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The primaty structure and presence of two forms of the mouse N-methyl-naspartate INMDA) receptor channel subunit €1 have been disclosed

by cloning and sequencing the CONAs. The {1 subunit shows ~20% amino acid wequence identitics with the rodent a-amino-Y-hydroxy-S-methyl

d-isoxazole propionic acid (AMPA)- or kainateasckative GluR subunits and has structural features commeon 10 noutotransmitier-gated ioa channels.

Functional homometic &1 chanacls expressed in Venopus 000ytes by injoction of the subunitspecific mRNA exhibit curent responses chatacieristic

for the NMDA receptos chanacl such as activation by glycine, Ca™ petmeability, blocking by Mg™ and activation by polyamine. It has been fousdd
that the {1 channc! activity is positively modutated by treatment with 12O ctradecanayiphorbol 1 Jacctaie (TPA)L

Glutamate neepron: Ghyine: V-methyho-aspartate receptor channck Mg™ block; 12-O-Tuiradecanoyiphorbol 1 acetate

. INTRODUCTION

Glutamate reveptor {GluR ) channels mediate most of
the fast cxcitator naptic transmission in the central
nervous system and are classified 1710 three major sub-
types., that is, receptors for kainate, AMPA and NMDA
based on the pharmacological and clectrophysiological
properties [1.2). The NMDA receptor channel highly
permeable to Ca™ plays a key role in synaptic plasticity.
thought to underlie memory and learning as well as
development of the nervous system {3.4). Furthermore,
abnormal activation of NMDA receptor channels has
been suggested to lead to neuronal cell death observed
in various acute and chronic disorders such as ischemaa,
stroke, Alzhcimer's dementia and Huntington's discase
{5.6).

A family of rodent GiuR channel subunits has been
characienzed by cloning and exprossion of the cDNA-
[7-17}. The rat Giu RI-GluRd {or GluRA-GIuRD) sub-
units {7-9.11] and mouse al (GluR1) and a2 (GluR2)
subunits [10] are highly homologous with each other
(~70% amino acid sequence identities). thus classified as
the a subfamily of the GluR channel. The members of
the @ subfamily form homomeric and heteromeric
channels responmsive to L-glutamate, quisqualate,
AMPA and kainate. The apparent affinities of these
channels are higher for quisqualate and AMPA than for

Abbreviations: AMPA, z-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid: APV, p-2-amino-S-phosphonovaierate: GluR, glutamate
receptor: nAChR. nicotinic acetylcholine receptorr NMDA. M-
mathyl-D-aspartate; TPA, 12-O-tetradecanoylphorbol 13-acetate

Correspondence address: M. Mishina, Department of Nearcpharma-

cology. Brain Research Institute. Niigata University. Asahimachi.
Niigata 951, Japan. Fax: (81 (25) 225 6458.

Published by Elsevier Science Publisiers B.V.

kainate, indicating that the @ sublamily represents the
AMPA.sclective GIuR channels. Additional members
of the GIuR channel family have been wivuiified hy
screening under low stringency couditions usinge. - A\s
of the & sublamily subunits as probes. The rat GluRS
and GluR6 subunits [12.14] and the mouse 82 (GluR6)
subunit {16} are highly homologous with each other and
are classified as the 8 subfamily of the GluR channels.
The 82 (GluR6) subunit forms homomeric channels
responsive to t-glutamate and kainate. but not to
AMPA, indicating that the 8 subfamily represents the
kainate-selective GluR channel. The other subfamily y
includes the rat KA-1 subunit {13} and the mouse »2
subunit {17]. The KA-1 subunit expressed in mam-
aiian cells exhibits high affinity binding for kainate.
The ¥2 subunit when expressed together with the A2
subunit yredas functional GluR charncls selective for
Koiaate. Thus the | abiankiy abw sopresehis Ui
kainate-selecuive GiuR channels.

Further screening under low stringency conditions
using these GIuR subunit cDNAs as probes has re-
vealed the presence of additional GluR channel sub-
families. Here. we report that one of these subunits.
designated as 1. is found in two forms and constitutes
functiona! GluR channels with characteristics of the
NMDA receptor channel: the larger form corresponds
to the rat NMDA receptor subunit NMDARI [15]. We
have found that TPA treatment positively modulates
the {1 NMDA receptor channel activity.

2. MATERIALS AND METHODS

21, Cloning and sequencing of cDNAs )
Scivening o1 mouse lorebrain and cerebeiiar cDNA fibraries con-
stracted in Agt10 under low stringency conditions with mouse 2l am
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GUTCCGTACATCECGACETCUTOGCGLTCROGCAACCCAGAACCACGCCCCCTTCCCCAGUCTCATGAGCACCATGCACTTGCTGACATTCUOCCTUCTITYCTOCTUCTCCTTCGCC
YotSer ThrietilisteuleuThrPheAlaLeuteuPheSerCyuSerPheAla

CEOCCTOOCTECRACCECAAGATTCTCAACATCHECCCGGTRCTGAGCACGECCAAGCALCAGCACATG TTCCOCGAGGCAGTAAACCAGCCCAATAAGCGACACUCCTCTTGIAAGATA
ArgAlaAlaCysAspProlys] leValAsn et yAlavalLeuSerThrargLysH isGluGtaMet PheArgGluAlava | AsnGI nAl aksnLysirgHieGySer Trolye! le

CAUCTCAACGCCACTTCTGTCACCCACARGECUAACGCCATACAGAT GUUCCTOTCAGTGIGTGAGUACCTCATCTCTACCCAGGTCTACCCTATCCTAGTTAGTCACCOUCTTACTOCT
] nLuuAIMIIThrSﬂ ValTh PmlnnAhl MQIMﬁAIALWSGrVIICVI(Hul!DLNl leSanerGannl‘l‘yrAhl tmvns«rm:mmmm

Mcmccnmcacrccuccccrcrc'rcnAcmcaccmmmmmmmmmmmmnmmmmmmm
Aumnulnrhu'l‘hrrrdhrmm Rr’l‘vrThrAl -clymrymu leProvalLeut! yLzuThrThrAmelsvurl lnMSﬁrmmsm Ienlux.msemm

muccmmccmcrccmuarccaccmmmmmmmcmmmmmmmnmmmmmmmm
ArgThrvalProProtyrSerl tucl nS‘anervurerhecIu'lamet»\rmlryrnnntrm-nn i1 tel teLeuleuVal SerAapAcpisGluGi yArgAlaAlaGinlys

ccccrcwcmcrmmcmmwummwmmmumummnmwmmmmmmm
\rlLuuGluThfLmeGIucluArmluSerLysM nGlulysValLeuGlnPheAspProG yThrLygAgnVa | ThrA | nleuleuMetGluA lnArghspleuCluAlaArgVal

nmcm'rrc'rocnAmmmmcum:rmccccmmmmmt ATGACTCCCTCTGCCTACGTGTUCC TOGTOGLERAGCCCGACATCTCTCCCAATCOC
et teleuSerAlnSertiuAzphephlaAlaThrval TyrArgAiak lakiaMetLeuhsmietTheGiySerGlyTyrval TroleuVal GlyGluArgiiul VeSerGivAanila

CTECCCTACGCTCCTCACGUCATCATCCGACTTCAGETAATCAACCACAACAACUAGTCUCCCCACA TCAGTCACCCTS TCUCC CTCC TCCCACAGCTACTCCACGAUCTCCTAGAAME
LuuArgTyrAlaProdsni)y) le) ieG)yLeuGinteul edsntiyLyshundiuSarAlalisl leSerAapAlaVa |Gl yVatvatAlaGI mAlaVath isGlubmt eutiviye

CACAACATCAC TGATCOACCOC0GGETTGUGTCOGCAACACCAACATCTGCAAGACAGRACCACTG TTCAAGAGGGTGC TGATGTCTTCCAACTATGCAGATOGAGTCACTCROCCTCTG
GluAsni teThrAapProProArgGlyCysVal GlyAanThrAsnl leTrpLysThiGlyProLeuThelyshrgVal LeuMetSerSerLyaTyrAlakenGiyVai TheGlyArgval

GAATTCAATGAGGATGGCGACCEEARGTTTCOCAACTATAG TATCATGAACCTCUAGAACCGCAAGCTCGTGCARGTGGGLATCTACAATCGTACCCATGTCATCCCAAMTCACACGAAG
CluPheAsHG I uARPGI yARDATELYEPhed InAnnTyrSer | {eMatAanieull i ndanArgLysLeuval Gl nva! Cly) 1eTyrAsnClyTheNisVall teProdssisparglyn

ATCATCTGGCCAGGAGGAGACACAGAAAGCCTOGACCATA CCAGATSTCCACCAGACTAMGATAGTGACAATCCACCAAGAA CCCTTOCTGTATC TCANGOCCAC MTGAGTEATG R
el leTrePeoGiyGlyG luThrG lulyaProArgGLy Ty rGinttetSerThrargleulyes! leval Thr! e istiinG iuProrheval TyrVat LysProThide tSerdaplly

ACATGCAMGA GGAGTYCACACTCAATGETGACCCTGTCAAGAAGGTRATCTCTACGUGEITY ATGACACATOCCCAGGAAGTCCACG TCACATAGTSCCCCAGTCCTGTTATGOCTTIC
ThrCysLysGluGluPheTinval Aundi yAupProVai LysLysva! |HelysThrliyProAsnAspthiSerProdl ySerProArgisThrval ProflndysCysTy rilyfhe

TECGTTCACCTGUTCATCAALCTCGCACCEACCATGAAT TTTACCTACCAGGTGCACCTTGTGOCAGATCGCAACTT TCGCACACACCAGCCOGTAMACAACAGTAACAAAAAGGAGTCS
CysvalAspleuleu | TeLysLeaAlaArgThrietAsnPheThr TyrGluval HisleuvatAtaAspGlyLysPheGty ThrGinGiuArgVal AsnAanSerdsnlyslysGluTro

AAQUOAATOAT GRGAGACCTACTCAGTGGTCAAGCAGACATGATCGTGGCTCCACTGACCATTAACAA TCAGOCTGOGCAG TACATAGAGTTCTCCAAGCCCT TCAAGTACCAGGSOCTG
ARGy e tdetClyGluloubeuSerGiytinAlaAspMet tevalAtaProLeuThrl leAsnAsnGiuArgaAlatinTyrl leSiuPheSertasProPhelyr TyrGinGiylew

ACCATTCTGETCAAGAAGGAGATCOCTCGGAGTACACTGUACTCATTUATGCALCCCTTTCAGA GLACACTETRG TCCTGETCR UG TG TCAGTTCATGTGETRACCGTGATCC TG TAC
Thel leleuva ) LysLysGlul teProArgSer ThrleudspSerPhetetClnProPhelinSerThrieuTroLeuleuvalGlyLeuServalHisValvalalavaltetleu Ty

CTRTGGANCGCTTCAGTCCL TTTGALC AT TAA CUTGAACALCUAGRAGGAGGAGGAGGATCLAC TRACCC TG NOC T TROCA TG TGG T T RO TG GROGTUC TR TN AACTCTOGS
LeuleudspArgPheSerProPhed i yargPheLysvalAsnSert fuGluGluGluGivaspa laleuThrleuSerSerataMet TroPheSerTroGiyVal LeuleuAsnSerGly

ATTRRGGAA GG TRCOCCUGEACT TTCTCTCU TCGTATCC TARGCA TR TG TUBUC TUUT T TTCCCATGATCATCU TG G TTUC FACATTROCAACT TGOS AT C Y “TT0GTOCTOGAT
theGlyGiuG yalaProdrgSerfhes ardladrg] leleulGly e tva | TrpaAlaGlwPhed1a%etl 1ol leValAlaSerTyrThedladsnleua ! Al aPhelouva lLeudun

AGOCCTGAGGAGUGCATUACAGGCATCAA TLACCCE AGLE TCAGAAA DU TCAGACAALT TCATC TA TR AL TE TAAAACAGA G TU TR TGGATATC TACTTOORGAS™ T AGGT ™
ArgProGluGludrg! leThrGly L leasnAspProdrglendrgisnProSerasplysPhel leTy rALaTHeva L Ly G nSerServa Faup | e Ty rPhet red s 26 inva sty

TTGAGCACCATGTACCGOCACATGGAGAAGTACAATTATGAGAGTGCAGCIGAGGOCATOCAGEC TETGLCRGALAACA G TOCATGOCT ICATC TGEGACTCAGCTGTGL TGRAGTT T
LeuSerThr¥etTyrArgH isMetGluLyshisAsnTyrGluSerdladlaGiutlal teGindlata l ArgispAsnlysieutti sAtaPhe | teTrpAsnSerAtaval LeuGiuPhe

GAGGCT TCACAGANG TUCGATCTGGTGACCACGEGTGACC TGTTC TTCCGCTCOGGCTTTOGCATU GG CATCOUCAAGEACA GOCUCTGRANCCANAATCTGTOCCTGTCCATACTCAAG
GluMaSerGl nlysQysAspleuVal TheThrilyGlut euPhePhedrgSerGlyPheGiyl 1eGlyMetArglysaspSerProTrplystl nasnval SerleaSer| teleulys

TCOCATGAGAATGGC TTCATGCAAGACCTGRATAAGACA TGUGT TCOTATCAAGAATG TG ACTOCCGLAGCAA TEOCCCTGOCACCCTCACTTTTGAG AACATEGCAGRGGTCTTCATG
SerliisGlusnG!yPhetetGludspleussplysTheTravatlArgTyrGinGluCysAspSerargSerasnAlaProAlaThrLeuTht PheGludante LALAGE VAl PheMet

CTORTGECTGGAGGCATOG TAGLTRRGATCTTOCTCA TTTT A TCGAGATCGOCTACAAGCGACATAAGRATHUN TG TAGGAAGCAGATCCACCTGUCTTTTECACECGTEACETGTGG
LeuValataGiyGlytievalalaGly! lePheleul lePhel leClut lealaTyelysArgHislysAsnAlaArgArgLysGintetCinLeudlafheAlaAlaValAsnVal Trp

AGGAAGAACCTUARGATAGAAAGAGTGRTARA GEARAGOCTACCCTAAAAA GAAAGLCACATTRAGERCTATEA CCTOCACOCTRRECTOCA GETTCAAGAGAC TAGRROCTOCARA
ArglysasaleuGlnasmirglysSerGlyargAlaGluProdspProLyslyslysitaThrPheA~sAlal leThrSerThrleuAlaSerSerPhetysArgArgArgSerSerlys

GACACGACCACCGRECGTGCACGCGEOGET T RCAMAA CCAARAGACACAGTGC TG CE 0 GO UTATTGAGA GGG A GO A GO CAGC R CCAG LT T CTTCC COTCATAGEGAGAGS
AsoThrSerThrGlyGiyGlyArgGiyATaleuGl misnGlnlysAsoThrVal LeuProd-girgdial 1eGluArgGluGiuGlyGlnLeuGlnleuCysSerargHisargGiuSer

11:ﬁcﬁcmmccccmmccmmcmc».r»\cccamnmmmtccacccmmmmcmcmmmwmwmam
O CAGE OO CO0G TR UG UG T GG UG RC TRCUGTCCACCCTGTCCCEG 00 TR UG TGECCCCRACGTCRAGCTAACGGGCCGCCTTGTCTGTGTATTTCTATETTACA

CLAGTACCATCCCAC TGATATCACGaGCOC G T AN LT CTCARATCCCTCGL TCAGCACC T GG TUTGAG GCCCCCE0AGE GO CACCTGECCAGTTAGCCCGGCCAAGGACACTGAT
CAGTCCTRCTGCTCAGEANGGOCTGAGREAAGCCCACCCGCUTCAGACACTGCCCACCCTGRG  + « -+ a
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a2 subumit cDNAS [10] as probes yielded sevesal CRNA clones encod-
mg a novel GluR subunit [16.17]. Addivonal cDNA clones enaoeding
a novel putative GluR subunit were oblained by senies of wereening of
the same libranies with newly solated ¢ONAs as probes. The cDNA
msert of some of these recombinant phage vartying 1 subumit cDNAs
were subclonad o the EvaRE sate of the phsmnd pBlucsenp 11 SK
Uy eSimtagese? o yichd the plasimads pHeY, pHet pHeF 3 pHck 32
pHeb 35, pltvd amd pl-Ni2, raspostinely.

The nuckotide wquence (residucs 149 10 183} of the full-length
CDNA clone Hel2 was determined on coth strands by the dideosy
chain termination method [18]. Nuckeotide soquence analysis rovealed
that the clone HeF 3 carned parts of the Hel 2 soquenee corresponding
to residucs - 28 1o 3534 andt 2646 1o 3183 in succession. and the clonge
Het those cormcsponding tao residucs 962 1o 25K and 2646 10 2813,
indiating that 111 auclootidhes (residucs 2535 10 2645) were missing
in these cloncs. W conclude that the HeF 3 ¢DNA cncoles o wmalicr
form of the OF cubunit, designated as £ Pastial nucleotide sequence
analywin shonad that the 11 nuckeotide sopmem was prosent in the
osen HeEXS FNd and N2 and was abent in the clope HebX2,
Anabysis of suiootive and amme aord soguiines wascatried out using
GUENETYN software (580K amd Gooe Wotks tateihConctn,

A2 Esprossin of ¢ DN A
Oligadoenenboawckooile FoaelCUN LGOTGO AV
Ve ACOGTGGT OO Y

was mvertod ingo the Pal wie of the pBlucwnpt IERS ¢ - niStratagens)
m the wame orentation as the T3 promoter to yichd the exprossion
vty PRRSA The 38 A £l fragment trom dHRID was sub
cloead ate the AceRE vte of pBRSA 1 e wime aieimtaban as the
T3 promutcy o ywhd the plesmind pBRSAJL The 1.3 kb Vol frag:
mont from pBRKSADY the 7 kb Yol EceRY pmen from phicw
amd 1O b Mol EioR{ fragmem from pBRSA ~ore hgated w yickd
the plaunid pBRSASE-D, curryi=2 the onding sogwemee of the o1-2
subunin. The o1 subumtopovifie amd 082 subumtapeciiic mRNAS
wire syathoesad movneo with TYRNA polvecrase (BR Ly wong Neozl-
cicaval pBRSAST and pBRSACTY o omplates,  sospaviingly
Veasonpeion way prancd wigh cap dimoide mGpepds (0.8 mM).
Nemopay hiven oontes wete mitod with the o subonit-spevitic of the
» EeX scbunii-spoceiic mRN A the comconteston of the mMRNA was 1 0
Epeh and the average solume imratod was =50 ol por ooveie. Whe!s
woil currents were revordad ot - T AV mombiune potentsad ay e
wrthod (HLENE For TP troatment, aonstes were puttined with
sorema! Romper's solutien vontammg | oM EPA foe 1 oun

3ORESULTS

NV Fasioren g the . cowee NV 5 copter sehunin [

A number of cDNAs encoding 4 putaiinve GluR sub-
unit have been isolated by serics of screening under low
stringency conditions of mouse forcbrain and cerebellar
¢DNA libraries using mouse GluR x! and 22 subunit
cDNAs [10] and newly isolated putative GluR subunit
cDNAs [16.17) as probes. Fig. 1 shows the nucleotide
sequence and deduced amino acid sequence of one of
thesc subunits, designated as the {1 subunit. The imtial
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methionine is wssigned to the first methionine residue
found in a large open reading frame. The amino-ter-
nunal hydrophobic segment is assumed to represent a
signal peptide as proposed tor the GluR =1 and 22
subunits [10]. The proposed mature I subunit is com.
pused of 920 amine acids with a enleulated molecular
weight of 103477, The mouse ¢1 subunit sharcs 99.8%
amino acid sequence identity with the rat NMDA re-
veptor subunit NMDAR! [13] and ~20% identities with
the subunits of the AMPA. or kainatesselective GluR
channel {7 14.16.17). thus representing the mouse coun-
terpart of the rat NMDAR | subunit. Analysis of several
<1 subunit ¢DNA clones suggests the presence of a
smaller form of the ¢ subunit, designated as J1-2,
whose sequence s wdentical to that of the {1 subunit
except that 37 amino acids (resiclues 836-882) arc
deleted. Thus, the mature J1-2 subunit is composed of

S8 amino acids with o caleulated molecular weight of
LLRIRY

320 Structurat characteristics

Analysis and comparison of the local hydropathicity
profile of the 01 subunit suggest the presence of four
putative ransmembrite segments {M - M3 in the car.
boxyktermanal hall of the mokecule (Fig. 2. In acve- !
with this model is the recent finding that the arginn
586 in the M2 scgment of the 22 subunit determines the
Ca™" permecability of AMPA-selective GluR ¢chonnels
{1920} The O subunit contains an asparagine residue
al the corresponding position in segment M2 (amino
actd restdue 398). In addition to the putative transmem-
branc regions, the region preceding segment M1 is also
well conserved among GluR subunits, where the agonist
binding sie has been postulated {1011 A point muta-
tion introduced into this region of the 21 subumit (muta-
von 21-K345E) stroagly reduces the EC value for
c-glutamate [19]. The putative evtoplasaue domuin be-
tween scgments M3 gad M contains potential phos.
phorvhition sites for Ca wcalmodiain ¢ ~adent pro-
e henae e I (21 o protan kmase € 120) Ten
aut of twelve potential V-glyveosvlation sites are found
in the proposed exgracetiular domana,

3.3, Functional expression

The ¢t and J'1-2 subunits were expressed in Xenopus
cocvtes by injection of the rospective mRNAS syvn-
thesized in vitro from cloned cDNAs. Oocytes injected
with the [ subunit-specific mRNA showed small but
clear responses te 10 gM p-glutamate. 100 ¢M 1-

Fig. 1. Nucleaide sequence of cDNA encoding the mouse NMDA reveptor J1 subunii and the dedueed amino acid sequence. Mugleotide rcaulug\
are numbered in the 37 1o 3 -direction. beginning with the first residue of the codon specst™ e the amino-terminal residue of the mature s‘_..-hunn
and the preceding residucs are indicated by negauve numbessy. Amiao awid msidues are menhered beginamg wath the amimo-tennal restdue o
the mature subunit and the preceding residuss are indicated by acgative numoers. N ’ ‘
right-hand end of the individual lines are given. The 111 nucleotides (residues 2335 1o 2643) missing in the J1-2 subunit are underhined. l‘hc
nucleotide sequence Jdata will appear in the DDBJ. EMBL and GeneBzank Nucleotide Sequence Database under the aovession aumber DI

I ealiaaldla e aevina il e : :
oV ihe nuclostide and amine aoid rewdos at thy

11
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Fig. 3 Functional properties of the &t subunit expressed it Yewopies
oocytes. Agonist solutlons comalned 6 4M glyelne unless otherwise
indlented.  Membrane potentinl, 70 mV, Inward curremt is
downward, The duration of agonist application is indicated by bars
without tking into account the dend-xpace time in the perfuston
system (=2 8). (A Whole-cell current activined by bath upplicution of
10 4M Leglutannte, (00 uM Laspariate, 106 uM NMDA, 10 uM
L-glutnmate without glyclne, 10 2M Lglutamate with 100 4M APV,
H) M glutamate with 100 4M MpCl,, and 10 2M -glutamiate with
1 M (+)-MKBOL, (B) Wholescell curremt responses to 10 uM -
glutamate recorded Trom an ooeyte i normud frog Ringet's solution
(left), Co*-Ringer’s sutution (middle) und Na*» and K*«ree Ringer's
sotution (cight). () Whole-celi curvents activuted by bath application
of 10 uM L-glutamate (left), 258 uM spermine (middie) and 10 uM
Leglutamate with 230 M spermiine (right),

aspartate, 100 4M NMDA (Fig. 3A) and 100 uM
quisqualate {not shown) in the presence of 6 M glycine
at —-70 mV membrane potential. No response was de-
tected for 100 #M kainate and 100 uM AMPA cven in
the preseuce of glycine. The response to 10 M L-glu-
tamate was hardiy detectzble in the absence of ghycine,
an abgolutely required activator of the NMDA receptor
[23.24}, and was diminished in the presence of 100 4M
p-2-amino-3-phosphonovaicrate (APV), a specific com-
petitive antagonist of the NMDA receptor [25] (Fig.
3A). 100 #uM Mg™, known to block the NMDA re-
ceptor channel in a voltage-dependent manner [26,27),
and 1 M (+)-MK-801, a channel blocker of the
NMDA receptor [28]. reduced the response to L-glu-
tamate (Fig. 3A). The {1 channel activity was at-
tenuated by the presence of 100 M Zn*. reported to
induce a non-competitive inhibition of the NMDA
response in voltage-independent manner [29.30] (not
shown). Similar results were obtained for the £1-2 sub-
unit. The homomeric {1 channels exhibited a clear in-
ward current in Na*-and K *-free Ringer's solution con-
taining 20 mM Ca®™ (Ca™-Ringer’s sclution [19)).
whereas a marginal outward current was observed in
control Na*- and K”-free Ringer’s solutivn (Fig. 3B),
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Fig. 4 Augmentation of &1 chanael activity by TPA treaiment. The
experimental conditions were as in Fig. 3 unless otherwise specified.
(A) Whole-vell currents activated by bath application of 10 M 1.
ghatamate delore (el and after treatment with | 4M TPA for 10 min
fmiddle), and alter perfusion with normal frog Ringer's solution for
# further 20 min (vght), (B) Wholewel! currents activated by bath
application of 10 uM w-plutamate belore (left) and afer treatment with
1 UM TPA in the presence of § #M staurosporine for 10 min (vighth.

indicating that the {1 channels are permeable to Ca™.
Spermine, reported to potentiate the NMDA receptor
{311, cnhanced the response of §1 homomeric channels
by 1.4 £ Q.1 fold (#=6) (Fig. 3C). This clfect was re-
versible. These pharmacoloegical and clectrophysiologi-
cal propertics are in good agreement with those of the
NMDA-type GluR channet {1.2.31].

3.4 Modviation of chame! sotivity

Treatment of the oocytes with 1uM TPA for iU min
cnhanced the response of the {1 ~hannels to 10 uM
L-glutamate by 2.7 + 0.4 fold (mean ~ TE#c, 5=10) (Fiz.
4A). The channel activity decreased gradually to the
initial level by washing. This enhancing effect cannot be
non-specific because the TPA treatment exerted no
appreciable cffect on the current amplitude of the hete-
romeric &1/a2 GluR channels expressed in cocytes (not
shown). Furthermore. the effect of TPA was abolished
by the simultaneous treatment with § uM stauro-
sporine, a protein kinasc inhibitor [32] (Fig. 4B). En-
hancing effect of spermine was observed even after
treatment with TPA. The ¢1-2 channels were similarly
modulated by TPA treatment and polyamine.

4. DISCUSSION

The present investigation has shown the presence of
two forms of a mouse NMDA receptor subunits, de-
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Fig. 5. Putative channel-forming reglons of the GluR a1 and ¢’} sub-
units proposed by unalogy of the RACHR a subunit. The one-letter
umino nekd potstion is used. Arcows Indicnte the wiino acid residues
of the Torpedo californiea nAChR & subunit constituting four rings
us mujor deteeminants ol ton flow through the chunnel [33,34] and the
corresponding residues of the mouse GluR &l and 1 subunits, The
glutamine residue ol the GluR & subunit cotresponding to the argloine
vesidue of the GIWR a2 subunit as a critienl determinam of the Ca®*
pormenbility [19.20] i also indicnted.

signated as &1 and £1-2. The NMDA receptor subunit
& as well as its smaller form ¢'1-2 is endowed with most
of the propertics charactetistic for the NMDA receptor,
such s activation by glycine, Ca®* permeability, block-
ing by Mg™*. inhibition by Zn* and activation by po-
Tvamine [1,2,31), in accord with the rat counterpart of
the &1 subunit [15]. In the absence of glycine, L-glu-
tamate or NMDA alone failed to cvoke the response of
the ¢'1 or £'1-2 channels, in consistent with the absolute
requirement of glycine for activation of rat NMDA
receptor channels expressed in Xewopus ooeytes by in-
jection of rat brain poly(A)* RNA [23]. On the other
hand. the rat counterpart of the ¢1 subunit has been
reported to be activated by MNDA in the absence of
glycine [1 5], although possible contamination of glycine
in the assay system used can not b excluded. The lower
channel activities of homouetic ¢1 or ¢1-2 channels as
compared with NMDA channel activities observed in
oocvtas injected with moeuse brain poly(A)" RNA may
imply. the requirement of additions subunits for the
NMDA receptor channel.

Since the GluR channels of NMDA-type and non-
NMDA type are structurally similae but are function-
ally distinct, it is of interest to preciscly inspect the
primary structures of the glutamate-gated ion channels,
Under the assumption that the basic structure is similar
between the GluR channel and the nicotinic acetyl-
choline receptor (nAChR) channcl, one can figure out
the putative channel-forming region of the GluR
channels (Fig. 5). Negatively-charged and polar
residues are found in the £1 subunit at the positions
corresponding to the four rings of the nAChR channel,
major determinants of the ion flow through the channel
[33.34). Asparagine residue occupies the position corre-
sponding to glutamine or arginine residue >f the GluR
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al and a2 subunits, which detcrmines the Ca® permea-
bility of the GluR channel [19,20]. Urique to the {1
subunit is the presence of a contiguous stretch of nega-
tively-charged aspartate and glutamate residues at the
amino-terminal side of the segment M2. The corre-
sponding region of the nAChR includes the inter-
mediate ring constituting the narrowest constriction of
the:chunnel. In view of the fact that a point mutatio
introduced into. the intermediate. ring

channel decreases not only the conductance butalsothe

sensitivity to Mg?* [33), the stretch ol negatively charged
aspartate and glutamate residucs of the GluR {1 sub-
unit may be responsible for the voltage-dependent
chunnel block by Mg**. On the other hand, the car-
boxyl-terminal region of scgment: M3 is highly con-
served among GIuR subunits and thus may play an
important role common 10 the GluR channel family.

Our finding that the {1 chatinel activity is enhanced
by TPA treatment raises an intriguing possibility that
the NMDA receptor chunnel can be regulated by pro-
tein kinases and such modulation might play a role in
long-term potentiation, excitotoxity and developmental
synaptic plasticity, in which NMDA receptors are
thought to medinte key steps [1-4]. In this respect, it is
to be noted that potentiation of the NMDA receptor by
u ¢ opioid has been reported to be mediated by protein
kinase C [35]. Furthermore, protein kinase C has becn
suggested to mediate the induction and maintenance of
long-term potentiation [36),
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