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Molecular Cloning and Functional Expression of
Glutamate Receptor Subunit Genes

Jim BOULTER, MICHAEL HOLLMANN, ANNE O’SHEA-GREENFIELD,
MEL1SSA HARTLEY, EVAN DENERIS,* CORNELIA MARON,

STEPHEN HEINEMANN

Three closely related genes, GluR1, GluR2, and GluR3, encode receptor subunits for
the excitatory neurotransmitter glutamate. The proteins encoded by the individual
genes form homomeric ion channels in Xenopus oocytes that are sensitive to glutama-
tergic agonists such as kainate and quisqualate but not to N-methyl-D-aspartate,
indicating that binding sites for kainate and quisqualate exist on single receptor
polypeptides. In addition, kainate-evoked conductances are potentiated in oocytes
expressing two or more of the cloned receptor subunits. Electrophysiological responses
obtained with certain subunit combinations show agonist profiles and current-voltage
relations that are similar to those obtained in vivo. Finally, in situ hybridization
histochemistry reveals that these genes are transcribed in shared neuroanatomical loci.
Thus, as with y-aminobutyric acid, glycine, and nicotinic acetylcholine receptors,
native kainate-quisqualate—sensitive glutamate receptors form a family of heteromeric

proteins.

T HE AMINO ACID L-GLUTAMATE ACTS
as an excitatory neurotransmitter at
many synapses in the mammalian
central nervous system. Glutamate is in-
volved in fast excitatory synaptic transmis-
sion (1), the regulation of neurotransmitter
release (2), long-term potentiation, learning
and memory (3), developmental synaptic
plasticity (4), hypoxic-ischemic damage and
neuronal cell death (5), epileptiform seizures
(6), as well as the pathogenesis of several
neurodegenerative disorders (7). This func-
tional diversity is reflected by complex elec-
trophysiology and pharmacology in which
glutamate acts via disparate receptors and
conductance mechanisms (8). Glutamate re-
ceptor classification schemes are based on
pharmacological criteria that define five re-
ceptor subtypes or classes: receptors gating
cation-selective ion channels that are activat-
ed by N-methyl-D-aspartic acid (NMDA),
kainic acid (KA), a-amino-3-hydroxy-5-
methyl-isoxazole-4-propionic acid (AMPA)
(formerly called the quisqualic acid or QUIS
receptor), or 2-amino-4-phosphonobutyric
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acid (AP4), and the metabotropic receptor
activated by 1-amino-cyclopentyl-1,3-dicar-
boxylic acid (ACPD).

The relation between the KA and AMPA
receptor subtypes and the channels they gate
is uncertain. It is not known if KA and
AMPA activate the same receptor-channel
complex with different efficacies or if dis-
tinct receptor-channel complexes exist for
these agonists (9). Since no specific antago-
nists are available that distinguish KA- from
AMPA-evoked responses, the existence of
two non-NMDA receptor subtypes has been
inferred from the differential 3potcncy of
sgcciﬁc agonists. Results from ["H]KA and
["H]JAMPA binding studies have been cited
as evidence both for (10) and against (11)
the hypothesis of distinct KA and AMPA
receptor subtypes. However, definitive con-
clusions are difficult to make because of the
uncertain relation between binding sites and
the effector sites for depolarization.

To investigate the relation between struc-
ture and function of the various glutamate
receptor subtypes we have applied molecular
biological techniques. As a first step, we
used an expression cloning approach to iso-
late a ¢<DNA clone, GluR1 (12), which
encodes a 99,800-dalton protein capable of
forming a homomeric, KA-gated ion chan-
nel in Xenopus oocytes (13). Our initial

results suggested that the KA responses
measured in oocytes injected with in vitro
synthesized GluR1 RNA or rat brain poly-
adenylated [poly(A*)] RNA were indistin-
guishable. We have now tested whether the
GluR1 gene is a member of a larger, gluta-
mate receptor subunit gene family and
whether the proteins encoded by these relat-
ed genes function as subunits of glutamate
receptors other than the KA subtype.

Complementary DNA clones encoding
the GluR2 (ARB14) and GluR3 (ARB312)
genes were isolated from an adult rat fore-
brain library by using a low-stringency hy-
bridization screening protocol and a radiola-
beled fragment of the GluR1 cDNA as a
probe (14) (Fig. 1). The calculated molecu-
lar weights of the mature, nonglycosylated
forms of GluR2 and GluR 3 are 96,400 (862
amino acids) and 98,000 (866 amino acids),
respectively. Potential N-linked glycosyl-
ation sites occur in the GluR2 protein at
Asn® Asn®®, Asn®® Asn3®?, and Asn®®
and in the GluR3 protein at Asn*, Asn?®,
Asn®? Asn®®, and Asn®®*. As for GluR1
(12), the hydrophobicity profiles for GluR2
and GIuRa3 reveal five strongly hydrophobic
regions: one such domain is located at the
NH,-terminus of each protein and has char-
acteristics of a signal peptide (15), while four
additional hydrophobic regions probably
form membrane-spanning helices (16)
(MSR I to IV) (Fig. 1 and below) and are
located in the COOH-terminal half of each
polypeptide.

Significant sequence identity exists be-
tween GluR1 and both GluR2 (70%) and
GluR3 (69%) as well as between GluR2 and
GluR3 (74%), particularly in the COOH-
terminal half of each protein. This region
includes the four postulated membrane-
spanning regions where, acknowledging five
conservative substitutions, there is complete
sequence identity. An unexpected finding is
the extensive sequence identity (allowing
conservative substitutions, 98%) in the seg-
ment between MSR III and IV. In other
ligand-gated ion channels this region, mod-
eled to be part of a cytoplasmic loop, shows
the highest intersubunit variation in both
length and sequence.

To test whether the GluR2 and GluR3
proteins function as homomeric, KA-sensi-
tive ion channels, we injected oocytes with
RNA transcripts synthesized in vitro from
individual cDNA clones (17). Both GluR2-
and GluR3-injected oocytes depolarized in
response to bath application of 100 uM KA
(Fig. 2A). However, the amplitudes of the
KA responses were not equivalent for the
glutamate receptor subunits: with equal
amounts of injected RNA (2 ng), responses
in GluR3 RNA-injected oocytes were in-
variably larger than GluR1 responses. KA-
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evoked depolarizations in GluR2-injected
oocytes were the smallest and could only be
detected in oocytes injected with larger
amounts of RNA (10 to 25 ng).

Oocytes injected with GluR1 or GluR3
also respond to QUIS (10 pM), AMPA (50
M), and glutamate (100 wM) (Fig. 2B).
No detectable responses were obtained with
NMDA (30 pM plus 10 uM glycine) or
AP4 (50 pM, not shown). Responses ob-
tained from oocytes injected with GluR2

Fig. 1. Alignment of de-

duced amino acid se- E.

quences for the GluR1,
GluR2, and GluR3 sub-
units of the glutamate
receptor  gene  family.
Aligned positions with
identical amino acids in
all compared sequences
are boxed against a black
und.  Predicted

signal peptides (15) and
four potential membrane
regions (MSR,

I to IV) (16) are indicat-
ed. A, potential N-
linked glycosylation site
in one or more of the

subunits. Sequence anal-
ysis was rmed with
programs from the Uni-

versity of Wisconsin Ge-
netics Computer Group
9).

RNA were too small for reproducible quan-
titation and were, therefore, excluded from
this analysis. For GluR1-injected oocytes
the responses to AMPA and QUIS were 35
to 40% of the response to 100 pM KA (18),
while for GluR3 they were about 10% of
the KA response. Relative to KA, the re-
sponse of GluR1 to domoic acid (10 pM)
was about sixfold greater than that for
GluR3. Thus, receptors assembled from
GluR1 or GluR 3 subunits are pharmacolog-

ically distinct. Furthermore, the observation
that homomeric GluR1 and GluR3

tors respond to both QUIS and AMPA
provides evidence that KA, QUIS, and
AMPA can bind to the same receptor poly-
peptide.

The pharmacological profile of oocytes
injected with individual GluR1 or GluR3
subunit RNAs was significantly different
than that seen in oocytes injected with rat
brain hippocampal poly(A*) RNA (19). It
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Fig. 2. Comparison of current res,

mea-
sured in Xenopus injected with individual
GluR1, GluR2, and GluR3 subunit RNAs, com-
binations of subunits, or rat brain hi pal
poly(A*) RNA. (A) Responses of oocytes to 100
pM KA measured 3 days after injection of indi-
vidual GiuR1 (2 ng), GluR2 (10 ng), or GluR3
(2 ng) RNA. The inset shows examples of voltage
recording traces obtained from such oocytes ex-
cept that the GluR2 res was obtained 5 days
after injection of 25 ng of RNA. (B) Responses of
oocytes to the indicated agonists measured 3 days
after injection with GluR1 (2 ng) or GluR3 (2
ng) RNA or adult rat brain hi po-
ly(A*) RNA (~50 ng). K, kainate; D, domoic
acid; N, NMDA; G, glutamatc, Q qmsqualatc

A, AMPA. ©) Raponsa of oocytes expressing
combinations of GluR subunits to 100 pM KA
measured 3 days after injection of 2 ng of RNA
for each of the indicated GluR subunits. Open
columns,d\csumofthcmpotwmcasuredm
oocytes exp! the individual GluR subunit
RNAs (predlcmd), shaded columns, the measured
amplitudes after ion of the GluR sub-
unit RNAs in individual oocytes. (D) Responses
of oocytes expressing combinations of GluR sub-
units to the indicated ists measured 3 days
after injection of 2 ng of RNA for cach of the
indicated GluR subunits or 50 ng of rat brain
hippocampal poly(A*) RNA. Sce (B) for agonist
identification. All values have been normalized to
the response obtained with 100 pM KA and are
presented as the mean *+ SEM with n = 3 for all

measurements. All oocytes were voltage-clamped
to —70 mV and recordings performed as de-
scribed (13).
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is possible that the responses seen in oocytes
injected with hippocampal RNA are mediat-
ed by heteromeric glutamate receptors as-
sembled from various combinations of
GluR1, GluR2, and GluR3 subunit poly-
peptides, especially since all three GluR sub-
unit genes are actively transcribed in the
hippocampus (see below). We therefore de-
termined whether the proteins encoded by
GluR1, GluR2, and GluR3 could form
functional heteromeric receptors.

We compared the KA-activated currents
recorded from oocytes injected with mix-
tures of GluR1, GluR2, and GluR3 subunit
RNAs with the summed currents for the
individual subunits (Fig. 2C). Kainate-
evoked currents were potentiated in oocytes
co-expressing GluR1 plus GluR2 subunits
(approximately fourfold over the summed
responses) or GluR2 plus GluR3 subunits
(approximately twofold). Injection of all
three subunit RNAs resulted in an average
2.5-fold increase in KA-evoked currents.
Thus, in oocytes individual GluR subunit
polypeptides interact with each other. Such
interaction may result in the generation of
heteromeric glutamate receptors with prop-
erties distinct from receptors composed of
one type of GluR subunits.

For the agonists we tested, there were few
substantial differences in the pharmacology
of the various receptors (Fig. 2, B and D).
However, the responses to QUIS, AMPA,
and GLU were, relative to GluR1, signifi-
cantly reduced in the oocytes expressing the
subunit combinations. Except for the
NMDA response, the overall agonist pro-
files for oocytes injected with GluR subunit
combinations were more similar to es
containing hippocampal poly(A*) RNA
than to those injected with either GluR1 or

We examined the current-voltage (I/V)
relations for KA-evoked responses in oo-
cytes injected with individual GluR subunit
RNAs (Fig. 3A), oocytes expressing combi-
nations of subunits (Fig. 3, B and C) and,
for purposes of comparison, oocytes ex-
pressing hippocampal poly(A*) RNA (Fig.
3A). As reported (20), the KA responses in
oocytes injected with brain poly(A*) RNA
show an approximately linear I/V relation
with a reversal potential of about —10 mV.
This result is in contrast to the I/V curves
for oocytes injected with single GluR1 or
GluR3 subunit RNA. The GluR1l and
GluR3 I/V curves show strong inward recti-
fication and reversal potendals near —40
mV. Therefore, the KA-sensitive receptors
in oocytes injected with hippocampal RNA
are different from those assembled by oo-
cytes injected with GluR1 or GluR3 subunit
RNAs.

The I/V curve for the GluR1 plus GluR2
combination was different from that ob-
served for the GluR1 subunit alone (Fig.
3B). Oocytes injected with this pair of
RNAs showed a nearly linear I/V plot and
had a reversal potential of approximately
—10 mV. This plot was similar to that of
oocytes injected with hippocampal RNA
(Fig. 3A). In contrast, the I/V curve for the
GluR1 plus GluR3 combination was only
marginally different from those measured in
oocytes expressing the individual subunits.
There was some inward rectification in the
I/V curve for GluR2 plus GluR3, as well as
a reversal potential somewhat more negative
(=20 mV) than those determined for
GluR1 plus GluR2 or hippocampal RNA
(—10 mV) (Fig. 3C). When all three sub-
unit RNAs were combined in a single oo-
cyte, the resulting I/V curve approximated

nation in both reversal potential and slope;
however, the responses with three subunits
showed a pronounced inward rectification
not observed with GluR1 plus GluR2.
Our data are consistent with the idea that
glutamate receptors can be assembled from
either individual GluR1, GluR2, or GluR3
subunits (homomeric) or from combina-

GluR1

awre| £

GluR3|

oy
A

% »
e o
P’

Fig. 4. The localization of GluR1, GluR2, and
GluR3 RNA in the adult rat brain with in situ
hybridization histochemistry. Coronal sections
and [**S]antisense RNA probes were prepared as
described (21). AMG, amygdala; CAl and CA3,
regions within the hippocampus; CP, caudate-
putamen; DG, dentate gyrus; HYP, hypothala-

Fig. 3. Current responses to 100 pM KA as a function of membrane
es injected with rat brain hippocam-

potential. (A) Data obtained from

Holding potential (mV)

GluR3 subunit RNA alone. that seen for the GluR1 plus GluR2 combi-  mus; MH, medial habenula; PIR, piriform cortex.
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RNAs or all three GluR subunit RNAs. Recordings were made from oocytes
3 days after injection of 2 ng of RNA for each GluR subunit. Voltages were

pal poly(A™) RNA (50 ng) (Hi), GluR1 RNA, or GluR3 RNA, (B) GluR1
plus GluR2 RNAs or GluR1 plus GluR3 RNAs, and (C) GluR2 plus GluR3
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stepped by 10 mV between ~150 mV and +50 mV, and all values were
normalized to the response measured at —~70 mV.
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tions of subunit polypeptides (heteromeric).
Both types of receptors are sensitive to KA
and, to a lesser extent, AMPA, QUIS, and
GLU. Electropharmacological responses
observed with certain GluR subunit combi-
nations (those containing GluR2) are more
like responses elicited from oocytes injected
with hippocampal RNA than responses
from oocytes injected with an individual
subunit. Thus, some KA-AMPA-sensitive
glutamate receptors may be made up in vivo
of two or more of the polypeptides encoded
by the GluR1, GluR2, or GluR3 genes.

The hypothesis that the subunits encoded
by the three genes could form heteromeric
receptors in vivo can be disproven by show-
ing that the individual subunit genes are
transcribed in different neuroanatomical
loci. We examined the distribution of
GluR1, GluR2, and GluR3 RNAs in the
adult rat brain with radiolabeled antisense
RNA probes and in situ hybridization histo-
chemistry (21). The hybridization patterns
obtained with the GluR1l, GluR2, and
GlIuR3 probes were nearly identical, with
the strongest hybridization seen in the CA1-
CA3 regions of the hippocampus and the
dentate gyrus (Fig. 4). High-resolution
analysis of these areas suggested that the
hybridization signal originates in the pyra-
midal cell layer of regions CA1-CA3 and the
granule cell layer of the dentate gyrus (22).
Somewhat weaker hybridization of all three
probes was seen in the piriform cortex,
caudate-putamen, amygdala, and hypothala-
mus. Low levels of hybridization were de-
tected in the thalamus, with little or no
signal observed in fiber tracts. Although
differential hybridization was seen in the
medial habenula and neocortex, the overall
patterns of expression for the GluRI,
GluR2, and GIuR3 subunit genes showed
substantial concordance.

In conclusion, there exists a family of
related but distinct genes encoding subunits
of glutamate receptors. The full complement
of genes is, at present, unknown; however,
preliminary results suggest the existence of
at least two additional, related genes (23).
The GluR subunit polypeptides do not,
either individually or in concert, form de-
tectable NMDA or AP4-sensitive receptors
in oocytes. Likewise, it is doubtful that
the metabotropic ACPD subtype is assem-
bled from these subunits since QUIS, an
ACPD receptor agonist, does not evoke the
slow-onset, oscillating waveforms typical of
a metabotropic response (24). However,
oocytes expressing individual GluR subunits
or combinations of subunits respond to
both KA and AMPA-QUIS. That KA and
AMPA-QUIS can bind to and activate the
same receptor polypeptide supports the exis-
tence of unitary KA-AMPA receptors in the
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vertebrate central nervous system (11, 25).
For all combinations of glutamate receptors,
the strongest responses were elicited by KA
and domoate. Although the basis for this
preference is unknown, the observed re-
sponses may have been obtained from gluta-

-mate receptors that were in desensitized

configurations. Finally, our data do not rule
out the existence of receptor-ionophore
complexes in vivo that are uniquely acti-
vated by KA or AMPA or that prefer
AMPA.

Since the I-V relations of KA-superfused
oocytes vary with the GluR subunit or
combination of subunit RNAs injected, a
variety of structurally and functionally dis-
tinct KA-AMPA receptor-channel complexes
may exist in vivo. Indeed, whole-cell volt-
age-clamp recording data from cultured rat
hippocampal neurons reveal the presence of
two KA responses, which differ in their
rectification properties and their permeabili-
ty to Ca’* (26). I/V plots from these neu-
rons had reversal potentials near 0 mV;
however, in about 70% of the cells the KA
responses showed slight outward rectifica-
tion (type I response), while the remaining
30% were characterized by a marked inward
rectification (type II response). Because of
differences in the recording conditions, di-
rect comparisons of the type I and type II
KA responses with those described here for
the GluR subunits is not possible; however,
it seems likely that the type I and II respons-
es are mediated by structurally distinct KA
receptors since the rectification properties of
KA-sensitive ion channels can be influenced
by subunit composition (Fig. 4).

Although our results begin to define the
molecular basis for glutamate receptor func-
tion and diversity, a complete molecular and
physiological description of glutamate re-
ceptor subtypes will require knowledge of
the entire repertoire of receptor subunit
genes, the subunit composition and stoichi-
ometry of each receptor subtype, as well as
an identification of the cell types that
elaborate these combinations of subunits
27).

Note added in proof: After we submitted
this manuscript, Keinidnen et al. (28) de-
scribed the isolation and characterization of
four rat brain cDNA clones that encode a
family of AMPA-selective glutamate recep-
tor subunits. The first of these cDNA
clones, designated GluR-A, is identical to
GluR1 [previously named GluR-K1 (12)]
except for amino acid residues 680 (Leu for
Arg), 692 (Thr for Ser) and 875 (Ser for
Cys). Clones GluR-B and GluR2 are identi-
cal, while a third clone, GluR-C, has the
same sequence as GluR3 except for amino
acid positions 495 (Lys for Asn) and 496
(Pro for Ala).
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Stereoscopic Depth Discrimination in the Visual
Cortex: Neurons Ideally Suited as Disparity Detectors

Izumi OHzAWA,* GREGORY C. DEANGELIS, RaLPH D. FREEMAN

The possibility has been explored that a subset of physiologically identifiable cells in
the visual cortex is especially suited for the processing of stereoscopic depth informa-
tion. First, characteristics of a disparity detector that would be useful for such
processing were outlined. Then, a method was devised by which detailed binocular
response data were obtained from cortical cells. In addition, a model of the disparity
detector was developed that includes a plausible hierarchical arrangement of cortical
cells. Data from the cells compare well with the requirements for the archetypal
disparity detector and are in excellent agreement with the predictions of the model.
These results demonstrate that a specific type of cortical neuron exhibits the desired

characteristics of a disparity detector.

HE NEURAL PROCESS OF STEREO-

scopic depth  discrimination  is

thought to be initiated in the visual
cortex. However, the mechanisms of this
neural process are not clear (7). One funda-
mental question concerns the roles of specif-
ic cell types in the processing of information
concerning stereoscopic depth. The two ma-
jor subdivisions of cortical cells, as deter-
mined physiologically, are “simple” and
“complex.” Simple cells have receptive fields
(RFs) that consist of spatially separate sub-
regions that respond to either onset or offset
of a flashed stationary bar of light (o~ or
OFF responses). Alternatively, a bar stimulus
that is brighter or darker than the back-
ground may be used to classify a simple cell
(Fig. 1A) (2). Complex cells, on the other
hand, respond to a stimulus anywhere with-
in the RF for both bright and dark bars
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(Fig. 1B). Complex cells, therefore, are in-
sensitive to contrast polarity, that is, wheth-
er the stimulus is darker or brighter than the
background, and are only broadly selective
to stimulus position. Upon cursory analysis,
these monocular characteristics of complex
cells appear inappropriate for fine stereo-
scopic depth discrimination because precise
position and contrast information are not
available. However, the study of binocular
properties of these cells, reported here, dem-
onstrates that a proportion of complex cells
is especially suited as fine binocular disparity
sensors (3). A model of this sensor provides
quantitative predictions that may be com-
pared with responses of cells.

What additional binocular properties of
complex cells are required in order to create
a suitable disparity detector? First, the dis-
parity selectivity of complex cells must be
much finer than that predicted by the size of
the RFs (4). Second, the preferred disparity
must be constant for all stimulus positions
within the RF. Third, incorrect contrast
polarity combinations should be ineffective

if presented at the optimal disparity for the
matched polarity pair, that is, a combination
of a bright bar to one eye and a dark bar to
the other should not elicit a response at the
preferred disparity of the detector.

The first two requirements are illustrated
in Fig. 2. In Fig. 2A, a cross-sectional view
is shown of the plane containing the two
eyes and the RFs. The RF of a cortical
neuron is depicted in image space on left eye
and right eye retinas. When extended into
object space, the intersections between left
and right RF projections define the region
that is “viewed” by the cell through both
eyes (hatched, diamond-shaped zone).
Planes of constant disparities are indicated
by horizontal lines for uncrossed (positive)
and crossed (negative) disparities. If a neu-
ron simply detects the simultaneous pres-
ence of a stimulus within both left eye and
right eye RFs, any stimulus that falls within
the diamond-shaped zone will excite the cell.
Because this region spans a wide range of
binocular disparities, the neuron is limited
to crude disparity sensitivity. A disparity
detector must respond to a much more
restricted range of visual space. In this case,
the dark shaded oval region around zero
disparity represents a suitable zone.

A graphical depiction of this region is
shown in Fig. 2B. Stimulus positions along
the left eye and right eye RFs are represent-
ed on the x1, and xg axes, respectively. The
diagonal slope represents a plane of constant
(zero) disparity. As in Fig. 2A, a region of
visual space is defined (hatched square)
within which left eye and right eye RFs are
jointly stimulated. The dark shaded area
corresponding to the oval in the upper part
of the figure is shown along the diagonal,
which represents zero disparity. Again, this
latter zone represents the narrow response
range of our disparity detector tuned to a
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