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Functional glutamate receptors (GluRs) were transiently expressed in cultured mam-
malian cells from cloned complementary DNAs encoding GluR-A, -B, -C, or -D
polypeptides. The steady-state current-voltage (I-V) relations of glutamate- and
kainate-induced currents through homomeric channels fell into two classes: channels
composed of either the GluR-A, -C, and -D subunits showed doubly rectifying I-V
curves, and channels composed of the GluR-B subunits displayed simple outward
rectification. The presence of GluR-B subunits in heteromeric GluRs determined the
I-V behavior of the resulting channels. Site-directed mutagenesis identified a single
amino acid difference (glutamine to arginine) in the putative transmembrane segment
TM2 responsible for subunit-specific I-V relationships. The properties of heteromeric
wild-type and mutant GluRs revealed that the dominance of GluR-B is due to the

arginine residue in the TM2 region.

HE 0i-AMINO-3-HYDROXY-5-METHYL-

4-isoxazolepropionic acid (AMPA)

receptor subtype of neuronal gluta-
mate receptors (1) is thought to mediate a
large proportion of fast excitatory synaptic
transmission in the central nervous system.
Several cDNAs encoding a family of homol-
ogous GluR subunits of the AMPA type
have been isolated. These polypeptides form
homo- and heteromeric recombinant GluR
channels having subunit- and splice-specific
properties when expressed in host cells (2—
7). The extent of functional GluR-channel
diversity in native membranes, the subunit
stoichiometry of GluR channel subtypes,
and the functionally important domains of
the subunits are unknown. Using site-direct-
ed mutagenesis and functional analysis of
recombinant GluR channels, we have iden-
tified subunits and subunit domains impor-
tant for the conductance properties of GluR
channels.

Subunit-specific ~ differences  between
GluR channels were revealed when I-V re-
lations of homomeric channels were mea-
sured in human embryonic kidney cells ex-
pressing each of the four GluR polypeptides
(8). Rapid application of 300 uM L-gluta-
mate to cells expressing homomeric GluR-
A, -B, -C, and -D receptors of the flip
version (7) produced a peak current that
rapidly decayed to a steady-state value. The
peak current amplitude ranged from 2.5 to 8
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times as large as that of the steady state
current. The I-V relations for homomeric
GluR-A channels showed a marked inward
rectification starting near a membrane po-
tential of 0 mV, similar to the I-V relations
for GluRs expressed in Xenopus oocytes (4,
5). Outward rectification was observed at
potentials more positive than +60 mV, giv-
ing rise to a doubly rectifying I-V curve
(Fig. 1A). In contrast, currents mediated by
homomeric GluR-B channels showed sim-
ple outward rectification (Fig. 1B). For each
type of homomeric channel, the I-V curve of
the peak current had the same shape (9) as
that of the steady-state current. Steady-state
LV curves constructed by the voltage ramp
method (10) indicated that homomeric
GluR-A, -C, or -D channels all exhibited
similar complex inward and outward rectifi-
cation, whereas GluR-B channels gave sim-
ple outward rectification (Table 1).
Coexpression of GluR-A and -D subunits

resulted in the formation of heteromeric
channels (referred to as GluR-A/D channels)
that displayed doubly rectifying I-V curves
as expected from the I-V relations character-
izing the homomeric channels of the consti-
tuting subunits (Fig. 1C). In contrast, chan-
nels formed by the combination of GluR-A
and -B subunits (GluR-A/B) behaved simi-
larly to homomeric GluR-B channels (Fig.
1D) (4, 5). Voltage ramp experiments re-
vealed that coexpression of dual combina-
tions produced channels showing simple
outward rectification only if GluR-B was
part of the receptor (Table 1). Otherwise,
doubly rectifying I-V relations were ob-
served. This suggests that the GluR-B sub-
unit, when assembled with other subunits
into heteromeric channels, determines the
I-V behavior of the assembly.

The similar shapes of the GluR-B and
GluR-A/B I-V relations indicate that few, if
any, homomeric GIluR-A channels are
formed on coexpression of GluR-A and
GluR-B. Other aspects of desensitization
and its voltage dependence indicate that
GluR-A/B are unique entities with proper-
ties different from those of homomeric chan-
nels formed from GluR-A or GluR-B. The
peak and steady-state I-V curves were differ-
ent in GluR-A/B combinations (Fig. 1D),
unlike in homomeric GluR-A (Fig. 1A) and
-B (Fig. 1B) channels or the GluR-A/D
combination (Fig. 1C). We tested the ratio
of chord conductances at +80 and —80 mV
(G +80/G_g0), Which is a measure of the
voltage dependence of agonist-activated cur-
rents. In five cells expressing GluR-A/B
channels to which 300 uM L-glutamate was
rapidly applied, this ratio was 1.77 + 0.26
(SEM) for the peak current and 2.72 * 0.40
for the steady-state component (P < 0.05,
paired t-test), suggesting that the initial,

Table 1. I-V relations of wild-type GluRs. Summary of data obtained from steady-state I-V” curves
determined by the voltage ramp method for various recombinant GluR channels composed of wild
type subunits. The values represent the mean + SEM determined for the number of cells indicated
in parentheses. Reversal potentials (V) were determined for L-glutamate-activated currents. V.,
G, 50, and G_g, were determined as described (9). The ratio G, go/G_g, reflects the shape of the I-
V relations. Ratios less than 1 indicate inward rectification between —80 mV and +80 mV, whereas
ratios greater than 1 are the result of outward rectification. The complex inward and outward
rectifying I-V curves give ratios that are significantly less than 1. ND, not determined.

G+80/G—‘80
Subunit V., (mV)
L'Glutm;"j (300 Kainate (300 uM)

GluR-A 29.0 + 3.6 (5) 0.070 + 0.045 (5) 0.206 = 0.125 (7)
GluR-B ~32+ 25 (5) 2.65 =051 (5) 287 + 104 (4)
GluR-C _86+ 43 (4) 0.219 + 0.138 (4) ND
GlR-D 55 = 3.9 (5) 0.125 + 0,034 (5) 0.122 + 0.048 (5)
GluR-A/B ~3.3 = 2.7 (5) 202 +027 (5) 190 = 014 (9)
GluR-A/C ~14 1) 0.45 (1) ND
GluR-A/D ~8.7 + 3.9 (5) 0.108 + 0.037 (4) 0.090, 0.100 (2)
GluR-B/C 47 +29 (4) 150 +046 (4) ND
GluR-B/D —24+20(9) 220 +0.16 (9) 228 * 046 (4)
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rapidly desensitizing peak current in hetero-
meric GluR-A/B channels is mediated by a
different channel conformation than the
steady-state current (11). The rate of desen-
sitization induced by 300 uM L-glutamate
at —60 mV was also significantly different
between homomeric GluR-A and GluR-B
and heteromeric GluR-A/B. In each case,
desensitization proceeded by a single expo-
nential decay, with GluR-A channels show-
ing the fastest desensitization (decay time

constant T = 6.50 = 0.56 ms, n = 9),
GluR-B showing the slowest (t = 35.9 +
9.8 ms, n = 3), and GluR-A/B showing an
intermediate desensitization time course (T
=16.9 * 2.3 ms, n = 6) (Fig. 1). Thus, the
currents observed in cells expressing GluR-
A/B were not simply the sum of currents
mediated by homomeric GluR-A and
GluR-B channels.

Homomeric GluR-B channels appear to
mediate ion flow differently than do chan-
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Fig. 1. Subunit dependence of the I-} relation mediated by recombinant GluR channels. Experiments
were performed on cells expressing single subunits GluR-A (A) and GluR-B (B) or combinations of
subunits GluR-A/D (C) and GluR-A/B (D). I-V curves were constructed by rapid application of 300
pM L-glutamate at various holding potentials. In each section current records are shown on the left, and
the resulting I-V” curves for the peak current (@) and the steady-state current (O) are shown on the
right. The lines are the result of fitting the data points to polynomials (9). These results are

representative of similar experiments performed on

three to four cells in each case.
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Tables 1 and 2. Single-letter abbreviations for the amino acid residues are A, Ala; C, Cys; D, Asp; E,

Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu;

T, Thr; V, Val; W, Trp; and Y, Tyr.
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M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser;

nels formed by GluR-A, -C, or -D subunits,
and the presence of the GluR-B subunit
seems to determine the I-V relation of het-
eromeric channels. The putative transmem-
brane region TM2 is identical in each of the
four GluR polypeptides, except that GluR-B
carries a positively charged arginine residue
(R) at amino acid position 586 [GluR-B
(R586)], whereas a glutamine residue (Q)
with a neutral charge is found in the homol-
ogous position in GluR-A (Q582), -C
(Q590), and -D (Q587) (Fig. 2A). We used
site-directed mutagenesis (12) to replace the
arginine in the GluR-B subunit with a glu-
tamine, creating the mutant subunit GluR-
B(R586Q). The GluR-D subunit was also
mutated by changing the glutamine at posi-
tion 587 to an arginine, yielding the mutant
subunit GluR-D(Q587R). The shapes of
the I-V curves produced on expression of
mutant homomeric GluR-B or -D subunits
were completely reversed (Fig. 2, B and C).
The mutant GluK-B(R586Q) channel
showed complex rectification, whereas the
mutant GluR-D(Q587R) channels had an
outwardly rectifying I-V relation, which is
the opposite of the behavior seen with the
wild-type subunits.

Because the steady-state I-1” relation of
heteromeric GluR channels is similar to that
of homomeric GluR-B channels, we wished
to determine if this “dominance” is con-
ferred by the GluR-B subunit (that is, be-
cause multimeric receptors assemble with an
excess of GluR-B subunits) or if the pres-
ence of an arginine in TM2 dominates the
properties of the heteromeric assembly. We
thus examined the I-V relation of hetero-
meric combinations in which one or both of
the constituting subunits carried a mutation
in TM2 (Fig. 3 and Table 2). The results
indicate that heteromeric assemblies exhibit
outwardly rectifying I-V relations if a sub-
unit carrying the arginine is present, regard-
less of whether that subunit is the wild-type
GluR-B or the mutant GluR-D. This is
shown most clearly in channels formed by
combination of both mutants. Thus, heter-
omeric GluR-B(R586Q)/D(Q587R) chan-
nels gave clear outward rectification (Fig.
3B) that was nearly indistinguishable from
that of the corresponding wild-type combi-
nation (Fig. 3A). However, combinations
lacking an arginine in the TM2 segment [for
example, GluR-B(R586Q)/D (Fig. 3A)] al-
ways showed complex rectification behavior
(Table 2).

The shape of whole-cell I-V relations is
determined by the voltage dependence of
the single channel conductance and by the
voltage dependence of the open-close equi-
librium. To determine the basis of the sub-
unit-specific I-V relations, we used voltage
jump experiments (13). Voltage dependence
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Fig. 3. The arginine residue in the transmem-
brane segment TM2 dominates the behavior of
heteromeric channels. (A) Superimposed steady-
state I-V curves constructed by the ramp method
in two cells expressing either heteromeric GluR-
B/D or GluR-B(R586Q)/D (GluR-B*/D) chan-
nels. (B) I-V curve measured from a cell express-
ing a heteromeric combination of mutant GluR-
B(R586Q) and GIuR-D(Q587R) (GluR-B*/
D*). This heteromeric combination also contains
an arginine, contributed by GluR-D(Q587R).

of the channel conductance should be ob-
served in the instantaneous I-V/ relation
when the current amplitudes are measured
immediately after the voltage jump, whereas
the relaxation of the current to a new steady
state reflects voltage-dependent changes in
the channel open-close equilibrium (14).
Homomeric GluR-B channels (Fig. 4A)
showed small current relaxations and gave
instantaneous I-1 relations that were slight-
ly less curved than steady-state I-1” curves
constructed by voltage ramp or holding
potential methods. Thus, the channels
formed by GluR-B subunits may have linear
or only slightly outwardly rectifying I-V
relations, indicating that their conductance
is almost independent of voltage. The cur-

rents measured from homomeric GluR-D
channels also showed only small current
relaxations (Fig. 4B), and the instantaneous
I-V curves were inwardly rectifying. This
indicates that the conductance of GluR-D
channels is voltage-dependent and probably
underlies the shape of the steady-state I-1”
relations. GluR-A channels also displayed
inwardly rectifying instantaneous I-V
curves. GluR-B/D channels exhibited larger
current relaxations but nearly linear instan-
taneous I-1 relations (Fig. 4C). These data
suggest that differences in the steady-state
IV relations of homomeric GluR-B chan-
nels and homomeric GluR-A and -D (and
presumably GluR-C) are predominantly due
to differences in the voltage dependence of
the channel conductances. The dominance
of the GluR-B subunit in heteromeric chan-
nels may be due to its dominance in deter-
mining the voltage dependence of channel
conductance. However, because the single-
channel I-V relations were not directly mea-
sured, the possibility exists that these differ-
ences are due to very rapid (< 1 ms) voltage-
dependent channel gating.

Our results indicate that the ion transport
properties of recombinant GluR channels
are critically determined by the amino acid
sequence of the putative transmembrane
segment TM2 as previously assigned (2, 5,
6). An arginine residue within this segment
located close to the extracellular end pro-
duces channels with outwardly rectifying
IV relations in homo- and heteromeric
assemblies of GluR-polypeptides. Rectifica-
tion of channel conductance in nicotinic
acetylcholine receptors (AChRs) is depen-
dent on various amino acid residues in the
M2 transmembrane segment of AChR sub-
units (15). When the net charge of a ring of
amino acids on the extracellular side of M2
is made more positive, the negative limbs of
the I-1” curves become less steep. The results
we have obtained could be interpreted sim-
ilarly. Making the charge of the TM2 seg-
ment more positive by exchanging these

Table 2. I-V relation of mutant GluRs. Summary of results obtained from steady-state I-” curves
determined for GluRs composed of at least one mutant GluR subunit. See legend to Table 1 for

description.
G 30/G_s0

Subunit combination View (mV)

L-Glutamate (300 pM) Kainate (300 pM)
GluR-B(R586Q) -34 = 52(6) 0.106 = 0.042 (6) 0.055 = 0.031 (4)
GluR-D(R587Q) 38 = 34(3) 152 = 0.10 (3) 1.63 = 0.13 (5)
GluR-B/D(Q587R) —6.8 =12 (3) 1.65 = 028 (3) 156 = 0.18 (3)
GluR-B(R586Q)/D -19,2.3 (2) 0.058, 0.830 (2) 0.023,0.31 (2)
GluR-B(R586Q)/ 23 = 09(5) 144 + 0.15 (5) 161 = 0.20 (5)

D(Q587R)

GluR-A/B(R586Q) —11 = 54(3) 0.27 = 0.10 (3) 0.12 * 0.06 (4)
GluR-A/D(Q587R) 4.2 = 1.5(3) 1.08 + 0.08 (3) 159 = 015 (3)
GluR-B/B(R586Q) -3.8 += 7.4 (3) 232 = 028 (3) 235 * 014 (3)
GluR-D/D(Q587R) —0.41=* 12 (4) 114 = 0.08 (4) 1.86 = 0.05 (4)
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particular residues (glutamine to arginine)
results in less steep I-V relations at negative
voltages. Thus, the results support the view
that the TM2 segment of GluR polypeptides
crosses the membrane and forms part of the
ion channel.

Most native AMPA receptors have linear
or outwardly rectifying I-V relations (16).
Our results suggest that such receptors con-
tain at least a GluR-B subunit. However,
other subunits that act like GluR-B may yet
be found. Conversely, a subpopulation of
cultured hippocampal neurons exhibit kain-
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Fig. 4. Voltage-dependent channel conductances
determine the difference in steady-state I-1 rela-
tions between GluR-B and GluR-D channels. I-V
curves were constructed by the voltage jump
method (13) in cells expressing GluR-B (A),
GluR-D (B) or GluR-B/D (C) channels. The
current traces in response to voltage jumps
(shown schematically above the current traces)
from 0 mV to +80, £60, +40, and +20 mV are
shown on the left. The resulting instantaneous
(@) and late (O) I-V curves are shown on the
right. The solid lines represent the fit of the data
to polynomial equations. For GluR-B and GluR-
B/D c¢hannels, the late I-7 curves rectified more
than the instantaneous I-}” curves. The rectifica-
tion ratio (G, go/G_go) for GluR-B in this case
was 1.85 for the late current and 1.55 for the
instantaneous current. The cell expressing GluR-
B/D channels gave ratios of 1.72 (late) and 1.2
(instantaneous). The ratio for GluR-D was 0.08
and essentially the same for the peak and instan-
taneous current. Similar results were obtained in
two to three other cells for each subunit combi-
nation.
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ate-induced currents with marked inward
rectification (17). These GluRs probably
lack a GluR-B subunit. The properties of
heteromeric GluRs (having at least GluR-B)
are comparable to those of native non-
NMDA GluRs, for example, in hippocam-
pal neurons. The I-V curve for the peak
current is less curved than that for the
steady-state current in GluRs native to rat
hippocampal CA3 pyramidal neurons, and
the desensitization rate of these hippocam-
pal GluRs is similar to that of heteromeric
GluR-A/B (18). Excitatory postsynaptic cur-
rents in pyramidal neurons of the CAl (19)
and CA3 (20) region also show linear I-1/
relations. It seems likely that the voltage-
dependent properties of excitatory postsyn-
aptic currents mediated by non-NMDA
GluRs are determined by the GluR-B sub-
unit.
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Facilitation of the Induction of Long-Term
Potentiation by GABAg Receptors

Davip D. MotT* AND DARRELL V. LEWIS

Long-term potentiation (LTP), an in vitro model of learning, was induced in
hippocampal slices by 5-hertz stimulation. During induction, y-aminobutyric acid A
(GABA,) inhibition decreased, causing the N-methyl-D-aspartate receptor—mediated
excitation to increase. 2-OH Saclofen, a GABAy receptor antagonist, prevented the
reduction of inhibition, the increase of excitation, and the induction of LTP. There-
fore, disinhibition caused by GABAy receptors is required for induction of LTP by
5-hertz stimulation. GABAy receptor modulation of synaptic plasticity occurs at
frequencies in the range of the endogenous hippocampal theta rhythm, which has been

showp to modulate LTP in vivo.

TP, A MODEL OF LEARNING IN THE
I central nervous system, often requires
N-methyl-p-aspartate  (NMDA) re-
ceptor activation (1). However, blockade of
NMDA channels by Mg?* is normally re-
lieved only by depolarization (2). Therefore,
LTP is usually induced with stimulus trains of
sufficiently high frequency to depolarize the
postsynaptic cell.

Inhibition limits postsynaptic depolariza-
tion during a stimulus train. When inhibi-
tion is blocked with picrotoxin, a GABA,
receptor antagonist, depolarization during a
train is enhanced, facilitating LTP induction
(3). Although blockade.of inhibition facili-
tates LTP, it is unclear if disinhibition is

D. D. Mott, Department of Pharmacology, Duke Uni-
versity Medical Center, Durham, NC 27710.

D. V. Lewis, Departments of Pediatrics (Neurology) and
Neurobiology, Duke University Medical Center,
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*To whom correspondence should be addressed.

normally required for LTP induction. Inhi-
bition can be reduced by “priming” stimu-
lation (4). Priming is so effective that LTP
can be produced with as few as two to three
stimuli delivered about 200 ms after a single
priming stimulus (4, 5). In addition, the
interstimulus interval for the production of
LTP with priming stimulation approximates
the periodicity of the hippocampal theta
rhythm, which has been linked with LTP in
vivo (5, 6). We report that GABAR recep-
tor-mediated disinhibition is required for
LTP induction with stimulation in the fre-
quency range of the theta rhythm.

We performed experiments using stan-
dard procedures (7, 8) in the dentate gyrus
of rat hippocampal slices maintained in a
submersion chamber perfused with artificial
cerebrospinal fluid (ACSF). Responses of
granule cells to electrical stimulation of the
medial perforant path in the inner two-
thirds of the molecular layer were recorded
intracellularly.
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