice respectively, and bars SEM.
Three wild-type (Wt) and six GLUD2 transgenic mice (Tg) were studied. The Tg group
consisted of three Tg13 and three Tg32 mice. Differences between Tg and Wt animals
reached significance only for testis (*p = 0.0002).
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Fig. 2. hGDH2 expression in testis, pancreas, kidney and adrenals of Tg and Wt mice. A-J. Adult (6-month-old) GLUD2 transgenic (Tg) mice and their wild-type (Wt) littermates were used for these experiments. A, D, G. Western blots were probed
with either the anti-hGDH2 or the anti-hGDH1 antibody; purified recombinant hGDH1 and hGDH2 were used as controls. Tissue homogenates with comparable GDH activity (as determined by enzyme assays) were loaded into the gels. All tissues
shown in this figure were from Tg32 mice. Similar results were obtained with the use of Tg13 mice. A. Immunoblots of testicular tissue extracts detected a hGDH1-postive band in Tg and Wt mice that corresponds to recombinant hGDH1 and
represents the endogenous mouse-GDH1. In contrast, a hGDH2-specific band was detected in the Tg mice only, corresponding to recombinant hGDH2. B. IF on paraffin embedded fixed Tg testis using the anti-hGDH2 antibody (green). (White
empty arrowhead: hGDH2-specific labelling of Sertoli cells). C. IF of paraffin embedded fixed Tg testis using the anti-hGDH1 antibody (green). (White empty arrow: GDH1-specific labelling of Leydig cells in the interstitium.) D. Inmunoblots of
pancreatic extracts containing similar GDH enzymatic activity from Tg and Wt mice probed with the anti-hGDH2 or the anti-GDH1 antibody. The hGDH2-specific band, detected in Tg mice only, corresponds to recombinant hGDH2, whereas the
hGDH1-specific band, detected in both the Tg and Wt mice, corresponds to recombinant hGDH1. E. Double IF studies on paraffin embedded fixed pancreatic tissue using the anti-hGDH2 antibody and a mouse anti-insulin specific antibody.
hGDH2-specific immunoreactivity (green) was detected in the Langerhans islets where it localizes to insulin-expressing cells (ins in red). In addition, pancreatic cells outside Langerhans islets were labeled by the hGDH2-specific antibody. F. The
hGDH1-specific antibody also visualized both pancreatic islets and cells surrounding the Langerhans islets (green). G. Immunoblots of renal tissue from Tg and Wt mice using the anti-hGDH2 or the anti-GDH1 antibody. The hGDH2-specific
band detected in Tg mice, corresponds to the purified recombinant hGDH2, whereas the hGDH1-specific band seen in renal tissue from both the Tg and Wt mice corresponds to the recombinant hGDH1 protein. H & I. IF studies on formalin fixed
paraffin embedded renal tissue using either the anti-hGDH2 antibody (green) (H) or the anti-GDH1 antibody (green) (I). Epithelial cells lining the proximal renal tubules were stained with both antibodies. J. IF studies using formalin fixed
paraffin embedded adrenals from Tg mice showing expression of hGDH2 in all layers of the adrenal cortex. Blue stain: Cell nuclei visualized with TOPRO. Tissue sections were viewed using a confocal microscope (TCS SP2; Leica). Settings used:
objective 20x, numerical aperture 0.70, pinhole 1 au (airy unit) for figures C, E, H, I, ] and 40x with numerical aperture 1.25 and pinhole 1 au for B. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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3.3. Western blots show expression of hGDH2 in Tg mice tissues

Two antibodies specific for either hGDH2 or hGDH1 [10] were used
for WB analyses. Results revealed that the anti-hGDH1 antibody
interacted with the endogenous mouse GDH1 (mGDH1) with the
same affinity as with hGDH1, without recognizing the expressed
hGDH2 (Fig. 2A, D, G). These results are expected as hGDH1 and
mGDH1 are essentially identical, having been conserved via purifying
selection [14]. Conversely, our anti-hGDH2 antibody recognized the
expressed hGDH2 protein without interacting with the endogenous
mGDH1 enzyme. In GLUD2 Tg mice, hGDH2 was expressed in the adre-
nals, kidney, liver, pancreas and testis (Fig. 2). In testicular tissue,
hGDH2 and mGDH1 were expressed at equal levels (Fig. 2A), whereas
in other tissues hGDH2 was expressed at lower levels than the endoge-
nous mGDH1. In addition, hGDH2 expression did not affect the endoge-
nous mGDH1 levels in all Tg animal tissues studied, as detected with the
use of the anti-hGDH1-specific antibody (Fig. 2A, D, G). No significant
hGDH2 expression was identified in adipose tissue and skeletal muscle.

3.4. Cellular expression of the GLUD2 gene in Tg mice tissues

Immunofluorescence (IF) studies on testicular tissue revealed
that hGDH2 was expressed in the Sertoli cells located inside the
seminiferous tubules (Fig. 2B), and in the Leydig cells located in
the interstitium. In contrast, mGDH1 was absent from the Sertoli
cells, but was instead expressed in the Leydig cells (Fig. 2C). This
expression pattern is identical to that observed in human testis
where hGDH2 localizes to Sertoli cells, which lack hGDH1 [10].
Also, our observations showing that hGDH2 and mGDH1 attained
in Tg testis equivalent levels are again strikingly similar to those
previously reported for human testis, in which hGDH2 and
hGDH1 are expressed at equal levels [10]. The unique expression
of hGDH2 in Sertoli cells, as shown here, is thought to contribute
to glutamate oxidation-derived lactate that is provided to sperm
cells [10].

In the pancreas, double IF experiments showed that hGDH2 was
expressed along with mGDH1 throughout the parenchyma, where
it localized to insulin-expressing cells of pancreatic islets (Fig. 2E,
F). We then tested whether transgenic expression of the human
GLUD2 gene affected the morphology or quantity of the (3-cells.
For this, we studied haematoxylin-eosin stained sections of pan-
creatic tissue as well as sections of fixed frozen pancreatic tissue
immunostained with an antibody against insulin. Results revealed
no significant differences between Tg and Wt mice with respect to
the number or size of Langerhans islets or in the number and
mass of B-cells (data not shown).

In the kidney, hGDH2 co-localized with the endogenous mGDH1
in the epithelial cells that line the proximal convolutional tubules
(Fig. 2H, I), in accordance with previous observations on human
renal cortex [21]. Given the ability of hGDH2 to work efficiently at
relatively low pH and at GTP concentrations inhibitory to hGDH1
[18], expression of the novel enzyme in renal epithelial cells is
thought to enhance glutamate deamination-derived
ammoniagenesis (particularly during acidosis), thus contributing
to acid-base balance [21].

In the adrenals, hGDH2 was co-expressed along with mGDH1 in all
three layers of adrenal cortex that produce steroid hormones, including
the zona glomerulosa (mineralocorticoid-secreting), the zona fasciculata
(glucocorticoid-producing) and the zona reticularis (androgen-produc-
ing) (Fig. 2]). This cellular distribution pattern is similar to that previ-
ously observed for hGDH1 and hGDH2 in human adrenals [22].
Expression of hGDH2 in these cells is thought to provide a GTP-indepen-
dent source of reducing equivalents (NADPH) needed for pregnenolone
synthesis (initial step in steroidogenesis), as well as, an additional mech-
anism for feedback control of steroid synthesis [22].

3.5. Effect of the GLUDZ transgene on fasting glucose and insulin levels

Biochemical analyses of blood samples, obtained from young adult
animals (3-6 months of age) after overnight (12-h long) fasting, re-
vealed that blood glucose levels were significantly lower and of a
narrower range in Tg mice (mean 4 SD: 93.7 &+ 7.6 mg/dl; 95% CI:
90.6-96.8 mg/dl; N = 26) as compared to their Wt littermates (mean
=+ SD: 143.8 4 17.5 mg/dl; 95% CI: 136.2-151.4 mg/dl; N = 23; p <
0.0001) (Fig. 3A). As such, Tg mice had fasting blood glucose (FBG)
values essentially identical to those of healthy (non-diabetic) humans.
It is known that the C57BL/6] mouse strain used here is prone to diabe-
tes, particularly with advancing age [23]. Our data indeed showed that
Wt mice >12 months of age had significantly higher FBG levels (mean
4 SD: 161.1 £ 24.8 mg/dl; N = 29; p = 0.005) than younger Wt ani-
mals (Fig. 3B). This aging effect was substantially attenuated in Tg
mice (Fig. 3B). As shown in Fig. 3E, FBG levels correlated with the age
(in weeks) of both Tg (R?> = 0.429) and of Wt (R? = 0.235) mice. We
also found that fasting for 6 h (prior to blood drawing) was associated
with even higher FBG levels in aged Wt mice (192.0 + 21.1 mg/dI;
95% CI: 176.9-207.1 mg/dl (N = 10)), with about half of these values
being >200 mg/dl (considered to be pre-diabetic for C57BL/6] mouse
strain) (Fig. 3D) [23]. Remarkably, GLUD2 exerted a considerable pro-
tective effect against the propensity of the host mice to develop diabetes
with aging. Thus, after fasting for 6 h, the FBG levels of Tg mice were
119.9 + 12.8 mg/dl (95% CI: 110-130 mg/dl; N = 9; p < 0.0001)
(Fig. 3D). Measurement of insulin concentrations in both animal groups
revealed that fasting serum insulin levels were about 2.6-fold higher in
Tg (mean + SD: 1.67 4 0.15 ng/ml; 95% CI: 1.58-1.77; N = 12; p <
0.0001) than in Wt mice (0.65 £ 0.06 ng/ml; 95% CI: 0.61-0.69; N =
12) (Fig. 3C). The same GLUD2 gene effect on FBG and serum insulin
levels was found in both of our Tg lines (Tg13 and Tg32) (Fig. 3A, B, C
and D).

3.6. The GLUD?2 gene does not affect glucose-stimulated serum insulin
increase

Serum insulin levels rose robustly in Tg and Wt mice following
administration of glucose (1 mg/g body weight, given i.p.)
(Fig. 4A). This increase was in absolute value comparable between
Wt (by 1.34 + 0.45 ng/ml) and Tg mice (1.26 £ 0.19 ng/ml). How-
ever, because baseline insulin levels were lower in Wt mice
(Fig. 4A), the glucose-stimulated serum insulin increases were pro-
portionally greater in Wt (by 214 4 80%) than in Tg animals (77 +
10%). Similarly, blood glucose levels rose significantly in both ani-
mal groups after glucose administration (Fig. 4B). While this in-
crease was in absolute value identical in Wt (by 202 + 31 mg/dl)
and in Tg mice (205 4+ 18.9 mg/dl), the Wt group showed propor-
tionally smaller blood glucose increases due to its higher FBG
levels. Analysis of our data (Fig. 4A and B) using repeated measures
ANOVA revealed a significant effect of genotype (Wt v/s Tg) on both
serum insulin (p < 0.001) and glucose levels change (p <0.001) fol-
lowing glucose administration, a finding attributed to the signifi-
cantly different baseline insulin and glucose levels of the Tg and
Wt animals. Our two transgenic lines, Tg13 and Tg32 behaved sim-
ilarly (p = 0.999). A second independent experiment, performed at
a different date, yielded nearly identical results for both of our Tg
lines.

3.7. L-leucine loading boosts serum insulin levels in Wt mice

To evaluate glucose-independent insulin secretion, we performed L-
leucine loading experiments by administering orally 0.25 mg/g body
weight to Tg and Wt mice. L-leucine resulted in a robust increase in
the serum insulin levels of the Wt mice (before loading 0.68 + 0.07,
after loading: 1.25 £ 0.076 ng/ml; p < 0.0001), but it had little effect
on the high fasting insulin levels of the Tg mice (baseline: 1.71 + 0.15,
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Fig. 3. Glucose homeostasis in Tg and Wt mice of different ages. A-E: Fasting blood glucose (FBG) levels of Tg and Wt mice. The age of the animals and the fasting interval (prior to blood
drawing) are shown below each figure. The p value above the figures refers to comparison between Tg and Wt mice of the same age. A. FBG levels of young adult (3-6-month-old) mice
(Wt: N =23, Tg: N = 26; Tg32: N = 12, Tg13: N = 14). B. FBG levels of 12-24-month-old (>12-month-old) animals (Wt: N = 29, Tg: N = 21; Tg32: N = 9, Tg13: N = 12). FBG levels were
significantly higher in aged (>12-month-old) Wt mice as compared to young adult (3-6-month-old) Wt animals (p = 0.005). Similarly, FBG were higher in older Tg mice as compared to
younger Tg animals (p = 0.0007). C. Blood insulin levels were obtained after overnight fasting in young adult (3-6 months of age) Wt (N = 12) and Tg mice (N = 12; Tg13: N = 6; Tg32: N
= 6). D. FBG levels were obtained after a 6-hour fasting in 12-24-month-old (mean age: 15 months) Tg (N = 9, Tg32: N = 5, Tg13: N = 4) and Wt mice (N = 10). E. Correlation of glucose
levels (obtained after a 12-hour fasting) with the age of the animals (r? = 0.24 for Wt and r? = 0.43 for Tg mice). Each dot represents the FBG levels of a single animal.

and D). Leucine differentially affected insulin and glucose levels in the

after loading: 1.90 4 0.26 ng/ml; p = 0.154) (Fig. 4C). In addition, L-leu-
two groups (repeated measures ANOVA interaction effect p < 0.001).

cine loading reduced the blood glucose levels of Wt mice (baseline: 164
+ 24 mg/dl; after loading: 137 4+ 24 mg/dl; N = 6), but had essentially
no effect on the glucose levels of the Tg mice (baseline: 100 4+ 5 md/dI;
after loading: 104 + 2; N = 6) (Fig. 4D). Analysis of our data (Fig. 4C and
D) with repeated measures ANOVA revealed a significant effect of the
genotype (Wt v/s Tg) on insulin and glucose changes following leucine
administration (p < 0.001 for insulin and p = 0.001 for glucose) (Fig. 4C

3.8. L-leucine loading improves glucose tolerance in Tg and Wt mice

To test whether L-leucine pre-treatment affects glucose handling, we
administered 1 mg/g glucose (i.p.) to Wt and Tg mice half an hour after
an L-leucine load (0.25 mg/g). Insulin and glucose levels were determined

Fig. 4. A & B: The GLUD2 gene does not affect glucose-stimulated insulin release. Young adult (4-month old) Tg and Wt mice received i.p. 1.0 mg/g weight of glucose after a 12 hour-long
fasting. Insulin (A) and glucose levels (B) were measured before (0 time) and 60 min after glucose administration. Compared to Wt mice, the Tg animals had, both at baseline and following
glucose administration, higher insulin (p <0.001) and lower blood glucose levels (p < 0.001). Repeated measures ANOVA suggested a significant genotype effect (Wt v/s Tg) on insulin (p <
0.001) and glucose changes (p < 0.001) following glucose administration, attributed to baseline level differences. C & D: L-leucine loading differentially affects serum insulin levels of Wt
and Tg mice. Young adult (5-month old) Tg and Wt mice received orally L-leucine (0.25 mg/g of body weight) after fasting for 12 h. Serum insulin and blood glucose levels were then
determined at 0 time and 60 min later. Repeated measures ANOVA revealed a significant genotype effect on insulin (p < 0.001) and glucose (p = 0.001) changes following leucine
loading. E: Pre-treatment with L-leucine improves glucose handling in Tg and Wt mice-Young adult (5-month old) Tg and Wt mice received orally L-leucine (0.25 mg/g of body
weight) after fasting for 12 h. Half an hour after L-leucine treatment, the animals received i.p. 1.0 mg/g weight of glucose. Serum insulin levels were measured before (0 min) and
60 min after glucose administration (E). Repeated measures ANOVA revealed a significant genotype effect on insulin changes induced by glucose administration, following leucine pre-

treatment (p < 0.001).
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1 h later. Results revealed enhanced insulin release in both Wt and Tg
mice (Fig. 4E). While in absolute values, these insulin increases were com-
parable in the two animal groups, Wt mice again experienced greater pro-
portional increases (4-fold) than Tg animals (2-fold). Insulin levels were
somewhat higher than those obtained following glucose administration
but without L-leucine pre-treatment in both groups (Fig. 4A). Blood

glucose levels also increased comparably in Tg and Wt mice as shown in
Fig. 5A. However, blood glucose increases were of a lesser magnitude
that those found in animals not pre-treated with L-leucine. Analysis of
the data presented in Fig. 4E with repeated measures ANOVA revealed a
significant genotype effect (Wt v/s Tg) on insulin changes induced by glu-
cose administration following leucine pre-treatment (p < 0.001).
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Fig. 5. A & B: L-leucine effect on the GTT curves of Tg and Wt mice. A. GTT was performed in 5-month-old Wt (N = 8) and Tg (N = 7; Tg13 = 3 and Tg 32 = 4) mice either without pre-
treatment (untreated) or ¥2 h after administration of 0.25 mg/g of L-leucine (Leucine pre-treatment). Repeated measures ANOVA revealed a significant genotype effect (p < 0.001) on
glucose changes over time. B. The differences in glucose levels induced by leucine pre-treatment were plotted over time. No differential effect of L-leucine on the GTT curves of Tg and
Wt mice was detected (p = 0.730). C & D. Insulin tolerance test in Wt and Tg mice. Wt (N = 10) and Tg (N = 10; Tg13 = 5 and Tg32 = 5) mice received i.p. 1 IU/kg of insulin after a
5 h-long morning fasting period. Blood glucose levels were determined at the time points shown here. A significant genotype effect was suggested and attributed to different baseline
glucose levels (p < 0.001). D. The changes in blood glucose levels induced by insulin administration (expressed as percentage of initial) were plotted over time. There was no

differential effect of insulin on blood glucose levels in the two groups (ANOVA p = 0.603).

3.8.1. Glucose tolerance studies

GTTs were also performed by administering a glucose load (1 mg/g
body weight, i.p.) with and without L-leucine pre-treatment (given
30 min prior to glucose administration ). Tg mice showed improved glu-
cose curves as compared to their wild type littermates in both condi-
tions (with and without L-leucine pre-treatment). Repeated measures
ANOVA analysis of the data presented in Fig. 5A suggested a significant
effect of genotype (Wt v/s Tg) on blood glucose changes over time re-
gardless of leucine pre-treatment (p < 0.001). On the other hand, L-leu-
cine pre-treatment resulted in a better handling of glucose in both
groups. A significant effect of leucine pre-treatment on glucose changes
over time (GTT curves) was detected for both groups (ANOVA p < 0.001
for Wt and for Tg mice). The net changes in glucose levels during the
GTT induced by L-Leucine pre-treatment were plotted over time
(Fig. 5B). Results revealed that leucine pre-treatment affected similarly
the GTT curves of Wt and Tg animals (repeated measures ANOVA p =
0.730).

3.8.2. Insulin sensitivity studies
Insulin tolerance test were also performed in young adult (3-month
old) Wt (N = 10) mice and Tg (N = 10; Tg13 = 5 and Tg32 = 5)

animals by administering i.p. 1 [U/kg body weight of human insulin fol-
lowing a 5 h morning fasting period (light cycle). Determination of
blood glucose levels was done at 15, 30, 60, 90 and 120 min after insulin
administration. Results revealed that glucose levels declined in both an-
imal groups (Fig. 5C and D). Analysis of data presented in Fig. 5C with
repeated measures ANOVA suggested a differential effect of genotype
(Wt v/s Tg) on the insulin induced change of blood glucose levels over
time (p < 0.001). This was attributed to the significantly different base-
line glucose levels of the two groups. However, blood glucose levels de-
creased proportionally following insulin administration in both animal
groups (Fig. 5D). Furthermore, the course of insulin-induced drop in
glucose levels over time did not differ between the two groups (re-
peated measures ANOVA showed no significant genotype effect; p =
0.603). These results, revealing similar insulin tolerance tests for Wt
and Tg mice, suggest that the two groups are comparably sensitive to
insulin.

3.8.3. Effect of aging on food consumption and body weight

Food consumption, studied at different ages, was found to be compa-
rable between the two experimental groups. The body weight of young
adult (2-month-old) Tg and Wt mice did not differ significantly
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Fig. 6. Effect of aging and food deprivation on body weight balance. A. Comparison of 2-month-old Tg (N = 9) and Wt mice (N = 9) with 14-month-old Tg (N = 9) and Wt (N = 9) mice,
reveals that aged animals were significantly heavier than younger mice (p < 0.001 for each group). While young adult Tg and Wt mice had a similar body weight, aged Wt mice were
significantly heavier that aged Tg mice (p = 0.0077). B & C. The body weight of the same Tg or Wt animals was determined at the age of 6 months and then at 12 months. Repeated
measures ANOVA revealed a significant genotype effect on body weight changes over time (p = 0.023). D & E. Weight loss of Tg and Wt mice following food deprivation. While the
two groups lost a comparable amount of weight when deprived of food for 24 h, Tg animals lost significantly more weight than Wt mice after a 48-hour long food deprivation (p = 0.0293).

(Fig. 6A). In contrast, aged (14-month-old) Wt mice were significantly
heavier (39.5 + 4.5 g) than aged Tg mice (32.57 + 158 g; p =
0.0077) (Fig. 6A). We then followed the animals longitudinally from 6
to 12 months of age and found that, while food consumption was simi-
lar in the two groups, Wt mice gained more weight than Tg mice as they
grew older (Fig. 6B). Thus, while Wt mice weighed 30.96 + 1.4 g at
6 months and 36.14 + 2.09 g at 12 months, Tg mice weighed 30.26 +
1.40 g at 6 months and 33.30 £ 2.06 g at 12 months (Fig. 6B). As such,
Wt and Tg mice were 17 + 7% and 10 + 5% heavier, respectively, at
12 months than at 6 months of age (Fig. 6C), suggesting that weight
gain was significantly less for Tg than for Wt mice. Analysis of our data
with repeated measures ANOVA revealed a significant effect of time
on body weight (p < 0.001) but also a significant effect of genotype on
weight change over time (Wt v/s Tg; p = 0.023).

3.8.4. Effect of fasting on body weight

The effect of food deprivation on body weight was also studied. Re-
sults revealed that, when deprived of food for 24 h Tg and Wt mice
lost a comparable amount of weight (9.4% and 9.6% respectively of
their initial weight) (Fig. 6D). However, after 48 hour food deprivation,
the Wt mice lost 13.6% and the Tg mice 15.3% of their initial weight (p =
0.0293) (Fig. 6E).

4. Discussion
GLUD?2 is a primate-specific gene that emerged via duplication in

the hominoid and evolved on the lineage that descended to the
human [3,14]. As such, GLUD2 is not present in the C57BL/6] mouse

strain used here to create our Tg model. Instead, the mouse possesses
Glud1, the single conserved mammalian gene that is essentially iden-
tical to human GLUD1. Here we studied hGDH2 expression in the
non-neural tissues of Tg mice carrying the human GLUD2 gene and
its regulatory elements. Results showed that hGDH2 is expressed in
the adrenals, kidney and testis of the host in a pattern similar to
that previously described in human tissues [10]. In the pancreas of
Tg mice, hGDH2 was expressed in Langerhans islets, where it local-
ized to insulin-expressing cells of pancreatic islets. In addition, func-
tional studies provided evidence for an enhanced in vivo biological
action of the novel human enzyme. Specifically, hGDH2 Tg expres-
sion “humanized” glucose homeostasis in the host C57BL/6J, a
mouse strain prone to diabetes [23]. Thus, while the Wt mice had
FBG levels in the pre-diabetic range (136-151 mg/dl), GLUD2 Tg an-
imals maintained lower FBG levels (91-97 mg/dl) closely resembling
those of healthy humans. Also, GLUD2 exerted a considerable protec-
tive effect against the propensity of the host to develop diabetes and
to gain weight with advancing age.

To understand the mechanisms by which GLUD2 transgenic expres-
sion affects glucose homeostasis, we determined serum insulin levels
before and after administration of glucose or L-leucine, and obtained
the following results: Firstly, fasting serum insulin levels were about
2.6-fold higher in the Tg than in the Wt mice. Secondly, in young adult
animals, glucose loading produced blood glucose curves and insulin in-
creases, which were comparable in the Tg and Wt mice, thus suggesting
that the GLUD2 gene did not affect glucose-stimulated insulin release.
Thirdly, L-leucine loading raised the low insulin levels of the Wt mice,
implying a significant activation of the endogenous mGDH1 in p-cells
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[12]. These data suggest that L-leucine reached in vivo, concentrations
sufficient to act synergistically with ADP in counteracting the GTP inhib-
itory effect on mGDH1 that prevails in (3 cell [18].

In contrast, L-leucine loading had little effect on Tg mice, which in
their fasting state had serum insulin levels higher than those achieved
in Wt mice by L-leucine administration. Previous observations have
shown that ADP interacts with hGDH2 with higher affinity (SCso =
0.06 mM) than L-leucine (SCsp = 1.00 mM) [18] and that 1.00 mM
ADP is sufficient to maximally activate hGDH2 [18]. As such, under the
low ATP/ADP ratio that prevails in 3-cells in the fasting state, glutamate
flux through hGDH2 should be close to maximum. Previous studies
have indeed showed that ADP attains 1.20 mM at <2.8 mM glucose
[24]. Hence, lack of additional L-leucine effect on the high insulin levels
of Tg mice support the concept that glutamate flux is close to saturation.

The present studies also revealed that pre-treatment with L-leucine
improved glucose handling in both animal groups. Previous investiga-
tions on mice with p-cell-specific GDH1 deletion have shown that glu-
tamate deamination via GDH1 accounts for about 40% of glucose-
stimulated insulin secretion with the enzyme being essential for the
full development of the insulin secretory response in B-cells [11].
Hence, the observed improved GTT curves following L-leucine pre-
treatment, likely reflect activation of the endogenous mGDH1 possessed
by both, the Wt and the Tg mice. Moreover, the stronger L-leucine effect
in Tg mice may reflect an additive effect of mGDH1 and hGDH2 in {3-
cells. Additional studies are required to test this hypothesis and whether
hGDH2 and GDH1 form hetero-hexamers with distinct properties in
cells co-expressing the two highly homologous isoenzymes.

In recent years, study of mutations in hGDH1 that attenuate GTP in-
hibition has provided further insight into glutamate-dependent insulin
secretory responses [9]. Human subjects, carrying these heterozygous
mutations suffer from the HI/HA syndrome, characterized by bouts of
hypoglycemia and seizures due to inappropriate release of insulin as a
result of an overactive hGDH1 [9]. Similarly, Tg mice, carrying the
His454Tyr hGDH1 hyperactive mutant, developed hypoglycemia
(blood glucose levels ranging from 50 to 70 mg/dl) that impaired the
breeding efficiency and the survival of these animals [25]. These obser-
vations have re-enforced the belief that GDH1 in R-cells is largely inac-
tive due to tonic inhibition by GTP generated by the TCA cycle [3].

In contrast to the His454Tyr-hGDH1 Tg mouse, our GLUD2 Tg mice
evidenced no hypoglycemia either during a 6 or 12-hour fasting state
or even after L-leucine administration. They also had normal physical
health measures, survival and reproduction rates. While hGDH1 muta-
tions result in loss of the physiological hGDH1 regulation, hGDH2 has
developed novel molecular mechanisms for regulating its activity as
noted above. As such, the beneficial effects of transgenic GLUD2 expres-
sion on glucose homeostasis are likely due to the refined properties ac-
quired by hGDH2 over millions of years of evolution. While these
properties include resistance to GTP inhibition (conferred by the
Gly456Ala change), the enzyme's functional behavior is multifaceted,
being determined by combined actions of other evolutionary amino
acid substitutions [15,18]. As a result, GLUD2 adaptation bestowed
human cells with physiologically enhanced glutamate metabolizing ca-
pacity that is biologically advantageous.

Regarding the cellular-molecular mechanisms responsible for the
observed hGDH2 effects on glucose homeostasis, enzymatic studies,
performed in vitro using recombinant hGDH1 and hGDH2, have pre-
dicted an enhanced in vivo biological function for hGDH2 (as compared
to hGDHT1) in the presence of ADP and L-leucine [3,15,18]. This predic-
tion has been borne out by metabolic studies on cultured human cells
expressing hGDH2. Specifically, glioma cells exhibited an enhanced glu-
tamate flux through hGDH2 that non-redundantly increased TCA sub-
strates (o-ketoglutarate, citrate and cis-aconitate) through glutamate
oxidation-dependent anaplerosis [26,27]. Similarly, cultured astrocytes
isolated from the GLUD2 Tg mice expressing hGDH2 (constructed inde-
pendently [28]) exhibited augmented TCA cycle capacity and oxidative
metabolism of glutamate, particularly during glucose deprivation [29].

These observations suggested that hGDH2 expression decreased oxida-
tive metabolism of glucose due to increased entrance of carbon skele-
tons into the TCA from glutamate and other amino acids [29].

In light of the above considerations, augmentation of the bioener-
getic and biosynthetic function of the TCA cycle by the expressed
hGDH2 in p-cells should account for the observed enhanced insulin se-
cretion in the fasting state. As noted above, hGDH2 should be fully active
under the relatively high ADP intracellular concentrations (and low glu-
cose levels) of the fasting state, while mGDH1 is relatively inactive due
to tonic inhibition by GTP. Observations in Glud1 null mice support this
concept by showing that absence of mGDH1 in 3-cells had no effect on
insulin release at 2.8 mM of glucose [11].

While GDH1 is not required for glucose hemostasis under normo-ca-
loric conditions [11], our present data suggest that this role is taken up
by the novel positively selected hGDH2 enzyme adapted to function op-
timally under the high ADP levels of the fasting state. In addition to
stimulating hGDH2, the low ATP/ADP ratio of the fasting state increases
glutaminolysis (through phosphate-activated glutaminase) [25], thus
generating substrate (glutamate) needed for sustaining enhanced oxi-
dative flux through hGDH2. Glutamine is known to be the source of in-
tracellular glutamate and, while glutamine does not promote insulin
release, it becomes a secretagogue only when GDH is simultaneously ac-
tivated [30].

Whereas other mechanisms could play a role on the observed im-
proved glucose homeostasis of Tg mice, we found no significant
GLUD?2 expression in non-pancreatic insulin sensitive organs, such as
in adipose tissue and skeletal muscle (except for the liver). We also
tested here the sensitivity of our animal groups to insulin administra-
tion (1 IU/kg body weight, given i.p.). Determination of blood glucose
levels every 15 min after insulin administration revealed that glucose
levels declined similarly in Wt and Tg mice. These similar insulin toler-
ance tests for Wt and Tg mice, suggest that the two groups are compa-
rably sensitive to insulin and as such, the high insulin levels of the Tg
mice cannot be attributed to a compensatory increased release due to
insulin insensitivity. Instead these data support the thesis that hGDH2
expression boosts insulin release through its metabolic function in 3-
cells (increased ATP synthesis via enhanced glutamate oxidation) as de-
scribed above.

Microscopic examination of the pancreas revealed no changes in the
appearance of Langerhans islets, particularly with respect to p-cell
mass, density and distribution. Nevertheless, we cannot exclude the
possibility that the enhanced basal insulin release could relate to in-
creased overall insulin content in pancreatic 3>-cell. While additional
studies are needed to explore these possibilities, a possible DNA de-
rangement, resulting from stochastic insertion of the human DNA seg-
ment into the mouse genome can be essentially excluded as we
obtained the same results in two GLUD2 Tg lines constructed
independently.

The present studies also revealed that Wt animals gained more
weight than GLUD2 mice as they grew older. In addition, Wt mice lost
less weight than Tg mice following a 48 hour-long food deprivation. Be-
sides the tendency of our C57BL/6] mouse model to develop diabetes,
this strain also becomes obese with advancing age [31]. Notably, the
GLUD?2 gene attenuated these aging effects, probably by improving cel-
lular energy metabolism. Hence, advent of the GLUD2 gene may have
contributed to the maintenance not only of euglycemia, but also to
body weight balance in the human. Whether the novel gene provides
protection from disorders of glucose metabolism and obesity associated
with senescence is an exciting possibility that remains to be further
studied.
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Abstract

Human evolution is characterized by brain expansion and up-regulation of genes involved in energy metabolism and synaptic
transmission, including the glutamate signaling pathway. Glutamate is the excitatory transmitter of neural circuits sub-serving
cognitive functions, with glutamate-modulation of synaptic plasticity being central to learning and memory. GLUD?2 is a
novel positively-selected human gene involved in glutamatergic transmission and energy metabolism that underwent rapid
evolutionary adaptation concomitantly with prefrontal cortex enlargement. Two evolutionary replacements (Gly456Ala and
Arg443Ser) made hGDH2 resistant to GTP inhibition and allowed distinct regulation, enabling enhanced enzyme function
under high glutamatergic system demands. GLUD2 adaptation may have contributed to unique human traits, but evidence
for this is lacking. GLUD?2 arose through retro-positioning of a processed GLUDI mRNA to the X chromosome, a DNA
replication mechanism that typically generates pseudogenes. However, by finding a suitable promoter, GLUD?2 is thought
to have gained expression in nerve and other tissues, where it adapted to their particular needs. Here we generated GLUD2
transgenic (Tg) mice by inserting in their genome a segment of the human X chromosome, containing the GLUD2 gene
and its putative promoter. Double IF studies of Tg mouse brain revealed that the human gene is expressed in the host mouse
brain in a pattern similar to that observed in human brain, thus providing credence to the above hypothesis. This expres-
sional adaptation may have conferred novel role(s) on GLUD?2 in human brain. Previous observations, also in GLUD2 Tg
mice, generated and studied independently, showed that the non-redundant function of hGDH?2 is markedly activated during
early post-natal brain development, contributing to developmental changes in prefrontal cortex similar to those attributed to
human divergence. Hence, GLUDZ2 adaptation may have influenced the evolutionary course taken by the human brain, but
understanding the mechanism(s) involved remains challenging.

Keywords GLUD?2 Transgenic mice - GLUD2 Adaptation - Brain hGDH2 expression - Human evolution
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Introduction

Human evolution is characterized by brain expansion and
acquisition of unique traits, including language function,
symbolic thought and other complex cognitive processes.
There is disproportional enlargement of the prefrontal
cortex (PFC), the excitatory pyramidal neurons of which
exhibit increased dendritic branching and synaptic spine
density [1]. In addition, human PFC displays increased
neuropil space (to accommodate synapses and dendritic
processes) and a high density of glial cells relative to neu-
rons [2]. This adaptation is thought to reflect increased
metabolic demands arising from the high neuronal activity
that characterizes the human brain [2—4]. To meet these
demands, a rapid metabolic evolution has taken place [3,
4], with large-scale mRNA analyses of human brain having
shown up-regulation of genes involved in synaptic trans-
mission and energy metabolism [5].

While the underlying molecular-genetic mechanisms
that drive these adaptations remain unclear, glutamater-
gic transmission is a major player with glutamate release
and recycling thought to consume about 60-80% of
energy supplied by glucose [3, 4]. Energy demands are
even greater in the developing nervous system, with fetal
brain consuming about 65% of the body’s total metabolic
energy [3]. Glutamate, by activating a subclass of gluta-
mate receptors and calcium influx, can induce long-last-
ing modification of synapses associated with structural
plasticity, including increased dendritic spine density [6].
This ability of synapses to change their strength, known
as “synaptic plasticity”, is thought to represent the “cellu-
lar correlate of long-term memory” [7]. Such experience-
dependent plasticity may promote the sculpting of neural
circuits in response to environmental influences [8, 9],
thus contributing to a synergy between nature and nur-
ture, processes of fundamental importance in human brain
evolution [8, 9].

In support of these considerations, comparative stud-
ies on the brain of primates have shown that the gluta-
matergic signaling pathway is the primary target of human
brain evolution [10]. Specifically, there is up-regulation
of genes encoding proteins involved both in pre-synaptic
glutamatergic mechanisms (glutamate storage and release)
and in post-synaptic excitatory transmission (glutamate
receptors, synaptic scaffolding proteins and calcium sign-
aling proteins) [10]. However, the genetic determinants
of this up-regulation remain largely unknown, with DNA
analyses providing no evidence for accelerated evolution
of genes and their regulatory elements that encode the
above proteins [11].

While it has proven difficult to assign evolutionary
genomic changes to specific human traits, several genes
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expressed in human brain underwent positive Darwinian
selection, a process indicative of adaptive DNA sequence
evolution [12]. Such positive selection is known to gener-
ate new phenotypes from existing ones [13] and can lead
to the development of new genes in an environment shaped
by social and cultural influences [9]. To this end, a number
of genes involved in brain size, neurotransmission, vision,
memory and neural cell metabolism are shown to have
evolved under positive Darwinian selection [12, 14, 15].

GLUD? is a novel gene [16] that evolved in the human
lineage under positive selection and that underwent rapid
evolutionary adaptation, concomitantly with pre-frontal
cortex expansion [15]. It encodes the hGDH2 isoform of
glutamate dehydrogenase, an enzyme involved both in glu-
tamatergic transmission and in energy metabolism, two
processes pivotal to human brain evolution. There is tan-
talizing evidence that birth and adaptation of GLUD2 may
have contributed to human brain development and perhaps
to acquisition of cognitive capabilities [15, 17] possibly by
enhancing glutamatergic transmission and the bioenergetic
and biosynthetic function of the TCA cycle [17].

GLUD?2 was born through gene duplication, a process
thought to have played a major role in the evolution of eukar-
yotes [13]. Thus, duplicated genes often undergo positive
selection, which as noted above, can lead to sequence, func-
tion and/or expression divergence [18]. Whereas new genes
typically arise through genomic duplication or gene conver-
sion events [19], GLUD2 was born through retro-positioning
of a processed GLUDI mRNA, a process known to generate
pseudogenes [19]. It has been hypothesized, however, that,
by finding a suitable promoter, GLUD?2 gained expression
in nerve and other tissues where it adapted to their specific
metabolic needs [15, 19]. To test this hypothesis, we gen-
erated GLUD? transgenic (Tg) mice by inserting in their
genome a 176.6 Kb segment of human X chromosome, con-
taining the GLUD?2 gene and its putative regulatory elements
(including its promoter). Using antibodies that specifically
recognize hGDH2 (encoded by the GLUD2 gene) or GDH1
(encoded by the endogenous mouse Glud1 gene), we studied
the expressional pattern of the human gene in the host brain.
Results obtained were then compared with those derived
from the study of human brain, as described below.

Materials and Methods
Reagents

A human BAC clone (RP11-610G22) was obtained from
ImaGenes, GmbH and used for constructing the GLUD?2
transgenic mice. Nitrocellulose membrane (Porablot NCP)
was from Macherey—Nagel. The anti-hGDH1-specific
antibody was obtained from Aviva Systems Biology. The
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anti-hGDH2-specific antibody was raised in rabbits as
previously described [20]. Other primary antibodies used
included mouse raised anti-NEUN (Millipore 1:400) and
anti-GFAP (Sigma-Aldrich; 1:2000) antibodies. Secondary
antibodies used included fluorescein- and rhodamine-con-
jugated donkey cross-affinity purified secondary antibodies
(Jackson ImmunoResearch, 1:100), biotinylated anti-rabbit
and anti-mouse IgG (Vector Laboratories; 1:200), streptavi-
din/FITC (Dako; 1:800).

The Anti-hGDH1 and Anti-hGDH2 Antibodies

For specifically detecting the hGDH2 protein, we used a
polyclonal antibody raised in rabbits using a 12-amino acid
long hGDH2-specific peptide containing the Arg443Ser evo-
lutionary replacement that induces drastic changes in the
enzyme’s behavior, including its migration in SDS-PAGE
[20]. The antibody has been previously characterized [20].
It specifically recognizes hGDH2 without interacting with
hGDHI1 [20]. For detecting the endogenous mouse GDH1
we used a polyclonal antibody raised in rabbits (Aviva Sys-
tems Biology) against a 50 amino acid-long hGDH1-specific
peptide that contains three amino acid residues evolutionary
replaced in hGDH?2 [21]. Characterization of this antibody
showed that it specifically recognizes hGDH1 without inter-
acting with hGDH2 [21].

Generation of GLUD2 Transgenic Mice

The above BAC clone, containing a segment of the human X
chromosome that encompasses the GLUD2 gene and 40 kb
of upstream and 135 kb of downstream DNA sequences,
was used to construct the transgenic mice. A Notl fragment
of 176,610 bp was isolated from the above BAC clone and
microinjected into the pronuclei of fertilized (C57BL/6J X
CBA/]) F2 oocytes as previously described [22, 23]. Micro-
injections and embryo implantations were carried out by the
Transgenics & Gene Targeting Facility at the Biomedical
Sciences Research Center ‘Alexander Fleming’. The result-
ing offspring, first obtained in May 2013, were genotyped
by PCR using the primers described below.

DNA Analysis

Mouse tail DNA was extracted using the phenol/chloroform
method. Founders were identified by PCR analysis using
primers specific for coding sequences of the GLUD?2 gene
(F: 5"TGAATGCTGGAGGAGT GACA-3'and R: 5'-TGG
ATTGACTTGTTGAGAATGG-3"). Founders were crossed
with C57BL/6 mice. F1 offspring were genotyped to iden-
tify germ line transmission using the same method. Trans-
genic offspring, used to maintain the transgenic line, were
bred under specific pathogen-free conditions in the animal

facility at the Institute of Molecular Biology and Biotechnol-
ogy (IMBB) of FORTH, Crete, Greece. The presence of the
transgene was monitored throughout the course of the study
by PCR from tail genomic DNA using the above primers.
To produce heterozygous transgenic lines, GLUD2 Tg mice
were crossed with wild-type C57BL/6 animals. The control
mice that were used in our experiments were wild-type litter-
mates of the GLUD2 Tg animals. The animals were housed
4 mice per cage in standard cages, with a sawdust bedding,
at constant temperature (23 +2 °C), humidity (55+5%) and
under normal 12 h light/dark cycle (lights on from 7:00 to
19:00). Food and water were available ad libitum.

All experimental procedures were approved by the local
ethics committee for animal experiments and met the gov-
ernmental guidelines. All efforts were made to minimize
the number of animals and their suffering. Two GLUD2 Tg
strains (lines Tgl3 and Tg32) showing comparable levels
of hGDH?2 expression in the brain were used and studied
in parallel.

Western Blot Analyses
Crude Brain Extract Preparation

About 50-100 mg of nerve tissue from different CNS
regions (for olfactory bulbs about 20 mg) of young adult
Tg and Wt mice was dissected and homogenized (glass to
glass) in 10 mM Tris—HCI (pH 7.4) containing 0.1 mM
EDTA, 0.5 M NaCl, 1% Triton X-100, and protease inhibi-
tors. Crude extracts obtained by centrifugation (11,000xg
for 10 min) of the cell lysates were used.

Western Blots

Tissue extracts, obtained as described above, were run on
an 8.5% SDS-PAGE gel. Proteins were transferred on a
nitrocellulose membrane and incubated with the primary
anti-hGDHI1 or the primary anti-hGDH2 specific antibody
described above. Proteins bands were visualised with the
use of the ChemiLucent Detection System kit (Chemicon).

Immunofluorescence Studies
Brain Slice Preparation of Tg Mice

All animals were deeply anesthetized using pentobarbital
sodium (60 mg/kg, i.p) and then perfused with 30 ml PBS
followed by 30 ml 4% paraformaldehyde (PFA). After suc-
cessful perfusion, the brains were removed immediately and
fixed in 4% PFA for 40 min. Upon fixation, tissues were
sucrose cryoprotected (30% sucrose in phosphate buffer,
pH 7.4) and embedded in gelatin (7.5% gelatin/15% sucrose
in phosphate buffer, pH 7.4) and then were snap-frozen
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by exposure to isopentane. Coronal serial sections were
obtained via cryotome and transferred to gelatin coated
glass slides (or in positively charged SuperFrost slides, Ther-
moFischer Scientific).

Preparation of Human Brain Slices

Postmortem human brain samples from donors, not suffering
from a neurologic disorder while alive, were provided to us
by the UK Multiple Sclerosis Society Tissue Bank as previ-
ously described [21] (http://www.ukmstissuebank.imperial.
ac.uk). These were collected after informed donor consent
approved by the UK Ethics Committee (08/MREQ09/31). Tis-
sues had been frozen, unfixed or fixed (in 4% PFA for a mini-
mum of 4 h), cryo-protected in 30% sucrose/PBS and stored
at — 80 °C. Sequential cryostat sections of 10-um thickness
from frontal, parietal and temporal lobes were obtained and
processed for immunofluorescence (IF).

Double Immunofluorescence Staining

Brain sections were fixed in acetone for 8 min. Non-specific
binding sites were blocked at RT for 40 min in 5% BSA
in 0.5% Triton x-100 PBS and then incubated at 4 °C for
18 h with rabbit primary antibodies recognizing either the
hGDHI1 or hGDH2 protein and with mouse primary anti-
bodies for NEUN or GFAP. After three washes in PBS,
incubation with fluorescence-labeled secondary antibodies
was performed with biotinylated goat anti-rabbit secondary
antibody followed by Streptavidin FITC or goat anti-mouse
Alexa Fluor 555 secondary antibody. Nuclei were visualized
with TOPRO. Images were obtained using a Leica Confocal
microscope.

Results
Generation of GLUD2 Transgenic Mice

Two lines of GLUD?2 transgenic mice (T13 and T32),
constructed independently, were obtained. Similar breed-
ing rates were observed between the Tg and control mice.
Moreover, Tg mice from our two lines passed their develop-
mental milestones at about the same time as their wild-type
littermates. All studies described here were performed using
male Tg mice and their male wild-type (Wt) littermates. No
differences in physical health measures, food consump-
tion, posture, physical condition of the fur and home cage
behaviors, were detected between Wt and Tg animals. Also,
irregular spontaneous behaviors such as excessive grooming,
digging, rearing, or stereotypies were not different between
the two groups.
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Immunoblotting

Western blot analyses revealed that the anti-hGDHI1 anti-
body recognized the endogenous mouse GDH1 (mGDH1)
with the same affinity as with the hGDH1 (used as Stand-
ard), without recognizing the expressed hGDH2 (Fig. 1).
These results are expected, as hGDH1 and mGDHI are
essentially identical, having been conserved via purifying
selection. Conversely, our anti-hGDH?2 antibody recognized
the expressed hGDH2 protein without interacting with the
endogenous mGDH1 enzyme. Immunoblots of brain extracts
revealed that hGDH?2 is expressed in all CNS regions of the
Tg mice studied and that this expression did not affect the
levels of the endogenous mouse GDH1 (Fig. 1, upper panel).
Analyses of brain extracts from our two Tg lines by WB
yielded similar results.

Double Immunofluorescence

IF experiments, using cerebral cortical tissue from the
GLUD?2 Tg mice, revealed a dense hGDH2-specific expres-
sion in the neuropil, where it co-localized with GFAP
(Fig. 2a—c). Specifically, hGDH2-specific punctate-like
stain was detected in GFAP-positive astrocytes and their pro-
cesses (Fig. 2a—c). As previously described for human brain
[20, 21], the endogenous GDH1 mouse enzyme was also
co-expressed in astrocytes (data not shown). Examination of
human cortical sections by IF also revealed a dense hGDH2-
specific expression in the neuropil, where it co-localized
with GFAP (Fig. 2d—f). As shown in Fig. 2d—f, human astro-
cytes, labelled by the anti-hGDH?2 and anti-GFAP antibodies
are substantially larger and exhibit a much greater degree
of arborisation than mouse astrocytes. In addition, the anti-
hGDH?2 antibody labelled a subpopulation of large cortical

GDH1GDH2 OB HEM CER e
Wt Tg32 Wt Tg32 Wt Tg32 Wt Tg32

sekD,’ e ———— - ti.GDH 1

58kD - " o -_— . >

anti-GDH2

Fig.1 GLUD?2 expression in the central nervous system of Tg mice.
Immunoblots were performed in brain extracts from 6-month old
male Tg32 and Wt mice. Tissue extracts (50 pg protein) from vari-
ous CNS regions were run on a 8.5% SDS-PAGE gel, transferred
to a nitrocellulose membrane and incubated with the primary anti-
hGDH1 or anti-hGDH2-specific antibody (dilutions 1:5000 and
1:2000 respectively). Proteins bands were visualised with the use
of the ChemiLucent Detection System kit (Chemicon), Recombi-
nant human GDHI1 and GDH2 were used as standards. GLUD2 Tg
mice show specific hGDH2 expression in spinal cord (SC), cerebel-
lum (CER), cerebral hemispheres (HEM) and olfactory bulb (OB).
The endogenous mouse GDH1 is detected at comparable levels in all
brain regions of both Tg and Wt mice. WB analyses of the CNS from
the second (T13) transgenic line yielded similar findings
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Fig.2 hGDH2 expression in cerebral cortical astrocytes. IF images of
snap frozen fixed brain sections from the cerebral cortex of a 6-month
old male GLUD2 Tg13 mouse (a—c) and of a neurologically normal
human subject (d—f) immunostained with a mouse monoclonal anti-
body against GFAP (1:2000; red) and our rabbit anti-hGDH2 spe-
cific antibody (1:2000; green). In both tissues there is punctate-like
GDH2-specific immunoreactivity in the perinuclear cytoplasm and

neurons with pyramidal morphology, with hGDH2-positive
“puncta” observed in the peripheral cytoplasm of these neu-
rons (Fig. 3a—c, e, f). These structures are similar to hGDH2-
positive “puncta” observed on the cytoplasmic membrane
of human cortical neurons (Fig. 3g—i) and may represent
clusters of hGDH2-positive mitochondria in presynaptic
nerve terminals [21]. As shown in Fig. 3j-1, the periph-
ery of a large hGDH2-positive neuron was delineated by
GFAP-specific staining of astrocytic processes enwrapping
excitatory synapses [21]. In this neuron, large “puncta” lie
in close proximity (but do not co-localize with) to the GFAP
positive structures on the cell membrane (Fig. 3j-1). In con-
trast, the hGDH1 antibody did not label any neurons of the
host mouse brain. These results accord those obtained in
human brain, which showed that cortical neurons are devoid
of hGDH 1-specific expression [21].

Implications of the Expressional GLUD2 Adaptation
The present morphological studies on GLUD2 Tg mice

revealed that expression of hGDH2 in the host brain is
very similar to that of human brain. This involves dense

along the proximal and distal processes of GFAP-positive astrocytes.
Human astrocytes are larger showing more extensive arborization
than mouse astrocytes. These results are consistent with previous
observations on human brain [20, 21]. Similar results were obtained
using brain tissue from the Tg32 line. Images obtained using a Leica
confocal microscope (x40). (Color figure online)

expression in the perikaryon of astrocytes and their pro-
cesses and in the peripheral cytoplasm of large cortical
neurons of pyramidal morphology. In these neurons, large
hGDH2 “puncta” that may represent clusters of hGDH2-pos-
itive mitochondria of pre-synaptic nerve endings, were found
on the cell membrane in close proximity to GFAP-labeled
labeled astrocytic structures. In contrast, the endogenous
GDHI1 was expressed only in astrocytes. As shown here,
human astrocytes are larger than the host mouse astrocytes
and exhibit increased arborisation. These results accord
observations by Oberheim et al. [24] showing that human
protoplasmic astrocytes are 2.6-fold larger in diameter and
extend tenfold more GFAP-positive primary processes than
rodent astrocytes. There is increasing evidence that astro-
cytes are involved in synaptic transmission and plasticity,
including LTP emergence and maintenance [25].

As we have obtained comparable morphological data on
both of our Tg lines (T13 and T32), the present findings can-
not be attributed to alterations of the mouse genome induced
by the random (stochastic) insertion of the human DNA seg-
ment. Because our Tg mice were constructed using a seg-
ment of the human X chromosome that contains the GLUD2
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Fig.3 hGDH2 expression in cerebral cortical neurons. IF images of
snap frozen fixed cerebral cortical sections from a 6-month old male
GLUD?2 Tgl3 mouse (a—c) and a 6-month old male GLUD2 Tg32
mouse (d-f) immunostained with a mouse monoclonal antibody
against NeuN (1:400; red) and our rabbit antiserum against hGDH2
(1:2000; green). g-1 IF images of unfixed human cerebral cortical
sections from a neurologically normal male subject obtained using
the same protocol. There is punctate hGDH2-specific immunoreac-
tivity in the peripheral cytoplasm of large NEUN-positive neurons
of Tgl3 (arrow) and Tg32 mice cerebral cortex, and of human cer-
ebral. Blue staining in C represents TOPRO labelled nuclei. Images

gene and its regulatory elements, the observed cellular dis-
tribution of hGDH?2 in the host brain represents an expres-
sional adaptation driven by the gene’s new promoter. Under
the influence of this promoter, the duplicated GLUD2 gene
may have diversified its roles in human brain and perhaps in
other tissues where is expressed. While the precise role(s) of
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obtained using a Leica Confocal microscope (X80). j-1 Compos-
ite figure of superimposed consecutive confocal images of unfixed
human cortex immunostained with a mouse antibody against GFAP
(1:2000; red) and our rabbit antiserum against hGDH2 (1:2000;
green). As shown here, the periphery of a large hGDH2-positive neu-
ron is delineated by GFAP-positive astrocytic-end feet enwrapping
excitatory synapses on the cell membrane. These lie in close prox-
imity (but do not co-localize with) to large hGDH2-specific “puncta”
that may represent clusters of hGDH2-positive mitochondria of pre-
synaptic nerve terminals as previously described [21]. Figures g-1 are
reproduced with permission from [21]. (Color figure online)

hGDH?2 in brain remain to be better understood, endowment
of human cortical astrocytes and some of pyramidal neurons
and their terminals with enhanced glutamate metabolizing
capacity by hGDH2 expression is thought to strengthen
cortical excitatory transmission [21]. Previous studies have
shown that transgenic expression of GDH1 in the neurons of
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Tg mice increases pre-synaptic glutamate release [26, 27]. In
addition to this expressional diversification, GLUD?2 under-
went rapid sequence adaptation acquiring novel properties
that include resistance to GTP control and development of a
novel mechanism for activity regulation. These major func-
tional adaptations permit enhanced hGDH2 function in the
nervous system, where GTP levels are greater than those
found in other tissues. Given the observed close similarities
between the animal and the human brain in hGDH2 expres-
sion, the GLUD2 Tg mice are expected to serve as a useful
model for studying the role of this novel, positively selected,
gene in human evolution.

The thesis that GLUD?2 is a functional, non-redundant,
human gene is supported not only by its unique expressional
and functional profile, by also by extensive sequencing data
involving > 1000 normal humans of diverse genetic back-
ground showing that the gene did not accumulate any disa-
bling mutations, as typically seen in pseudogenes [28]. Also,
highly consistent sequence data have been obtained in over
a 1000 subjects of diverse genetic background affected by
neurodegenerative disorders. However, a rare normal poly-
morphism (Leu445Ser) interacted significantly with age at

disease onset in Parkinson’s disease patients [28]. These
results accord phylogenetic data showing that the structure
of the human GLUD?2 gene has been preserved by purifying
selection [15].

Functional and Molecular Adaptation of GLUD2

Functional Properties of the Ancestral Glutamate
Dehydrogenase 1

Mammalian housekeeping GDHI catalyzes the reversible
conversion of glutamate to a-ketoglutarate and ammonia
while reducing NAD(P)* to NAD(P)H. The enzyme shows
dual co-enzyme specificity, being able to utilize either
NAD™ or NADP? for catabolic and synthetic reactions,
respectively [17]. Also, mammalian GDH]1 is subject to
strong allosteric regulation as described below. Structur-
ally, mammalian GDHI1 is a hexameric molecule com-
posed of six identical subunits, each of which consists of
505 amino acids (molecular mass: ~56 kDa). Three func-
tional domains have been identified: the NAD™ binding,
the glutamate binding and the regulatory domain (Fig. 4a).
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Fig.4 Structural models and functional consequences of amino
acid replacements in the regulatory domain of hGDH1. Shown in
a is a cartoon diagram of human GDH in open conformation in the
absence of ligands based on X-ray crystallographic data (PDB entry
ILIF) showing the three functional domains of the enzyme. For sim-
plicity only two of the six subunits (painted in different color). The
regulatory domain consists of “antenna” and the “pivot helix”. The
antenna is composed of an ascending alpha-helix and a descending
random coil that terminates in a small alpha-helix (a, b). The anten-
nas of adjacent subunits are intertwined mediating allostery [29].
Interaction of Ser409 in the ascending alpha-helix with Arg443 in the
small N terminal a-helix in the wild-type hGDH1 permits the enzyme
to maintain basal activity (-activator) that is 30-40% of maximal
and to be stimulated by L-leucine (4.5 mM) and ADP (1.0 mM) (b).
The Ser409-Arg443 interaction is affected in the wild-type hGDH2
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via the evolutionary substitution of Ser for Arg-443. This results in
major functional consequences as described in the text. As shown in
b replacement of Ser409 by Arg (S409R-1) results in loss of basal
activity (-activator) and abrogation of rL-leucine stimulation. Also,
replacement of Arg443 by Ser (R443S-1) resulted in similar func-
tional consequences, while a swap mutant (S409R-1/R443S-1)
restored basal activity and regulation. Molecular dynamics simula-
tion predicted that Ser409 and Arg443 (as in wild type hGDH1) come
in close proximity in the open conformation and that introduction of
Ser443 (as in the wild-type hGDH2) or of Arg409 (in the S409-R-1
mutant) causes them to separate with the swap mutant re-instating
this proximity [30]. The cartoon diagrams were created using the Pol-
yMOL Molecular Graphics System, Version 1.4, Schrodinger, L.L.C.
Fig. 4b reproduced with permission from [30]. (Color figure online)
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The latter consists of the pivot helix and the “antenna”,
a 48 amino acid-long structure composed of an ascend-
ing a-helix, a random coil and a small C-terminal a-helix
(Fig. 4a, b). The antennas of adjacent subunits are inter-
twined with this subunit communication thought to medi-
ate allosteric regulation [29]. Mastorodemos et al. [30]
recently showed that interaction between Ser409 in the
ascending a-helix of the antenna with Arg443 in the termi-
nal small a-helix of the adjacent subunit is of importance
for catalysis, regulation and pH dependency (Fig. 4b). It
is of particular interest that this interaction was the tar-
get of the evolutionary adaptation of the GLUD?2 gene as
described below.

There is increasing evidence that GDHI functions both
in the metabolism of neurotransmitter glutamate and in
TCA cycle anaplerosis, as noted above. The neurotrans-
mitter role is supported by immunohisto-chemical studies
on rat brain showing that the enzyme is densely expressed
in the mitochondria of astrocytes, the regional distribu-
tion of which corresponds to glutamatergic pathways [32].
In these glial cells, GDHI1 attains very high levels (up to
10 mg/ml of mitochondrial matrix) [33], thus endowing
these cells with high glutamate metabolizing capacity. The
role of GDHI in energy metabolism and in TCA anaplero-
sis is supported by several lines of evidence [34-38]. Spe-
cifically, astrocytes isolated from normal mice generated
ATP on glutamate exposure in a GDH1-dependent man-
ner [35], while astrocytes from mice with brain-specific
deletion of Gludl1 exhibited deficient glutamate oxidation
and handling [36]. Also, siRNA knock down of GDH1 in
cultured astrocytes was associated with a dysfunctional
TCA cycle [37].

In spite of high GDHI expression levels, early observa-
tions on cultured astrocytes showed little glutamate flux
through this pathway [39], suggesting that the enzyme is
highly regulated in vivo. In this regard, previous in vitro
studies on GDH1, purified from various sources, had
established that the enzyme is subject to strong allosteric
regulation, with chemically diverse compounds (ADP,
GTP, NADH, L-leucine, steroid hormones and neuroleptic
agents) found to influence its velocity [17]. GTP, gener-
ated by TCA cycle, serves as the main negative modula-
tor, whereas ADP as the main endogenous activator. As a
result, GDHI function is thought to depend primarily on
the opposing actions of ADP and GTP. This energy sens-
ing mechanism, permits glutamate flux through this path-
way according to cellular energy requirements [17, 31].
Thus, under conditions of adequate energy charge, asso-
ciated with low ADP levels, GTP generated by an active
TCA cycle exerts a powerful inhibitory effect on GDH1.
In contrast, when low energy states prevail, GTP levels
decrease while those of ADP increase allowing glutamate
to fuel the TCA cycle [31].
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Evolutionary Adaptation of Glutamate
Dehydrogenase 2

As noted above, after achieving expression in the nerve and
other tissues, GLUD2 evolved rapidly by adapting to the
particular needs of these tissues. The cloning of GLUD?2
gene [16] and the ancestral housekeeping GLUDI gene
[40], allowed us to study pure hGDH2 and hGDH1 enzymes
obtained in recombinant form. When assayed in the pres-
ence of 1.0 mM ADP, both hGDH1 and hGDH2 showed
comparable catalytic activities and kinetic properties (Vmax
and Km for a-ketoglutarate, NADPH and ammonia) [41].
However, hGDH2 differed markedly from hGDHI1 in its
regulation profile. Thus, while hGDHI1 is potently inhibited
by GTP, hGDH?2 is resistant to this compound [41]. By dis-
sociating its function from GTP control, hGDH2 permits
glutamate flux independently of the rate of GTP production
by the TCA cycle. However, to prevent unregulated activity
from perturbing cell metabolism, hGDH2 downregulated
its basal activity while remaining remarkably responsive
to activation by ADP/L-leucine. Thus, physiological levels
of ADP (0.05-0.25 mM) induced a proportionally greater
enhancement of hGDH2 (up to 1300%) than of hGDH1 (up
to 150%) activity. Similarly, L-leucine activated hGDH?2 by
1600% and hGDHI1 by 75% [31]. While L-leucine concen-
trations required for this activation (5—-10 mM) are substan-
tially higher than those found in mammalian tissues, low
concentrations of ADP (0.01-0.05 mM) permitted enzyme
activation by physiologically relevant levels of L-leucine
(synergistic effect) [31]. Also, hGDH2 is more sensitive than
hGDHI1 to inhibition by steroid hormones, spermidine and
neuroleptic agents [42, 43]. In addition, hGDH2 shows a
lower optimal pH than hGDHI1 [41], an adaptation that may
facilitate enzyme function under conditions of acidification
that prevail in astrocytes following transmitter glutamate
uptake [44].

To understand the role of these amino acid replacements
in hGDH2 function, we carried out mutagenesis studies on
the GLUD1 gene at sites that underwent evolutionary change
in GLUD?2. As hGDH2 differs from hGDH2 primarily in its
regulation profile, our initial efforts were concentrated on
the regulatory domain of the protein. Two changes located
in the “antenna” (M415L and R443) and another two in the
“pivot helix” (G456A and R470V) were studied. Results
revealed that substitution of Ala for Gly456 in hGDH1 made
the enzyme markedly resistant to GTP inhibition without
altering its catalytic properties [45]. On the other hand,
replacement of Arg443 by Ser in hGDH1 diminished basal
activity, abrogated activation by L-leucine and provided
sensitivity to steroid hormones and neuroleptic agents [42,
43, 46]. In addition, the Arg443Ser mutation made hGDH1
thermo-sensitive, concentration-dependent and shifted its
migration in SDS-PAGE and its optimal pH from 8.0 to 7.0
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[46]. Molecular modeling suggested that Arg443Ser inter-
rupts hydrogen bonds between the 443 residue (in the small
helix of the descending part of the antenna) of one monomer
and the 409 residue (in the ascending helix of the antenna) of
the opposing monomer leading to closed enzyme conforma-
tion [30] (Fig. 4b). The Arg443Ser mutation, however, does
not disrupt the tertiary structure of the protein as revealed
by native gradient PAGE analyses, which showed that the
molecular weight of the Arg443Ser mutant (360 kDa) is
comparable to that of the wild-type hGDH1 and wild-type
hGDH2 [47]. This molecular size is consistent with the hex-
americ structure of these proteins. Although the Arg443Ser
substitution was a crucial event in GLUD?2 evolution, its
introduction in hGDHI1 as single mutant is too disruptive,
rendering the mutant enzyme non-functional. Hence, other
amino acid substitutions, acquired during hGDH2 evolu-
tion, must act in concert to moderate the functional con-
sequences of Arg443Ser. Indeed, additional evolutionary
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substitutions, acquired by GLUD?2 evolution, are shown to
affect hGDH2 function (Fig. 5), thus providing its unique
functional properties.

In sharp contrast to the evolutionary adaptation of
GLUD?2, the housekeeping GLUDI gene has been conserved
via strong purifying selection. Indeed, GLUDI accumulated
no amino acid substitutions after the duplication event. As
a result, alignment of the human GLUDI sequence with
mouse, rat or bovine Glud1 sequences reveals less diver-
gence than alignment of GLUD1 with the GLUD?2 sequence.

Molecular Evolution of GLUD2 in the Ape Lineages

Phylogenic evidence suggest that the Arg443Ser and
Gly456Ala evolutionary mutations occurred soon after
the birth of the GLUD2 gene, along with the Glu34Lys,
Aspl42Glu, Serl174Asn and Asn498Ser changes (Fig. 5).
These are thought to be under positive natural selection
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R299K
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Fig. 5 Evolutionary amino acid substitutions acquired by hGDH2 and
their functional consequences. Shown here is evolutionary adaptation
of the GLUD2 gene on the ape lineages. Mya: approximate diver-
gence in millions of years. As shown here, evolutionary substitution
of Ala for Gly456 made hGDH2 resistant to GTP, thus dissociating
its function from this energy switch. On the other hand, evolutionary

substitution of Ser for Arg443 diminished basal activity, abrogated
L-leucine sensitivity and shifted the optimal pH from 8.0 to 7.0. The
drastic effects of the Argd443Ser change are modified by the opposing
action of the Arg39GIn, Ser174Asn Met370Leu and Gly456Ala evo-
lutionary changes, thus providing the unique functional properties of
the wild-type hGDH2. Reproduced with permission from [48]
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[15]. Moreover, the Ser331Thr, Met370Leu and Arg470His
mutations, which occurred just before the separation of the
human from the orangutan lineage (Fig. 5), may have also
been positively selected [15]. As shown in Fig. 5, five amino
acid changes occurred in the orangutan lineage after its sepa-
ration from the common ancestor of the gorilla, chimpanzee
and human. Also, four amino acid changes occurred in the
gorilla lineage after its split from the common ancestor of
the humans and chimpanzees. Additionally, since the human
and the chimpanzee lineages diverged about 4.6—6.2 million
years ago, two amino acid changes occurred in the human
lineage (one was a recurrent mutation) and two changes
occurred in the chimpanzee lineage (Fig. 5). As a result, the
chimpanzee GDH?2 differs from the human by four amino
acid residues, whereas the gorilla and orangutan GDH2 dif-
fer from the hGDH2 and chimpanzee GDH2 by 6 and 10
amino acid residues, respectively. Also, gorilla GDH2 differs
from orangutan GDH2 by 12 amino acid changes. These
phylogenetic data accord evidence that molecular evolution
rates were slower in humans and chimpanzees than in goril-
las and orangutans, probably due to longer generation times
and improved mechanisms of DNA repair and genome integ-
rity maintenance [8]. In addition, the cleavable mitochon-
drial targeting sequence (MTS) of hGDH2 evolved under
positive selection acquiring a higher positive charge than
that of hGDH1 [49]. Whether this enhanced mitochondrial
targeting of hGDH2 facilitates the import of the protein into
astrocytic mitochondria, the inner membrane potential of
which is lower than that of hepatic cells [50], it remains to
be further studied.

Putative Role of GLUD2 in Human Brain
Development

Whereas, humans and chimpanzees share 98% of their DNA
sequence [51, 52], human brain is larger and shows a greater
degree of complexity. Also, a substantial expansion of inter-
neuronal connections and a formation of new neuronal cir-
cuits occur early in human post-natal life [1]. Phylogenetic
data suggest that genesis and adaptation of the GLUD?2 gene
coincided with the time period of increased structural and
functional complexity of ape brain (Fig. 6), suggesting that
the novel gene contributed to these processes [15]. That
GLUD?2 may have helped the divergence of humans from the
chimpanzees, is supported by data showing that human new-
borns have higher levels of expression of GLUD?2 than chim-
panzee newborns [4]. Moreover glutamate levels are lower
in the human brain than in non-human primates indicative of
an increased glutamate turnover [4]. While the mechanisms
underlying these changes have not been understood, endow-
ment of human cortical astrocytes and neurons with GLUD2
expression could have played a role by providing these cells
with a non-redundant pathway for enhancing glutamatergic
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Fig.6 Schematic representation of GDH evolution from prokaryotes
to lower eukaryotes, animals and the great apes. Yellow boxes display
the appearance of major allosteric characteristics. As shown here, the
antenna first emerged in the Ciliophora, enabling enzyme activation
by ADP and partial inhibition by fatty acids. However, the GDH of
ciliates is not sensitive to activation by L-leucine or inhibition by GTP
inhibition [54]. In subsequent evolutionary steps, GDH1 acquired
additional properties linking enzyme function with energy metabo-
lism [55]. The novel hGDH2 isoenzyme was born through retro-
positioning in the hominoid ancestor and evolved in the ape linages.
It underwent rapid evolutionary adaptation concomitantly with brain
expansion and acquisition of unique traits. It is likely that emergence
and evolution of GLUD?2 resulted from selective pressures on the
genome that probably relate to the increased glutamatergic transmis-
sion demands of the expanding ape brain. Evolution of GDH1 regula-
tion in Ciliates and in Vertebrates has been described by Allen et al.
[54] and Banerjee et al. [55] respectively. (Color figure online)

mechanisms and TCA cycle efficiency. Whether GLUD?2
adaption has contributed to the high neuronal activity and
energy consumption that characterize the human brain [4]
or even to cognitive human abilities remains to be further
investigated. As Glud! is one of genes upregulated during
memory formation in the rat [53], it is likely that emergence
and evolution of GLUD?2 has resulted from selective pres-
sures on the genome related to the expanding role of gluta-
matergic transmission in ape brain.
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Evidence favoring a role of GLUD2 in human brain
development was recently provided by Li et al. [56] who
generated independently GLUD? transgenic mice by insert-
ing in their genome the above described BAC clone con-
taining the GLUD?2 gene and its regulatory elements. Large
scale analyses of polyA-plus RNA isolated from the brain
of these mice revealed that the developmental expression
trajectory of GLUD?2 in Tg mouse brain was distinct from
that of GLUDI, but it was strikingly similar to the devel-
opmental expression trajectory of GLUD?2 in human PFC
[56]. The differential effects of the GLUD2 gene were mostly
prominent during early post-natal development, affecting the
expression of several genes, some of which encode transcrip-
tion factors involved in neural development. A large diver-
gence (between the GLUD?2 Tg and the wild-type mice) was
detected in the developing PFC with these changes being
similar to those that distinguish human from macaque brain
[56]. Moreover, metabolomic analyses revealed that GLUD?2
expression affected pathways surrounding the TCA cycle.
Li et al. [56] accordingly concluded that a non-redundant
GLUD?2 metabolic function supports early brain develop-
ment. The authors further hypothesized that, since hGDH2
function in isocitrate dehydrogenase 1 (IDH1) mutant
glioma cells (see below) provides a-ketoglutarate for the

oxidative generation of citrate through the TCA cycle,
GLUD?2 may influence early brain development by promot-
ing the synthesis of lipids [56].

Obviously, these important observations raise a number
of issues: First, shunting of glutamate-derived carbons via
GLUD? to citrate synthesis, as observed in IDH1 mutant
glioma, represents a metabolic reprogramming of neoplastic
cells (needed for their survival), necessitated by the inabil-
ity of the mutant IDH1 to synthesize a-ketoglutarate from
isocitrate [57]. Whether this pathway is activated in devel-
oping human brain expressing the wild-type (non-mutant)
IDH it remains to be established. As shown in Fig. 7, oxida-
tive deamination of glutamate a-ketoglutarate by GDH1/2
enhances the bioenergetic and biosynthetic function of the
TCA cycle, leading to formation of several compounds of
importance for cell growth. Moreover, dividing cells need
to maintain high levels of a-ketoglutarate required by the
nuclear a-ketoglutarate ketoglutarate-dependent dioxyge-
nases [58]. Efforts to explain the observed biological effects
of GLUD?2 on the basis of its metabolic functions should
take into consideration the specificity of the GLUD? related
changes for the prefrontal lobe.

Second, the high non-redundant activity of GLUD?2,
detected during the early post-natal period, coincides with
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Fig.7 The GDH pathway and TCA cycle function. Oxida-
tive deamination of glutamate by hGDH1 and hGDH2 generates
a-ketoglutarate, ammonia and NADH or NADPH. a-ketoglutarate
enters the TCA cycle enhancing its bio-energetic and biosynthetic
functions. GTP, synthesized at the succinyl-CoA/succinate step,
serves as a potent inhibitor of hGDHI1. This control links hGDHI1
function to the rate of the TCA cycle. On the other hand, hGDH2
can operate independently of GTP control and therefore of TCA
cycle rate. Both enzymes are activated by ADP and r-leucine (acting
synergistically), with this activation being proportionally greater for
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hGDH2 than hGDH1 [41]. Fumarate, generated after succinate, can
stimulate glutathione peroxidase 1, thus contributing to homeostasis
against oxidative stress [59]. As shown here, a-ketoglutarate metabo-
lism via the TCA cycle can boost lactate production [60]. Also, cit-
rate, generated by the TCA cycle can support the biosynthesis of
lipids. Lastly, NADPH resulting from glutamate oxidation can be
used for various biosynthetic reactions requiring reducing equivalents
[61]. There is evidence that glutamate flux through hGDH1/2 is used
by different cells to serve some of their unique functions [61]. Repro-
duced from [17]
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the burst of synaptogenesis and new nerve circuit formation,
processes mediated by transmitter glutamate. Indeed previ-
ous studies have shown that NMDA glutamate receptor acti-
vation and Ca®* influx is crucial to neurogenesis, survival
of neurons, neuronal migration and synapse formation [27,
62—65]. Nissen et al. [37] grew astrocytes from the brain of
7 day old Tg mice, constructed by Li et al. [56], expressing
GLUD?2 and found that these cells had an increased capac-
ity for uptake and oxidative metabolism of glutamate, par-
ticularly during intense glutamatergic activity and glucose
deprivation. It is well established that strong glutamatergic
stimulation, induced by high-frequency stimuli, results in
potentiation of synaptic responses or long-term potentia-
tion (LTP) [6, 7]. As such, the ability of hGDH?2 to sup-
port intense glutamatergic activity suggests an important
role of the new enzyme in brain plasticity. Hence, given the
complexities of the metabolic pathways served by GLUD?2
as well as the complexities of the developmental processes
influenced by neurotransmitter glutamate, identifying the
mechanisms by which a highly activated GLUD2 promotes
the early postnatal development and the human-specific
differentiation of PFC represents challenging experimental
question.

Evolutionary Adaptation GLUD2 Confers hGDH2
a Non-redundant Glioma IDH1 Promoting Property

Since the pioneering work of Warburg demonstrating that
cancer cells use alternate pathways to compensate for lack
of nutrients or oxygen, metabolic reprogramming has been
recognized as the defining characteristic of these cells. Thus,
when glucose supply is limited, glutaminolysis is activated
generating glutamate. This is turn is converted (either by
GDHI1/2 or by GOT1/2) to a-ketoglutarate which enters
the TCA cycle providing anabolic carbons for the biosyn-
thesis of amino acids, nucleotides and lipids, in addition
to leading to ATP synthesis [57]. There is increasing evi-
dence that oxidative deamination of glutamate by GDH
(rather than transamination by GOT) is the main pathway for
a-ketoglutarate production with up-regulation of hGDH1/2
expression shown to occur in various cancers, including gli-
omas [66]. Recently, somatic mutations in IDH1, an enzyme
that inter-converts isocitrate to a-ketoglutarate, were identi-
fied in the vast majority (70-90%) of low grade glioma and
secondary glioblastoma multiform [67]. The IDH mutants
aberrantly reduce a-ketoglutarate to D-2-hydroxyglutarate,
which accumulates at high concentrations in glioma cells
acting as oncometabolite [67]. Because the IDH mutants
cannot convert isocitrate to a-ketoglutarate, glioma cells up-
regulate alternative metabolic pathways, including hGDH1
and hGDH2 [66]. Chen et al. [68] showed that over expres-
sion of GLUD?2 (but not GLUDI) promoted tumor expansion
in IDH1 mutant glioma. Labeling studies further revealed
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that glutamate flux through hGDH2 provides a-ketoglutarate
for oxidative generation of citrate through the Krebs cycle
[68]. More recently, Waitkus et al. [69] showed that hGDH?2
expression non-redundantly increases several TCA cycle
substrates (including a-ketoglutarate, citrate and aconitate)
through glutamate-dependent anaplerosis [69]. Importantly,
using site directed mutagenesis the authors showed that the
two evolutionary substitutions (Arg443Ser and Gly456Ala)
in the regulatory domain of hGDH?2 that provide novel func-
tional properties to hGDH2 (as described above) conferred
the glioma-supporting ability of hGDH?2 [69]. Specifically,
when Ser443 and Ala456 were mutated back to Arg443
and Gly456, the effect on glioma growth was attenuated.
As such, the ability of hGDH2 to supply TCA substrates
in glioma cells, a process disrupted by IDH1 mutations, is
conferred by the adaptive evolution of the allosteric domain
of hGDH2. This property is not shared by hGDHI1. These
observations on a neoplastic system that requires a high glu-
tamate flux confirms the above described model according to
which, while hGDH1 function is subject to control by GTP
generated by the TCA cycle, hGDH2 is freed of this control
owing to the Arg443Ser and Gly456Ala evolutionary amino
acid changes.

The Glutamate Dehydrogenase Pathway and Species
Evolution

The GDHs of Prokaryotes and Lower Eukaryotes

The GDH pathway is present in all domains of life. Study
of early life forms revealed that GDHs from different spe-
cies are involved in two metabolic pathways: one in glu-
tamate catabolism (generally NAD*-dependent, EC
1.4.1.2) and another in ammonia assimilation (generally
NADP*-dependent, EC 3.4.1.4). In Pseudomonas aer-
uginosa and Neurospora crassa tetrameric (“catabolic’)
and hexameric (“anabolic”) GDH forms exist [70] that
acquired NAD™ or NADP* specificity through independ-
ent evolutionary processes [71]. In the yeast Saccharomy-
ces cerevisiae, two NADP-specific (ScGDH1 and ScGDH3)
and one NAD*-specific (sGDH2) isoforms, all of which
are extra-mitochondrial, have been described [72]. The
NAD*-specific enzyme (sGDH2) functions in the oxida-
tive deamination of glutamate, while the NADP-specific
isoforms (ScGDHI1 and ScGDH3) in glutamate synthesis
under either fermentative or respiratory conditions [73].
The ScGDH3 and ScGDH1 genes arose from whole genome
duplication and evolved under selective pressure to sustain
glutamate production under different metabolic conditions
[74]. In lower eukaryotes, cytosolic, nuclear and mitochon-
drial localizations have been reported [75]. In plants, the
catabolic NAD™-specific GDH isoform that localizes to the
mitochondria predominates [76]. However, in the presence
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of high ammonium concentrations, enzyme activity is
detected in the cytosol. On the other hand, low activities of
NADP™*-depended GDHs have been demonstrated in a range
of higher plants, including Arabidopsis and Oryza. These
NADP*-specific GDHs localize to the chloroplasts, probably
involved in the assimilation of the photo-respiratory NH3
into glutamate [77]. In prokaryotes and lower eukaryotes
GDH activity is not regulated, with regulation being accom-
plished at the transcription level.

The Animal GDHs

In contrast to prokaryotes and lower eukaryotes in which GDH
exists in distinct NAD* and NADP*-specific forms, most ani-
mals possess a single GDH with dual co-enzyme specificity,
the activity of which is subject to strong regulation as noted
above. There is evidence that this regulation evolved concomi-
tantly with the evolution of the antenna thus enabling control
of GDH activity according to the cell’s energy needs (Figs. 4,
6). The antenna first appeared in ciliates, permitting a primi-
tive regulation of GDH in these protozoans by fatty acids and
coinciding with a gradual transfer of fatty acid oxidation from
peroxisomes to mitochondria [54, 55]. Control of enzyme
activity by Palmitoyl CoA is retained in mammalian GDH
[17]. Moreover, further evolution of the antenna equipped
mammalian GDH1 with a sophisticated allosteric regulation
profile as noted above. Interestingly, evolutionary adaptation
of the novel hGDH?2 isoenzyme that first appeared in the apes
targeted the regulatory domain of the enzyme as described
above. During animal evolution oxidative metabolism was
transferred to the mitochondria with mammalian GDH hav-
ing acquired a MTS needed for import of the enzyme into the
mitochondrial matrix [78, 79]. The use of the yeast mitochon-
dria import system, in conjunction with studies on mammalian
cell lines, permitted detailed structure/function investigations
of the MTS of hGDH1 and hGDH2. These studies revealed
that the 53 amino acid long M TS represents a highly efficient
mitochondrial import system. This is due to the positive charge
and to a complex interplay between two amphipathic a helices
predicted by these pre-sequences [79]. Although all mammals
possess a single GDH (hGDHI in the human) humans and
other great apes have acquired through duplication a novel
hGDH?2 isoenzyme with distinct regulation and tissue expres-
sion profile as noted above. Phylogenetic evidence suggests
that this duplication event occurred in the hominoid ancestor
and as such is found in all members of the hominoid radia-
tion (Figs. 5, 6). As described above, all mammals except for
the apes possess a single GDH-specific gene (GLUD! in the
human) that appears to suffice for their metabolic needs. Dele-
tion of the single Gludl in mice was found to alter energy
metabolism without affecting glutamatergic transmission,
suggesting that in the absence of GDH]1 alternative metabolic
pathways or mechanisms compensate allowing glutamatergic

transmission to proceed. This is consistent with the model
described above that hGDHI1 function is essentially controlled
by GTP which acts as an energy switch.

Future Perspectives

As detailed here, GLUD?Z is a novel human gene that, driven
by positive selection, underwent rapid evolutionary adapta-
tion concomitantly with neocortical brain expansion. Its emer-
gence may thus reflect selective pressures on the genome aris-
ing from increased primate brain demands in glutamatergic
transmission and energy metabolism. As hGDH2 functions
mainly during intense excitatory transmission (needed for
LTP formation), the novel gene may have enabled the glu-
tamatergic signaling pathway to amplify its role in synaptic
plasticity and cognitive processes. These exciting possibilities
and whether GLUD?2 evolution has provided humans with a
genetic/molecular basis for expanding experience-dependent
formation of new neural circuits remain to be further investi-
gated. Additional morphological, neurochemical and electro-
physiological investigations, using this Tg model, are expected
to shed light on these important questions. A crucial experi-
mental aim is to evaluate whether transgenic expression of the
human gene modulates long-lasting modification of excitatory
synapses (LTP) and structural plasticity (dendritic spine den-
sity). Moreover, the animal model can be used to test whether
brain areas involved in cognitive functions are specifically
targeted by GLUD?2 expression and whether this is associated
with behavioral changes. Lastly, as there is increasing evidence
that astrocytes can modulate LTP dynamics (formation and
maintenance), the Tg model may prove useful to investigate
whether adaptation in the astrocytic metabolism, induced by
hGDH2 expression, affects synaptic transmission and plastic-
ity. Understanding the precise role of the novel gene in human
evolution and brain biology represents a challenging and excit-
ing endeavor expected to yield useful information.
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