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The rat delta-1 and delta-2 subunits extend the excitatory amino acid
receptor family

H. Lomeli, R. Sprengel, D.J. Laurie, G. K&hr, A. Herb, P.H. Seeburg and W. Wisden

Laboratory of Molecular Neuroscience, Center for Molecular Biology (ZMBH ), Heidelberg University, INF 282, D-6900 Heidelberg,
Germany

Received 23 October 1992

We have characterized a second member (delta-2) of a new class of subunits for the ligand-gated excitatory amino acid receptor superfamily. The

sequence of delta-2 exhibits an average identity of 25% and 18.5% to the non-NMDA and NMDA receptor subunits, respectively. The rat delta-2

gene is expressed predominantly in Purkinje cells of the cerebellum whereas only low levels of delta-1 transcripts are found in the adult brain.

However, delta-1 gene expression undergoes a pronounced developmental peak, with particularly high mRNA levels in the caudate putamen of
late embryonic/early postnatal stages.

Glutamate receptor:; Rat brain; Purkinje cell

1. INTRODUCTION

The majority of fast excitatory transmission in the
brain employs receptor channels activated by excitatory
amino acids (EAAs). Traditionally, these have been
classified on the basis of binding affinities of certain
exogenous agonists as N-methyl-p-aspartate (NMDA),
amino-3-hydroxy-5-methyl-isoxazole-4-propionate
(AMPA) and high-affinity kainate sites [1]. The cloning
of the first cDNA encoding a functional glutamate-
gated ionotropic channel subunit [2] initiated an intense
search for related polypeptides/genes (reviewed in [3,4]).
It is now apparent, at least in mammalian species, that
the three ‘classical’ sites are constructed combinatori-
ally from members of a large family of polypeptides
which function as channel subunits [3,4]. A high-affinity
AMPA/low-affinity kainate series (GluR-A to -D) [2,5-
8], a high-affinity kainate series KA-1[9] , KA-2 [10,11],
GlIuR-5 [12,13), GluR-6 [14], GluR-7 [15,16] and the
subunits that assemble into the NMDA-specific recep-
tor channels i.e. NR1 [17] and NR2A, -2B and -2C
[18-20] have been characterized. All of the cognate
genes are differentially expressed in the rodent brain,
suggesting that EAA signalling utilizes a diverse recep-
tor repertoire.

One additional member of this superfamily, termed
delta, has been isolated by homology screening of
mouse brain cDNA libraries, but a functional profile
was not determined [21]. Here, utilizing a similar ap-
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proach, we show that the rat expresses at least 2 delta
subunit genes, each characterized by a distinct expres-
sion profile in the developing and the mature rodent
brain.

2. MATERIALS AND METHODS

2.1. Isolation of cloned delta-1 and delta-2 ¢cDNAs

Partial sequences of delta-1 and delta-2 cDNA were obtained from
rat braimn cDNA using the polymerase chain raction (PCR [22]) with
degenerate oligonucleotide primers designed after largely conserved
peptide sequences in ionotropic EAA receptor subunits [3,4]. The
primers [5"-GCGAATTCTGGAA(C, T)GG(C,A)TGATGGG-
(G.A,T.C)-GA-3; 5-GCGGTACCAA(A,G)GC(A,T,G)CCA(A,G)-
(A,G)TT(A, T,G)GC(AT)GT(A,G)T-3] constructed to peptides
WNGMMGEI (60 residues NH,-terminal to TM1) and YTANLA-
AF(Tm3) produced the partial delta-1 sequence. The primers [5'-
CGGAATTCTGCTGC(TA)A(GATC)GG(GATC)TT(TC)TG(CT)-
AT(ATC)GA-3"] and [5-CCGGTACCAC(GATC)GC(GATC)-
AA(TOICT(GATC)GC(GATC)GC(GATC)TT(CT)-3] constructed
to peptides CC(KY)GFLID and TANLAAF (TM3) yielded the par-
tial delta-2 sequence. Full-length cDNAs were obtained by screening
rat brain Agt10 cDNA libraries with *?P-labeled PCR-generated DNA
fragments as probes.

2.2. Ligand binding studies and electrophysiology

The delta-1 and -2 cDNAs were subcloned from the 4 vector into
a eukaryotic expression vector, and these recombinant vectors were
used to transfect HEK-293 cells [5,13]). Membranes were prepared for
ligand binding as described [13]. Electrophysiological recordings were
performed by patch-clamp techniques in the whole-cell configuration
from single transfected cells [5,13). Agonists (100-300 uM) were dis-
solved in normal rat Ringer solution and applied rapidly via a Piezo-
driven double-barreled pipette [5,13].

2.3. In situ hybridization

In situ hybridization was performed with oligonucleotides [23]. The
oligonucleotides were delta-1: 5-GAAGCTGAGGGCCGAGGCT-
GGGTGGCACTCTGAGACCTTACAGCC-3’ antisense of delta-1
peptide sequence QAVRSQSATQPRPSA between TM1 and TM2,
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delta-2:  5-GTCATTGATCCCATTTGCAACCGTGGGGGAT-
TAAGCCAGTTCAA-Y, antisense of delta-2 peptide WLNPPRL-
QMGSMT between TM1 and TM2, and ¥-GAACCACACCTCG-
CATGTTATTCTCCAGTTTCTTGTCTGTCAGT-3, antisense of
delta-2 sequence TDKKLENNMRGVY in the extracellular domain.

Probes were labelled with terminal transferase (Boehringer,
Mannheim), using the f-emitting radionucleotide [o-"PJdATP (1,825
Ci/mmol, a gift from NEN Dupont [24]). A typical labelling reaction
utilized 0.3 pmol oligonucleotide and 8 pmol [-*PJdATP. Unincorpo-
rated nucleotides were removed by chromatography on Bio-Spin 6
columns (Bio-Rad). Average specific activity obtained was 33.3x10°
dpm/pmol oligonucleotide. Probes were used at a concentration of 1
pg/ml and hybridized at 42°C for 12 h in minimalist buffer, containing
only 50% formamide/dx SSC/10% dextran sulphate. After hybridiza-
tion sections were washed in 1x 8SC at 60°C. Exposure time was 5
days on Kodak XAR-5 film and 3 weeks in Iiford K-5 emulsion. Signal
specificity was confirmed on parallel sections by the use of a 200-fold
excess of unlabelled oligonucleotide competing with labelled probe.
The specificity of the delta-2 signal was further confirmed by the use
of the two independent probes. Identical results were obtained with
*S-labelled probes.
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3. RESULTS AND DISCUSSION
As part of our efforts to fully define the ionotropic

EAA receptor subunit family, PCR [22] with degenerate
primers on rat brain cDNA was employed to obtain 2
novel cDNAs that encoded predicted proteins with only
17-28% homology to other family members. The first
of these cDNAs encoded the rat homolog of the mouse
delta-1 subunit [21]. The other is related but distinct,
hence our designation of delta-2 (Fig. 1).

The delta-1 and -2 polypeptides, as predicted from the
¢DNA sequences, are approximately 1,000 residues
long. The members of the delta subfamily show a signal
peptide, a long putative extracellular domain containing
consensus N-glycosylation sites, and hydrophobic re-
gions which are likely to be transmembrane domains.
The amino acid sequence identity between the 2 delta
subunits is 56%, whereas the identity exhibited with

GluR-6 WWW&IHMS@MGAEM F NTI R RTL PNTTL YDTQKINLYDS E SKX DQLS
deita-1 MEA_TIWLLP ICOCVIVRA E N R QL 8 SLDD S Y IKVIEA D
delta-2 MMBIWDLATSDSIIHIGAIFDESAKKDDEVE'RTAVGDLNWEEILQTEKITFSVTEVDGNNPFQAVQEACEIMN
L va IFGPSHSS KAV ICN. ALGV IQTRWEHQVS. .. ... .. .DNK SFYV LY DFSS SRA DL QFFK KIVIVV DSTGLIRL LI
A NA ID. V NPG S TA H NP PDGEA AS R. DM L IR VM LS
71 QGIIALVSSIGCI‘SAGSLQSLGRLM-IIPBIFIQRSTAGTP RSGCGLTRSNRNDDYTLSVRPEVY . LNEVILRVVIEYAWQKFIIFYDSEYDIRGIQEFL
KAP RYNLRIKIRQLPADTKDA.KP IKE K..... . GKEFHV FDCSHEM AGILKQALAMGMMIEYY Y FTTLDLFAL EPYRYSGVNMIGFR
QRRLL s DK SHVF S T KT LISQGH NA ASK S VFV S PEILD HSAL ..MV
170 DKVSQQOGMDVALOKVENNINKMITTLFDTMRIEELNRYRDTIRRATLVMNPATAKSFISEVVETNLVAFDCHWI I INEEINDVDVQELVRRSIGR LTI
LNTENTQVSS IEK..WSME LQAPP K DSGLLDGEMTTDAAIM HVVsV VQQ FPOM...TVS N H.. RF TRFMSL EAHWE
V I SAKD.NKMN QEGYL MIQ NYL. § M Q ST N D HIT
268 IRQTFPVPQNISQRCFRQ%HRISSTLCDPKDPFAQNMEISHICI YDAVIJJAMFHKKIEDRKWHSMKSLSCIRKNSKPWQG@SMETH&(GGVNGLT
RIT NKTN LR.TD DIDVISIK ... IE I TD AS MI'ESQGKPANITDSLSNRSITI Y LFKK DKP YGNDRFE YC L R
VM RDSS Y Q T S TF KDM AT DSEK QER. ...PMGSRIQ LT K ..A I Q0 RK
367 GDLEE‘GBNGGNPNVHFEILGTNY@EI.GRGVFKLGCWNPVTGLNGSLTDK - "KLENNMR( FVMV. . SENVLGKPKKYQGFSIDVLD
E TI T RWEG AQDVWQ MR IDHK LAVAPAYVKI SKPFTLGISIYKPNGNPGVSFNISPEIMYVL
ARA K Q GR HOIH.NTS MI IS LA S I IKKP EK.ISI SIF FAV
461 ALSNYIGFNYEIYVAPDHKYGSPQE. DGIWNGLVGELVFKRADIGISALTITPDRENWDFTTRYMDYSVGVLIRRAEKT VDMFACLAPFDLSLWACIA
™1 ™2 ™3
LAC G SCVLFVIARFS YEWYNPHPCNPDSD L F GV AIM IMPKA 8 |IVG I FTI VEM P
AAIPV V IFV RIQAV S SATQOPRP.....SA A HSAI I A SSVN$VMIV S VS MD PV
559 GIVLLVGLL) PRIOMGS. . ....vte STTLYNSMWEFVYGSFV! WWLE‘ALIVISSYT TITRIESSI
DAD A XE AEG IMIFFKKS...... KI T DK AFMSSRRQ VL. KSNEE R LTSD IMESTTI F..VTQORN NLTQI GLI
RIF LEMS R EYFA T LQ TFAEL T SKNG AD C SNPSE R A K L VvV V ALTD VIVI SI
650 QSLODLSKQTDIPYGIVLDSAVYQHVRMKGLNPFERDSMY SOMWRMINRSNGSENNVLESQAGIQKVKY GNYAFVWDAAVLEYVAINDPDCSFYTVGNTV
™4
gg§ VGTPM EITIA Q g Kgm‘?ag RgT i ..i‘.gggESKEAS GVONIG I IV L VFV FLYKSK NAQLEK
QTD KS 1) I LLA VA|L NSNRCHQETP
750 ADRGYGIALOHGSPYRDVFSQRILELOOSGDMDI LKHRKWWPKNGOCDLY SSVDAKCKGGALD IKSIAGVFCILAAGIVLSCLIAT TWSRRKGSI%EVPS
RSFCSAMVE WIRMSLKCQ’%RLK}H(PQAP TVKTEEVINMHTFNDRRLPGKETMA*
I .MEIA IPA E SA EMGG APS PSREYQ QLSVS L  SSHGT SGPS NLPIPLS SATMPS
850 KEDDKEIDLEHIHRRVNSLCTDDDSPHKQFSTSSIDLTPLDIDTIPTRQAIEQISDFRN‘I’HITT’I‘I’FIPEQI QTLSRTLSAKAASGFTF . . GSVPEHRT
IQCK s L Q V PIPMSF V GGV PEAL TSH *
947 GPFRHRAPNGGFFR.SPIKTMSSIPYOPTPTLGLNLGNDPDRGTSI* 1009

Fig. 1. Sequence alignment of the rat delta-1, deita-2 and GluR-6 polypeptides. At each position, delta-1 and GluR-6 sequences are listed only when
they differ from delta-2. Sequences are numbered starting with their predicted mature N-termini and signal sequences are underlined. The putative
transmembrane regions TM1-4 are boxed. N-Linked glycosylation sites (NxS/T, xP) in the predicted extracellular domain of the three subunits
are indicated by filled circles. The rat delta-1 and delta-2 nucleotide sequences have been deposited in the EMBL Genbank database under accession

numbers Z17238 and Z17239, respectively.
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Fig. 2. X-ray film autoradiographs showing distribution of delta-1 (A) and delta-2 (B) mRNAs in horizontal sections of the adult rat brain as assessed

by in situ hybridization with *P-labeled oligonucleotide probes. Cb, cerebellum; Ctx, cortex; H, hippocampus; bar, 3.5 mm. (C) Localization of

delta-2 mRNA in Purkinje cells of the cerebellum with ¥*P-labelled probe. High-power bright field optics. Gr, granule cells; Mol, molecular layer:
P, Purkinje cell layer; arrowheads mark the labelled Purkinje cells. Bar = 28 mm.
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Fig. 3. Postnatal developmental expression of the delta-1 gene as assessed by in situ hybridization using a **S-labelled probe on horizontal sections.
av, anteroventral thalamic nucleus; ¢b, cerebellum; cpu, caudate putamen; h, hippocampus. P0 is the day of birth. All images result from the same
exposure time and are printed to the same scale, thus reflecting the increase in brain size with age. Bar = 3.3 mm.

members of the non-NMDA and NMDA receptor sub-
unit subfamilies is only 22-28% and 17-20%, respec-
tively. No significant higher identity is observed with
any particular EAA receptor subfamily, although in the
putative channel forming TM2 region, identity is closest
to the non-NMDA subunits, This sequence property
sets the delta subfamily apart from the previously char-
acterized EAA receptors, and suggests that this new
subfamily could exhibit a different ligand-binding pro-
file.

We next examined the expression of the delta genes
in the adult rat brain by in situ hybridization using
probes labelled with the B-emitting radionucleotide
[2-**P]JdAMP [24] recently made commercially availa-
ble. The delta-1 probe gave a weakly diffuse but specific
autoradiographic signal, with highest levels present in
the pyramidal and dentate granule cell layers of the
hippocampus (Figs. 2A and 3D). The pattern remained
the same, even after longer exposure times or when
35S-labelled probes were used (Fig. 3D). Hence, in our
experience, the delta-1 mRNA is the least abundant
EAA receptor transcript examined to date. In contrast,
the delta-2 gene is expressed at high levels in the cerebel-
lar Purkinje cell layer (Fig. 2B), with virtually no signal
present in the forebrain. To differentiate between la-
belling of Purkinje cells and Bergmann glia, both cell
types being present in the same layer of the cerebellum,
emulsion studies were performed. Use of high power
brightfield optics shows that the delta-2 specific signal
originates from the Purkinje cells, which are densely
decorated with silver grains (Fig. 2C). No signal was
observed over the granule cells (not shown). Examina-

tion of other brain areas in coronal planes of section
showed that there was also some weak but specific
delta-2 gene expression in the outer layers of the cingu-
late cortex and in the dentate granule cells of the hip-
pocampus {not shown). These results demonstrate the
feasibility of using **P-labelled probes for in situ hybrid-
ization with both X-ray film and emulsion applications.
However, the **S-tagged probes gave slightly better spa-
tial resolution.

Although delta-1 gene expression is low in the adult
brain, mRNA levels of this subunit are much higher in
younger animals (Fig. 3). For example, at the day of
birth (PO), the caudate putamen contains elevated levels
of delta-1 mRNA (Fig 3A), which then gradually de-
cline to those of the adult (Fig. 3D). Similarly, at P12,
delta-1 expression is higher in the anteroventral (av)
thalamic nucleus (Fig. 3C) relative to that of the adult
(Fig. 3D). In contrast, the amount of hippocampal
delta-1 mRNA remains essentially unchanged through-
out postnatal periods. The timing of expression of the
delta-1 gene may indicate a role in development (e.g.
neurite extension, differentiation). With respect to the
delta-1 gene expression no marked developmental
changes were noted.

To determine the possible functional characteristics
of the delta subunits, expression vectors containing the
delta cDNAs were transfected into HEK-293 cells. Cells
were then patch-clamped or membranes harvested for
ligand-binding analysis. However, no specific binding
was detected with PHJAMPA and [PHlkainate, using
either delta-1 or delta-2 homomeric expression. Simi-
larly, glutamate (300 mM), kainate (300 mM) and
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AMPA (100 mM) failed to activate whole-cell currents
in cells expressing the homomeric delta subunits.

Because of its prominent expression in Purkinje cells,
the delta-2 subunit was expressed in HEK 293 cells with
representatives of other subunit classes whose mRNA/
proteins are also found in Purkinje cells; i.e. GluR-A,
-B, -C [5,25,26], GluR-5 [12,27], KA-1 [9], and NR-1
[17]. The whole-cell currents and I-V curves that re-
sulted from applying glutamate (100 or 300 mM) and
kainate (300 mM) onto cells co-expressing the delta-2
protein with the GluR-B or GluR-5 subunits showed no
deviation from GIluR-B or GluR-5 expression alone
[13]. A delta-2/KA-1 and delta-1/GluR-7 combination
also gave no kainate- or glutamate-evoked current re-
sponses. For the NMDA-responsive subunits, delta-2/
NR-1, delta-2/NR-2A and delta-2/NR-2C combina-
tions likewise gave no response to any agonist tested.
Finally, all of the above listed combinations failed to
give currents with the 2 sulphur-containing amino acid
neurotransmitter candidates L-homocysteic acid and -
cysteinesulfinic acid [28]). However, clear responses to
these two ligands were obtained using NR-1/NR-2A
heteromeric assemblies (not shown). To ascertain that
these negative findings were not due to any defects in
the cloned delta cDNAs, in vitro transcribed cRNA was
translated in a reticulolysate system. Both the delta-1
and delta-2 cRNAs yielded proteins of the expected size
(appr. 90 kDa, not shown).

Hence, although members of the ligand-gated EAA
receptor subunit family, the two delta polypeptides re-
main ‘orphan’ subunits. Failure to obtain a channel
response to applied ligand is a frequently observed fea-
ture of putative EAA receptor subunits expressed from
cDNAs. Similar situations apply to the KA-1 [9], KA-2
[10], GluR-7 [15,16], chick [29], and frog [30] kainate
binding proteins, although in contrast to the delta sub-
units, at least 4 of these other proteins bind ligands
when expressed in homomeric configurations. Further-
more, the KA subunits form ligand-gated channels only
when assembled with the GluR-5 or -6 subunits [10,11].
This should provide an impetus to search for missing
partners for the delta subunits.
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