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A Family of AMPA-Selective Glutamate Receptors 

Four cloned cDNAs encoding 900-amino acid putative glutamate receptors with 
approximately 70 percent sequence identity were isolated from a rat brain cDNA 
library. In situ hybridization revealed differential expression patterns of the cognate 
mRNAs throughout the brain. Functional expression of the cDNAs in cultured 
mammalian cells generated receptors displaying a-amino-3-hydroxy-5-methyl-4-is- 
oxazole propionic acid (AMPA)-selective binding pharmacology (AMPA = quisquala- 
te>glutamate>kainate) as well as cation channels gated by glutamate, AMPA, and 
kainate and blocked by 6,7-dinitroquinoxaline-2,3-dione (CNQX). 

M OST NEURONS I N  THE CENTRAL 

nervous system are excited by glu- 
tamate. The postsynaptic actions 

of this neurotransmitter are mediated by at 
least three major, pharmacologically distinct 
classes of ionotropic receptors as well as by a 
metabotropic receptor at which glutamate 
modulates the release of intracellular ca2+ 
(I).-The ionotropic receptors contain gluta- 

K. Keinhen. W. Wisden. B. Sommer. P. Werner. A. 

mate-gated cation channels and are named 
according to their selective agonists as the 
NMDA (N-methyl-D-aspartate), AMPA (a- 
amino-3-hydroxy-5-methyl-4-isoxazole pro- 
pionic acid), and kainate receptors. The 
pharmacological and electrophysiological 
properties of NMDA receptors are well 
studied (1). However, because there are no 
selective antagonists, the characterization of 
the non-NMDA receptors is less advanced, 
and it has been difficult to distinguish kain- 

Herb, P. H .  seeburg, ~abdratory of ~olecular  Neuroen- ate and AMPA receptors (2). Nan-NMDA 
docrinology, Center for Molecular Biology, University 
of Heidelberg, 6900 Heidelberg, F.R.G. receptors are the major mediators of fast 
T. A. Vcrdoom and R .  Fakmann. lhtcillln; Zellphysio- glutamatergic neurotransmission and may 
logie, Al.i\ 1'1.111,h III\IIIIII ;III \I~.,II/IIII*,II<. Forschung, 
6900 Heidelberg, F.R.G. contribute to synaptic plasticity (3). Gluta- 

mate-induced neurotoxicity, a pathological 
*Present address: Biotechnical Laboratory, VTI', Espoo, process of widespread importance 
Finland. 
tTo whom correspondence should be addressed. also involves these receptors (4). Hence, the 

Table 1. Agonist-evoked current amplitudes of 
glutamate receptors expressed in vitro. Numbers 
represent average amplitudes (mean * SEM) of 
inward currents (PA) evoked by agonist at a 
hol&ng.potential of -60 mV. Values of n are in 
parentheses below. 

Agonists (100 pM) 
Receptors 

L-Glu Kainate 

key role played by glutamate-operated chan- 
nels in virtually all physiological and many 
abnormal brain functions accounts for the 
ever increasing efforts to elucidate their mo- 
lecular design. 

Recently, Hollman and co-workers char- 
acterized a molecule designated GluR-Kl 
(5), the sequence of which was similar to 
kainate binding proteins of chick and frog 
(6). To study the diversity of this family and 
the pharmacology of its members, we isolat- 
ed cDNAs encoding several sequence-relat- 
ed novel receptors. We obtained a result that 
was unexpected from the assignment of 
GluR-KI as a kainate receptor subtype (5): 
these polypeptides made up a family of 
AMPA receptors as indicated by their func- 
tional expression and distribution of their 
mRNAs in rat brain. 

Cloned cDNAs encoding the receptors 
were obtained via polymerase chain reaction 
(PCR)-mediated DNA amplification by us- 
ing published sequences (5, -5) for primer 
design and by the subsequent screening of 
cDNA libraries constructed from rat brain 
mRNA. Four molecular species, designated 
GluR-A to -D, were fully characterized with 
GluR-A showing 100% sequence identity to 
GluR-KI. The four predicted polypeptide 
sequences (Fig. l), each approximately 900 
amino acids in length including a signal 
sequence, revealed upon painvise compari- 
sons overall similarities between 70% 
(GluR-A versus -B) and 73% (GluR-B ver- 
sus -C). Similarities dropped to between 
56% (GluR-A versus -D) and 63% (GluR-C 
versus -D) when comparison was restricted 
to the NH.2-terminal 470 amino acids of the 
mature polypeptides. This region contained 
the highest number of substitutions in the 
four receptors but specified the only con- 
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served NH2-linked glycosylation sites, in 
keeping with a predicted extracellular loca- 
tion. The COOH-terminal half, except the 
last 35 (GluR-B, -C) to 70 (GluR-A, -D) 
residues of the receptors, was extremely 

L .  

conserved, in marked contrast to that of the 
subunits of the nicotinic acetylcholine and 
y-aminobutyric acid A ( ~ d ~ )  receptor 
families (7), which show high sequence di- 
versity within this region. The conspicuous 
lack of sequence homology between the 
glutamate receptors and members of other 
ligand-gated ion channels (7), as well as the 
large difference in size, suggest a very distant 
or no. evolutionary relationship. 

Hence, the transmembrane topology of 
the glutamate receptors, based on' four 
membrane-spanning regions (TM1 to 
TM4) .and adopted here for simplicity (Fig. 
l ) ,  is largely conjectural. In fact, other to- 

pologies for the COOH-terminal half of the 
receptors are compatible with the predicted 
polypeptide sequences, as illustrated in part 
by the incongruent assignment of trans- 
membrane segments in sequence-related 
molecules (5, 6). However, in accordance 
with the cationic conductance of glutamate- 
operated channels, regions expected to be 
part of the inner and outer channel mouth 
reveal a preponderance of negatively 
charged residues. In particular, the loop 
connecting TM1 and TM2 carries a net 
negative charge, and TM2 is flanked by two 
negatively charged residues that may con- 
tribute to the charge rings determining 
channel conductance in the functional recep- 
tor (8). Moreover, the putative intracellular 
domain contains consensus phosphorylation 
sites for Ca2+-calmodulin-dependent pro- 
tein kinase type I1 and protein kinase C. 

PRGAD YS VGMVQFSTSE ...... FR TPHI NLEVANS AV NA F R Y F 7 1  
MRNTV HS FAVQLYNTNQNTTEKPFH NYHV HLDSSNS SV NA F R Y F 77 
IRNTD YT LAIFLHNTSPNASEAPFN VPHV NIETANS AV NA Y R F L 77 
PNQQS HA FALSQLTEPP ....... K LPQI IWISDT EM YR F K Y F 7 1  
..... .. .................. ................. G... IGGLF QE AFR L....D.......F..T..FCSQ.S.GV.AIF G.Y 

These enzymes are candidates for mediation 
of the induction and maintenance of long- 
term potentiation (3, 9). 

To study their functional activity, the four 
receptors were transiently expressed in cul- 
tured mammalian cells (10). With patch- 
clamp techniques (1 I), functional ion chan- 
nels could be measured (12) upon expres- 
sion of each of the four receptors. Inward 
currents (holding potential, -60 mV) acti- 
vated by L-glutamate and kainate were ob- 
served in cells expressing single polypeptides 
as well as the combinations GluR-A and -B, 
GluR-B and -D, and all four receptors (Ta- 
ble 1 and Fig. 2). Preliminary evidence 
suggests that these channels have small uni- 
tary conductances (11 pS) and, hence, the 
whole cell currents reflect high channel 
numbers. Notably larger currents were me- 
diated by the receptor combinations, indi- 

DKKSVNTI GT VSFI TDGTHP I M D KG LL LIEY Q DK AYL SD L T AVLDS AEKK Q T INVGNINNDKKDETY 1 7 1  ... DQMSMNTL GA TSFV TDADVQ I M A KG IL LLSY K EK VYL TE F V AIMEA VQNN Q T RSVGNI KDVQEF 174  
DKRSVHTL SA ISLI TEGESQ L L S RG LL LLDH E NC VFL TD Y I AIMEK GQNG H S ICVENF....NDVSY 173  
ERRTVNMI C.4 VCFI VDTSNQ L L E QE LI IIDH K QT VYI AD L V RVLDT AEKN Q T VNILTT....TEEGY 167  ........ TSFC .. LH .... TPSFP ...... FV.Q . W L  .. A..S....Y.W..F...YD..RG.S.LQ.....A....W.V.A............... 

100 pM L-GIu 50 pM AMPA 50 pM Quis 100 pM KA - - - - 

I Y AVQ MT A RN K RIEI N V G VEIE A KQ QVE LS IK DQN K I INIM L TN P I SEV 3 7 1  
L H AIL IA A RY R RVDV S V S IDIE A KM QVQ MT IQ DTY R T IDVY M VS S A NEY 374 

Y GVL MA T RS R KID1 N A G IDME T KQ RIQ LT VQ DHY R V M D W  L ST P V NDM 372 
6 Y GVK MA A QS R RID1 N V G IDIQ A QQ W E  LT VQ NEK R T LHVI M HD I I NED 367 
.KYTSALT.D...V..E.F..LR.Q....SRRG.AGDCLANPA.PW.QG....R.L..V...G..GN..F...G.R.~T....E.K..G.W.GW... 

DKMWTLTELPSGN TSGLE K W L S M HEML ER D A CGFK KLT G AD I K 471  
ERF.VPFSDQQISN SSSSE R IV L S Y HEQL ER D Y VRIK KLS G PE I R 473 
DKLVLIQDMPTLGN TAAIE R W M S Y HEMF DK D S IGIK KIA P AD I K 472 
DKFVPAATDAQAGG NSSVQ R YI L D L ANQF DR E A VGYS RLE S PD A R 467 

.. .............. D ..... N.T VTTI.E.PYVM .KKN....EGN..YEGYCV.LIL.EIAKH....Y...IV.DGKYGARD..TK.WNGMVGELVY G. 

T R VR &EVA S Y Y  I I S G A  769 
S K TK ADVA S F F  I V A G A  773 
T R TR AE VA S F F T V S G A  770 
T K VL EEMI T Y Y  I I A R P  765  

MW.YM.S&EPS~..TT..G..R~.KGK.A.LLESTMNEY.EQRKPCDTMKVGGNLDSKGYG.ATPKG~.L.N.~~~KLNEQGLLDKLKNK~YD * 
.................. S E .................. A A VAK PQNINPSSSQNSQ FATYKEG 8 5 1  

S D ............. A S LTK TQNFKPAPATNTQ YATYREG 855 
S D A A LTFSEATR K.ARLSITGSVGE GRVLTPD 856 
T D S S GFCLIPQQSINEAIRTSTLPR SGAGASGGGGSGE GRWSQD 865 

N N....... ..................... ............. 
YNVYGIESVKI 862 GLUR-B 
YNVYGTESVKI 866 GLUR-C 
CPKAVHTGTAIRQSSGLAVIASDLP 8 8 1  GLUR-D 
FPKSMQSIPSMSHSSGMPLGATGL 889 GLUR-A ......................... 
Fig. 1. Comparison of polypeptide sequences encoded by four putative glutamate receptor cDNAs. 
Sequences presented in single-letter code (25) and numbered on the right in the order of GluR-B, -C, 
-D, -A. Only differences from a consensus sequence are listed. GluR-A is identical to GluR-IU (5). 
Arrow indicates the predicted mature NHz-termini. Consensus NHz-linked glycosylation sites are 
underlined, putative transmembrane regions are boxed, and consensus phosphorylation sites are 
indicated by + (Caz+-calmodulin-dependent protein kinase 11) and * (protein kinase C). Two degen- 
erate oligonucleotide primers designed to peptide sequences conserved in Glu-R-IU (5) and two kainate 
binding proteins (6) were used to amplify homologous sequences from rat brain cDNA by PCR (26). 
The amplified DNA (-520 bp) was excised from the gel and subcloned into MI3 vectors for sequence 
analysis, taking advantage of the restriction endonuclease sites present in the 5' ends of the primers. 
Cloned full-length cDNAs having sequences identified from'the PCR products as encoding putative 
glutamate receptors were obtained by screening rat brain cDNA libraries (msert size >3.5 kb) 
constructed in A ZAP I1 (Stratagene, CA) and AgtlO vectors, with 3zP-labeled PCR fragments as 
probes. The complete nucleotide sequences are deposited in the GenBank-EMBL database, accession 
numbers M36418 (GluR-A), M36419 (GluR-B), M36420 (GluR-C), M36421 (GluR-D). 

C 1 pM CNQX 

100pMKA 100pMKA l00pMKA 

73'- J ~ O ~ A ~  

5 s 

Fig. 2. Agonist-evoked current mediated by coex- 
pressed GluR-A and -B receptors. (A) Compari- 
son of inward currents at - 60 mV activated by 5- 
s applications (denoted by bars) of 100 FM L- 

glutamate (L-Glu), 50 pM AMPA, 50 pM quis- 
qualate (Quis), and 100 pM kainate (KA) to the 
same cell. (B) Interaction between AMPA and 
kainate. Traces show inward current'activated by 
100 p+M kainate in the presence and absence of 5 
pM AMPA. AMPA alone induced a small current 
and markedly reduced the kainate-evoked current 
when applied before AMPA. The currents evoked 
by AMPA and kainate were not additive, suggest- 
ing that at 5 pM AMPA bound to a large fraction 
of the available receptors without activating them. 
The effect was reversible as shown in the right 
trace. (C) Reversible block of kainate before, 
during, and after perfusion of CNQX. The cell 
was bathed in CNQX for 3 rnin before kainate 
plus CNQX was applied. CNQX alone produced 
no current (n = 6). The right trace was obtained 
approximately 5 min after wash with control 
extracellular solution. 
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AMPA (nM) log [competitor] (M) 

Fig. 3. Binding of r3~]AMPA to GluR-B expressing cells. (A) Saturation binding isotherm and 
Scatchard plot (inset). Aliquots of homogenate of cells transiently expressing GluR-B were incubated in 
triplicate in 0.5 ml containing 30 mM tris-HCI, pH 7.2, 2.5 mM CaC12, 100 ,mM potassium 
thiocyanate with 1 to 100 nM r3H]AMPA (29.2 Cilmmol; New England Nuclear) for 30 min at WC, 
followed by rapid filtration through GF/C filters (14). Nonspecific binding was obtained by including 1 
mM glutamate in the binding assay. The calculated Kd value is 11 nM; the maximum binding (B,,,) 
corresponds to 40,000 sites per cell. (B) Displacement of [3~]AMPA binding by unlabeled quisqualate 
(O), glutamate (A), and kainate (0). Binding was performed as above but with 5 nM [3H]AMPA in 
the presehce of increasing concentrations of unlabeled competitor. Results are expressed as percentage 
of maximal specific binding, obtained in the absence of competitor. The IC5,, values for quisqualate, 
glutamate, and kainate are 9 nM, 490 nM, and 9 pM, respectively. The ex eriment was performed three P times with essentially identical results. NMDA (50 pM) did not affect [ HIAMPA binding. 

cating that hetero-oligomeric receptors may 
assemble more efficiently or differ in their 
channel properties from homo-oligomeric 
receptors. 

Further electrophysiological tests on 
coexpressed GluR-A and -B receptors 
showed activation by L-glutamate, quisqua- 
late, AMPA, and kainate (Fig. 2A). The 
average amplitudes of agonist-evoked in- 
ward currents were (mean ) SEM, n = 7) 
68 -t 16 pA for 100 yM L-glutamate, 16 -t 
3 pA for 50 yM quisqualate, and 200 ? 55 
pA for 100 yM kainate. Differences in affin- 
ity could account for the variation in current 
amplitude among these agonists, implying 
that kainate has the highest af i i ty  for the 
receptor. However, an alternative explana- 
tion is that L-glutamate, quisqualate, and 
AMPA may hnction as partial agonists at 
this receptor with kainate a full agonist. 
Consistent with this latter possibility, when 
kainate (100 yM) was applied in the pres- 
ence of AMPA (5 yM) the amplitude of 
kainate-evoked current (Fig. 2B) was re- 
duced to 40 & 2% of control (13) (n = 4). 
Furthermore, currents were potently 
blocked by the non-NMDA receptor antag- 
onist CNQX (6,7-dinitroquinoxaline-2,3- 
done) (14). At 1 yM, CNQX reduced the 
currents evoked by 100 yM kainate to 39 2 

3% of control (n = 6 )  (Fig. 2C). These 
results extend those reported for the GluR- 
Kl receptor expressed in Xenopus oocytes 
(5). Indeed, the pharmacological properties 
of the coexpressed GluR-A and -B receptors 
resemble those of the non-NMDA receptor 

results suggest that the four receptors be- 
long to the AMPA receptor family. 

To study the pharmacology of the recom- 
binantly expressed receptors (lo), we per- 
formed ligand binding studies with low con- 
centrations of [3H]AMPA and ~ ~ ~ l k a i n a t e .  
At 5-nM labeled ligand (14), only specific 
[3H]AMPA binding was observed. Repre- 
sentative results obtained from GluR-B 
(Fig. 3) show that [3H]AMPA bound to a 
single class of high-afTinity sites having a 
dissociation constant (Kd) of 12 2 2 nM (n 
= 3), in good agreement with the high- 
af i i ty  [ 3 ~ ] A M ~ A  site in brain membranes 
(1 7, 18). Binding was most effectively com- 
peted by quisqualate, followed by gluta- 
mate. and least effectivelv bv kainate. This , , 
order of potency for displacement is diag- 
nostic of the AMPA receptor (14, 17) and 
was displayed by each of the four receptors 
and the combination of Glu-R-A and -B. 
This order differs from that of the high- 
affinity kainate receptors, which show a rank 
order. of kainate>quisqualate>glutamate 
(19). Moreover, CNQX inhibited 
r3~]AMPA binding at GluR-B with an 
inhibitory constant of 320 nM, close to the 
value reported for the rat cortical AMPA 
receptor (1 4). Hence, the pharmacological 
properties displayed by GluR-A, -B, -C, and 
-D are hallmarks of AMPA receptors. 

The pattern of receptor expression in rat 
brain as visualized by in situ hybridization 
revealed that the m h ~ s  encoding the re- 
ceptors are expressed prominently through- 
out the neuroaxis, with detailed differences 

expressed in oocytes from brain ~ R N A  (15) apparent in their regional distribution (Fig. 
and of neuronal non-NMDA receptors (16). 4). In cerebral cortex, the expression pat- 
By demonstrating AMPA sensitivity, our terns of GluR-A, -C and -D mRNAs clearly 

differ among layers, while GluR-B mRNA is 
uniformly found in all layers. Only low 
levels of GluR-A and -C mRNA occur in 
layers I11 and IV, whereas GluR-D expres- 
sion appears to be elevated in this region. In 
the entorhinal cortex, GluR-A mRNA is 
conspicuously low (Fig. 4A), while GluR-D 
mRNA is prominent in this area (Fig. 4D). 
All mRNAs are found in caudate-putamen. 
In the hippocampus, the GluR-A, -By and 
-C mRNAs are abundantly expressed in 
dentate gyms and the pyramidal cell layer, 
with no apparent gradient of expression 
between CA1 and CA3. In contrast, GluR- 
D mRNA levels are relatively high in CA1 
and in dentate gyrus but diminish signifi- 
cantly in CA3-CA4. 

Other differences in regional expression 
patterns are seen in the hypothalamic-tha- 
lamic-amygdaloid areas. The GluR-A and -B 
mRNAs are expressed in hypothalamic nu- 
clei such as the ventral medial area, where 
GluR-C and -D mRNA expression is scarce 
(Fig. 4, E to H).  Thalamic mRNA levels of 
all the receptors are low, although the GluR- 
D gene seems to be the most ubiquitously 
expressed in thalamus, with particularly high 
levels in the reticular thalamic nucleus (Fig. 
4, D and H). In the amygdala, GluR-A and 
-B mRNAs are abundant in all nuclei, 
whereas GluR-C mRNA is found in more 
restricted locations such as the lateral amyg- 
daloid nucleus. 

The differential cellular distribution of the 
four mRNAs is illustrated in cerebellum. 
Low power darkfield (Fig. 4, I through L) 
and high-power brighttield (not shown) re- 
veal for GluR-A mRNA a continuous heavy 
line of silver grains, indicative of simulta- 
neous expression in the interspersed Purkin- 

Fig. 4. In situ hybridization of AMPA glutamate 
receptor mRNAs in horizontal and coronal sec- 
tions of rat brain. (A and E) GluR-A distribution; 
(B and F) GluR-B (C and G) GluR-C; (D and H) 
GluR-D. Cb, cerebellum; CIC, central nucleus of 
the inferior colliculus; CPu, caudate putamen; Cx, 
cortex; DG, dentate gyms; E, entorhinal cortex; 
La, lateral amygdaloid nucleus; Me, medial amyg- 
daloid nucleus; OB, olfactory bulb; Rt, reticular 
thalamic nucleus; S, septal nuclei; SC, superior 
colliculus (deep layers); VM, ventral, medial tha- 
lamic nucleus. Exposure time was 1 week on 
Kodak XAR-5 film. (H) is printed lighter to 
facilitate visualization of detail. (I through L) 
Low power, darkfield photomicrographs of cere- 
bellum. (I) GluR-A distribution; arrowheads indi- 
cate continuous line of silver grains along the 
Purkinje-Bergmann layer. (J) GluR-B; arrow- 
heads indicate labeled Purkinje cell. (K) GluR-C; 
unlabeled arrowheads indicate clusters of silver 
grains in molecular layer over stellate-basket cells. 
(L) GluR-D; arrowheads as in (I). gr, granule cell 
layer; mol, molecular layer; P, Purkinje cells; wm, 
white matter. In situ hybridization was performed 
as described (27). Scale bars: (H), 3.7 mm; (L), 
500 pm. 
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je and Bergmann glia cells. From this line of der development (2, 24), the cloned AMPA 20. 7. H. Rogers and S. p. Hunt, Neuroscience 23,343 
(1987). 

cells, silver grains spread into the molecular receptor cDNAs should lead to a better 21, D, T, Monaehan. D, Yao. C, W, Brain 
layer, - tracing the extended understanding of the role of excitatory ami- 324, 160 5984); E. ~ielsen,  J. H. J. Cha, T. 

Bergmann glia cytoplasm (20). The granule no acid receptors in the normal and diseased z:gk {g ~ 9 ~ ~ ~ ~ ~ ~ , " , " f , " ~ ~ J ~ ~ ~ ~  
cells are not decorated by the GhR-A central nervous system. Trends Pharmacol. Sci. 11, 126 (1990). 

probe. The GluR-B m ~ N k  is present at 22. D. T. Monaghan and C. W. Cotman, Brain Res. 
REFERENCES AND NOTES 252,91 (1982); L. P. Miller, A. E. Johnson, R. E. high levels in Purkinje cells and granule cells Gelhard. T. R. Insel. Neuroscience 35. 45 (1990). 

b i t  not Bergmann glia. High-power bright- 
field reveals many silver grains over the 
granule cells, but the heavy thionin stain 
precludes grain reflection under darkfield 
(Fig. 4J). The GluR-C gene is expressed in 
Purkinje cells, stellate-basket cells, and possi- 
bly in Golgi type I1 cells, with no detectable 
expression in granule cells or Bergmann glia 
cells. GluR-D mRNA is heavily expressed in 
granule cells as observed under high-power 
brightfield, in some stellate-basket cells re- 
siding in the inner half of the molecular 
layer, and in putative Bergmann glia. Pur- 
kinie' cells do not seem to express this 
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